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Building large-scale modular quantum computers and quantum networks require scal-
able high fidelity, high efficiency, and long lifetime quantum memories [1]. Quantum mem-
ories are proposed to increase photon-mediated matter-qubit entanglement rates by syn-
chronizing photon interference between network nodes [2]. Hybrid quantum networking
leverages trapped ions’ high fidelity operations and neutral-atoms’ single photon manipula-
tion for increased entanglement rates over single-species quantum networks [3, 4, 5, 6, 7, 8].
Here, we aim to demonstrate flying-qubit photon storage in a neutral-atom system using
frequency-converted photons entangled with a trapped barium ion. The quantum informa-
tion encoded in the flying qubit’s polarization states is reversibly mapped to a multiplexed
dual-rail encoding scheme during storage. This work helps enable long-distance quantum

networking by synthesizing hybrid components in entanglement distribution [9].
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Chapter 1: Introduction

In the international year of quantum science and technology, the role of quantum
information in changing the world cannot be understated. Alongside arti cial intelligence
(Al), quantum technology plays a signi cant role in the economy, national security, and
even touches daily lives [10]. Numerous encryption protocols (e.g. Rivest-Shamir-Adleman
(RSA), Elliptic curve discrete logarithm problem (ECDLP)) can be broken (i.e. can be
solved in polynomial time in the number of quantum bits, or qubits for short, needed to
describe the problem), by Shor's factorization algorithm which is a speci c instance of the
more general hidden sugroup problem (HSP). Generally, there exists quantum algorithms
that can solve the general albelian HSP in polynomial time when classical algorithms require
exponential. A potentially quantum-secure cryptosystem relies on the di culty of solving
the non-ableian HSP, despite only needing a polynomial number of queries [11]. Grover's
guantum algorithm for unstructured search provides a quadratic speedup over classical
computation for essentially nding a needle in a haystack. Beyond quantum computers,
guantum sensing promises better global positioning systems (GPS), inertial sensors, radio
frequency (RF) receivers, and technology sensing well below the standard quantum limit
(SQL) [12]. The science devoted to understanding and developing the quantum science and
technologies is known agjuantum information (QI) . This thesis is devoted to better
understand one technology and how it ts into the bigger picture of QI: quantum memories.

The thesis is organized into the following sections: chapter 1 is an introduction to
guantum information, quantum networking, and hybrid systems; chapter 2 discusses the

theory behind quantum memories and related experiments; chapter 3 covers the topics of



guantum memories and the state of the eld; chapter 4 discusses the experimental setup;

and chapter 5 is a summary and outlook for future projects.

1.1 Information Theory

The following section uses the treatment from Nielsen and Chuang3uantum Com-
putation and Quantum Information [13]. Information can be thought of as distinguishing
between possible messages [14]. Classical information can be stored in bits of information,
where each bit distinguishes between two messages: 0 and 1. Consequédanbts can store
up to 2¢ possible messages. In the absence of noise, classical information can be measured
and replicated without being altered.

Quantum information refers to the information stored in a quantum state. The
guantum analog of a bit is a quantum bit, or qubit for short, that has a 2-dimensional
vector space with orthonormal basis elements represented in the Dirac notatifh and j1i.

A pure qubit state, j i, can store anysuperposition of messages, 0 and 1 by

ji= j0i+ i (1.1)

for probability amplitudes ;2 C where the probability of measuring 0 i®r(0) = j j?,
the probability of measuring 1 isPr(1) = j j?, andj j?+j j>= 1 is the normalization
condition to ensure a valid probability distribution. Introducing the dual space notation

h j, we can de ne the adjoint through an isomorphism

ji= joi+ jl0h j= M+ H (1.2)

where * refers to the complex conjugate. Qubits live iRlilbert space , which is a complex

vector space with an inner product de ned by

hji= Mo+ Hli (1.3)
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sincelmjni = ., where ., is the Dirac delta de ned as

o = fOifmen: (14)

1if m=n

Furthermore, we can take thetensor product of two qubits
jai j b= jaijb = jahb (1.5)

where the dimension of the combined Hilbert space is equal to the product of the dimension
of the Hilbert space of each factor. Kets can be represented by column vectors and the
tensor product is given as the tensor product of the column vectors.

Physical operations that preserve the quantum features of a qubit must preserve
linearity and the inner product. The formalism for valid quantum operations usesnitary
operators dened asU : UUW = UYU = | wherey represents the Hermitian adjoint
(complex conjugate transpose). A unitary operator and it's Hermitian adjoint for a single
qubit can be represented by 2 2 matrices

2 3 2 3

u=8§* "2 anauwr=§* °L. (1.6)
¢ d b d

where the rows and columns are orthonormal. Unitary matrices can be thought of as
rotations since the modulus of the eigenvalue is always 1.
The following widely known No-Cloning Theorem provides a restriction on how quan-

tum states can evolve.

Theorem 1.1.1. There is no quantum operation that takes one copy of an arbitrary un-

known guantum state and makes two copies.

Proof. Consider the quantum stateg0Oi ;j1i ;pl—i[iOi + j1i] Suppose by way of contradiction

(BWOC) that there exists a Unitary operator, U that takes as input a statejai and ancilla



(i.e. auxillary) qubit jOi and outputsjaijai. Then,
Ujoij0i = jOijOi (1.7)

Ujlijoi = jlijai: (1.8)
Since quantum mechanics is linear,

UBL[0 + j1i]j0i = P—[Uj0Ij 0 + UjlijOi]
2 2

1 (1.9)

= pS[i01j0i + 1ij 1]

but by the de nition of U,

Up=[jOi + j1i]jOi = <[jOi + jLi][jOi + j1i]
2 2
1 (2.10)
= E[jOijOi +j0ijdi + jLijoi + j1ijai]:
Clearly, equations 1.10 and 1.9 are not equal, and the assumption that U exists is incorrect.
Therefore, we conclude that no quantum operation that takes one copy of an arbitrary

unknown quantum state and makes two copies. O

A striking feature of quantum information is entanglement . Entanglement has
stronger than classical correlations and cannot be represented as a tensor product of two or
more states. Furthermore, violations of the famous Bell inequality implies that entangled
states cannot be simulated by local hidden variables [15]. The simplest case of entanglement
is between two qubits

ji= pl—EUOijOi +jlijll: (1.11)

Note that there is no way to decomposg¢ i as a tensor product of two qubits. This can

be seen by multiplying two arbitary qubit states



[ jOi+ jli] [ joi+ jlil= joa+ joli+ jlO + jidi: (1.12)

Thereisno ; ; ; 2 C that satis es both = = pl—i and = = 0. Therefore,
this state is not the same as an equal probability mixture of each qubit being O or 1. Rather,

that state is represented as
ji= 5[100 +j01 + j10 + j11i]: (1.13)

1.2 Quantum Networking

\Photonic interconnects between quantum processing nodes may be the only way to
achieve large-scale quantum computers.. [1]

Despite recent progress in developing quantum computers, the largest quantum com-
puter has over 1,000 physical qubits [16]. In the noisy intermediate-scale quantum era
(NISQ), many physical qubits will be needed to encode lagical bit . The standard ap-
proach is to apply stabilizer codes where many physical qubits encode a bit, and errors can
be corrected by measuring an error syndrome in an ancilla register [17]. Recent estimates
of 600 physical bits may be needed to encode a logical qubit, but engineering a single
guantum processor with millions of qubits remains a challenging feat [18].

Instead of scaling one processor with n qubits, thaistributed modular quantum
computing approach builds smaller quantum computers, each with; qubits satisfying
P N = n, and connects them throughgquantum networks [1, 19]. Quantum networks
enable the transmission of quantum states and distribution of entanglement across quantum
information systems [10]. Furthermore, quantum networks enable an improved performance

of multiple spatially distributed quantum sensors and quantum communications [20].

Quantum networks rely on excitations of the electromagnetic eld, known apho-



tons, to enable long-distance communication between remote network nodes [4]. In contrast
to classical networks which can transmit classical information via ampli cation, quantum
networks cannot copy quantum states per Thm. 1.1.1. Therefore, quantum networks must
faithfully generate, store, and distribute entanglement [21].

One way to transmit quantum information is by writing the quantum state into
the polarization of single photons at telecommunication wavelengths, and transmitting
the photon over the network through ber-optic infrastructure [22]; two other methods of
writing a quantum state into a photon are time-bin and frequency-bin [1]. Due to ber-optic
loss being 0.2 dB/km, i.e. an exponential decrease in delity with distance, transmission
without quantum repeaters is limited to approximately 100 km [23]. The range of a
guantum network can be extended by decomposing a long ber-optic link of length into
k smaller links connected byk + 1 quantum repeaters with separation distanceé; between
nodesi and i + 1 satisfying P :11 li = L. The maximum decrease in delity is now only
maxs,¢0:2l; dB for |; measured in km [24]. Using a nested puri cation protocol, quantum
repeaters may faithfully transmit signals over long distances [24]. Furthermore, repeaters
require only polynomial overhead in time and a logarithmic overhead in the number of
locally controlled particles [24].

A quantum repeater protocol requires heralded entanglement, storage igaantum
memory , and a swap operation [19]. Figure 1.1 exhibits the use of quantum repeaters in

a quantum network to generate entanglement.



Figure 1.1 Quantum Network  Conceptual Diagram  taken  from
https://aws.amazon.com/blogs/quantum-computing/an-illustrated-introduction-to-
guantum-networks-and-quantum-repeaters/

1.3 Hybrid Systems

Realizing quantum computers requires many qubits, high delity, and fault tolerance
[25]. Hybrid quantum networking leverages the best attributes of di erent species for long-
distance communication [2, 8, 9]. In this thesis, | will focus on exploiting trapped ions'
high delity operations and neutral-atoms' single photon manipulation for increased entan-
glement rates over single-species quantum networks. Note that the following performance
metrics are not necessarily realizable in one system simultaneously, but rather demonstrate

optimal performance under specialized conditions.



1.3.1 Trapped lons in Quantum Networks

Trapped-ion processors have several advantages compared to other qubits such as
coherence times over an hour, 99.99916% single-qubit gate delity, 99.97% two-qubit gate
delity, and 800 times lower logical rate than physical error rates [25, 26, 27]. Further-
more, ions have all-to-all connectivity, meaning that interactions are not excluded to near-
est neighbors, and qubits can easily be measured mid-circuit and reinitialized [28]. The
most signi cant obstacle facing trapped-ion processors is scaling the number of qubits [29].
Currently, no quantum computer based on trapped ions has over 100 physical qubits. Fur-
thermore, the wavelengths typically used to address trapped ions are in the optical regime
of the electromagnetic spectrum, which adds additional layers of complexity compared to

qubits dealing with the RF part of the electromagnetic spectrum [27].

1.3.2 Neutral Atom Systems in Quantum Networks

Neutral atom systems are more scalable than ion traps, may require less overhead,
have single-qubit gate delities of 99.96%, two-qubit gate delities of 99.7%, are dynami-
cally recon gurable, and excel at single photon manipulation [30, 31, 32, 33, 34, 35]. Since
ion's struggle with scalability, the ability to interface with neutral atoms may prove mutu-

ally bene cial for quantum computing [9, 36].



Chapter 2: Theory

21 EIT

Electromagnetically induced transparency (EIT) may render an optically thick medium
transparent, slow and even stop light [9, 37, 38]. The applications of the EIT interac-
tion between light and matter are particularly attractive for QI and quantum networking
since temporal synchronization is paramount to entanglement swapping, communications,
metrology, and sensing [39]. EIT provides control over the light-matter interaction of so-
called "dark state" coherent superpositions, where there is strong atom-light coupling due

to collective enhancement [40].

Figure 2.1: EIT Con gurations. From left to right, , V, and Ladder. is the two-photon
Raman detuning, is the detuning of the signal from resonance, and all other parameters
are de ned below

EIT serves as a storage mechanism for quantum memories by strongly coupling an

9



otherwise weak signal eld to a long-lived excitation via another strong control laser sharing
an intermediate state [41]. EIT can be performed in ,V, and ladder con gurations as
shown in gure 2.1, althoughV con gurations do not o er much advtange for atomic
systems [37, 42, 43]. The requirement for EIT is that there is a forbidden transition
between stateggi andjf i where the signal eld coupleggi with jei and the strong control
eld couples jfi with jei. By strong, we mean the Rabi frequency of the control eld is
much greater than the all decoherence rates and decay ratejaf to jgi or jfi.

The following description of EIT uses a combination of the treatment from Wolfgang
Ketterle's AMO 8.421 lecture notes and Irina Novikova's publication [41, 44]. The Hamil-
tonian in the rotating wave approximation for the system when both elds are on resonance
(ie. = =0)is

h s h .

EIT = 2 (Aega"'/\geay)"' 5

(Aef e+n fe Oy)+ h! S(aya+ %)"‘ h! c(cye"' %) h! ef Aff ht egAgg
(2.1)

where

V = Dos(Neg+ M gel) + Do (her €+ 2 @) is the light-matter interaction energy,
Higne = h! s(&a+ 2)+ h! (&/€+ 1) is the energy of the light elds,

Haom = hle i hl gg”yg IS the atomic energy component,

Ee := 0 is the energy of statejei ;

Ey = h!gis energy of the statggi,

Ef := h!.is energy of the statgf i,

& is the annihilation operator betweene and jgi,

¢, is the annihilation operator betweenei and jfi,
s .= hgj~ Ejgi =h is the Rabi frequency couplinggi to jei,
<= hgg~ E|jfi=his the Rabi frequency couplingfi to jei,
A = jiihjj:

Diagonalizing the Hamiltonian, we nd two eigenstates:

10



iBi=p jgi + p _jf i (2.2)

2+ 2 2+ 2
Di=p—""jgi p—>"1jfi: (2.3)
2+ 2 2+ 2

Applying the light-matter interaction component of the Hamiltonian ¥ jDi, we nd

VjDi = h *(Negh + M o) jDi + h S(Mer€+ "o &) Di

2 2
h ... h .
= ZsAegale + TcAefCJD|
h s C .. h c s .. (24)
= P > > 18 P > > 1€
2 S+ C 2 S+ C
=0:

The statejDi has a zero eigenvalue due to destructive interference between excitation path-
ways. Therefore, thgDi is decoupled from the statgei under the light-matter interaction.
Consequently, we callDi the dark state andjBi the bright state (nonzero eigenvalue).
When the elds are rst applied, the atoms will be in some initial state and spontaneously
emit. After some transient time, the system will evolve into the dark state and be stable
against further illumination [44].

The previous description provides great insight into EIT, but the same result holds
for nonzero detuning , albeit less insightful solutions [41, 44]. When 6 O, the dark state

precesses into the bright state by

S

iD (i = p=—=5i0i P—=if (2.5)
C

j t
2 2 2JI:
st st ¢

This provides an estimate of the dark state coherence time as 5~

Conceptually, we may go into the dressed atom picture, we nd a strong enough

11



control creates mixing between the excited statgei and jf i to create new stategei | fi
andjei + jf i. The signal mode s is tuned tojel which is a dark resonance from destructive
interference between the two excitation pathways tgei j fi andje + jfi as seenin gure

2.2.

Figure 2.2: EIT in the Dressed State Picture.

Scanning the probe laser through the medium, there is a narrow peak for transmission
on resonance when the control is on, where usually there is strong absorption. On resonance,
the signal mode is coherently coupled to the dark state. Figure 2.3 displays the real and
imaginary parts of the susceptibility compared in blue and red, respectively, compared to

the absorption pro le without EIT conditions (dashed black line).

12



Figure 2.3: EIT Susceptibility.

2.1.1 Kramers-Kronig Relations

Since matter cannot respond instantaneously to an external perturbation, there ex-
ists a frequency dispersion of the index of refraction and a frequency-dependent response
[45]. Consider a time-dependent conductivity ( ), in which we describe the response of
matter to be casual (i.e. the current density depends on the eldt®<t, but not t°> t).
Furthermore, we assume that ( ) Oas !l since events in nitely far away in time
do not signi cantly a ect the present. Therefore for a linear response,

z 1
j(r, t) = (t  tYE(r, t)dt° (2.6)

1

where the conductivity amplitude time dependence incorporates causality. We de ne the
Fourier transform pair 7
1

(t) = A e Modl (2.7)
1
Z 1

= e (28)

1

13



Therefore,

f)y=r()EC): (2.9)

Sincej(r, t) and E(r, t) are both real, mustalso bereal (i,e. ( )= ( )). Splitting
(!) into real and imaginary components, {! ) and °¢!), respectively, and combining

this fact with equation 2.7,

YA 1 Z 1
(t) = Al e Ml = ~oyetd = () (2.10)
1 1
YA 1 Z 1
=) (Q)+i %ryed = () i Qyeta (2.11)
1 1
Z Z

=) l (L DH+i Q 1rydtd = 1 () i Qyetd (2.12)
=) Y 1)= Yyand R ry= Ry (2.13)

The electric susceptibility is similarly de ned by
P! )= o WE(r;w): (2.14)

Likewise,

Q1y= @ryand ¢ 1)y= %n): (2.15)

Imposing causality, we can arrive at the Kramer's Kronig relations which tell us that

there exists a relationship between the real and imaginary parts of the susceptibility:

1 Z 1 00
V)= —P ds (2.16)
. ! s
1 Z 1 0
Rry==p | sds, (2.17)

1

where P stands for the principal value [45].

14



Furthermore, the imaginary part of the susceptibility is related to the absorption and

the real part is related to the dispersion [40].

2.1.2 Slow Light

One can calculate the susceptibility for EIT (see [41]) under typical approximations
to nd the absorption and dispersion curves (see g. 2.3). The group velocity is determined
by the slope of the imaginary part of the susceptibility, which is maximum for EIT at = 0.

In general, the group velocity is given by
c c

= (2.18)

ng(!) n"'!s(ﬂ—ns

Vg

whereng is the refractive index given byng =1+ © Assuming <<  ge Where geis

the decay rate betweenei and jgi, the group velocity of the probe is

c
g EIT
where ¢ is the unsaturated resonant absorption coe cient de ned to be
k koN 2
F_= (2.20)

°7 2,0 2hg 4

wherek, = 'TS and N is the number of atoms per unit volume. g1 is the EIT linewidth
given by

j o°

ge

EIT = gf t (2.21)

where 4 is the decay rate between stategi and jfi [41].
Therefore, the group velocity in equation 2.19 can be dynamically controlled by chang-
ing .. In lab, this corresponds to changing the optical power, shape, and phase of the

control eld.

15



2.1.3 Stopped Light

During EIT, the state is
. N
e g jop " (2.22)

n

where k= 14=c ! .=c[46]. Since we do not know which atom absorbs the photon during
EIT and each atom has a phase proportional to the phase of the di erence in wavevectors,

we call this a "spin-wave." De ning a mixing angle given by
c co§ = ny(t) (2.23)

we can switch between the photonic character and spin-wave character. In the limit that
i of1 (i.e. strong drive eld), ! 0, we have purely photonic character witmJ ¢
[40]. In the opposite limit asj j? O, ! > and the signal eld is mapped to a purely
spin-wave character of the dark state coherence [40]. The mixing ofbe seen in gure
2.4 and the corresponding light and spin-wave dynamics can be seen in gure 2.5. The
blue is the evolution of the light-component and the green is the evolution of the spin-wave

component over storage. The time evolution can be seen in gure 2.6.

16



Figure 2.4: Mixing Angle

Figure 2.5: Light and Spin-Wave Dynamics in EIT
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Therefore, we can reversibly map the photonic componerti(z) to the spin-wave

. R
component (g€ K@+ o deccost () [40]

é(z) , fgei k(z+ Rol dccos’( () - (2.24)

2.2 Entanglement Swapping

Distributing entanglement over long distances requires quantum repeaters at network
nodes to swap entanglement at elementary links [19, 23, 24]. The optimal architecture
to achieve the highest entanglement swapping rates in quantum networks is generating
entanglement between some species and photons in independent registers, storing entangled
photons in quantum memories, and swapping entanglement via a Bell-state measurement
(BSM) [47, 48]. To herald entanglement, the photons must be indistinguishable in all the
crucial degrees of freedom e.g. temporally, spectrally, when they interfere at the BSM
[49]. A Hong-Ou-Mandel (HOM) interference measurement provides a method to verify

the indistinguishability of single photons.

2.2.1 Hong-Ou-Mandel Interference

The following section is a generalization from a problem set in Dr. Nathan Schine's
AMO course. Consider a non-polarizing beamsplitter (BS) with a single-photon state input
to each port. Then with probability T, each photon is transmitted and with probability
R=1-T, each photon is re ected. Figure 2.7 shows two input modes in ports 1 and 2
and their corresponding output modes in ports 3 and 4. For clarity, the beams are not

overlapping in gure 2.7, but in reality, both photons must overlap in space and direction.

19



Figure 2.7: HOM Interference.

Using treatment from quantum optics, the BS unitary can be represented by the

unitary matrix 2 3 2 32 3
p_

d
9:2?3 - 9 Tp pTRZ 921?) (2.25)
e 2

'R
where is the phase shift [50].

Assumingn; photons in port 1 andn, photons in port 2, the cross correlations are

mlnzj h3ﬁ4jn1n2i = mlnzj a§a3aﬁa4jnln2i . (226)
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Substituting equation 2.25, the cross correlations are

P P=  P= P P=  P= P= P
mlnzj( Ta{ e Ré’z’)( Ta+¢€ Raz)(e ! R&a;+ Taz)( e R&a;+ Taz)jnlnzi .
(2.27)
Using a 50:50 (T:R) BS, = 0, and one photon in each mode, many of the cross

terms in equation 2.27 cancel and we are left with

Ml 1) A3, 1 o0 = Z(hll:LZJ NN jLi L0 + hly 1) Niho 1100

h 1;1,) (h1 + 1)N2j1 1ol

(2.28)
h 1L (hy + )Ny j13 100
+ hl115) A1 j11 10 + hly15) AxA1 j11150)
which simpli es to
hlllzj (nl(nl 1) + nz(nz 1))]1112| =0; (229)

We conclude there can never be one photon at port 3 and port 4 simultaneously if there
are two indistinguishable photons entering ports 1 and port 2 of a 50:50 BS at the same

time.

2.2.2 Single Photorg®® Measurement

A g® measurement is an intensity correlation given by

<E (IgtE (rat+ E*(ryt+ )EY(r7t) >
<E (rt+ E*(rpt+ )>< E (rgt)E+(ry ;) >

g (r; Rty ) = (2.:30)

where< > indicates a time average over t and is the relative delay between times when

the operators are measured.
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For a single photon entering port 1 and vacuum injected into port 2 of a 50:50 BS,

g becomes
< &()a(t+ Dau(t+ )ag(t) >

@)= ; 2.31
9= 0) < a(t+ DAu(t+ ) >< aj(t) > as(t) (2.31)
Using equation 2.25, we nd that equation 2.31 is the same as
g?( ) = <y al(naf(t+ )(t+ y)al(t) > _< hl(hlz 1) > : (2.32)
<@p(t+ )a(t+ ) >< &(t) > &y(t) <ni>

Therefore, for single photonsg® (0) = 0: Experimentally, this can be realized by sending
single photons into an input port of a BS and monitoring the output ports with photode-

tectors as in gure 2.8.

Figure 2.8: Single Photorg® Experimental Setup.
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2.2.3 Bell State Measurement (BSM)

The four Bell states are de ned as

= p—(jO0i j 11) (2.33)

S

and

= p=(jo1 j 10): (2.34)

S

A bell state measurement is an entangled projective measurement, on two qubits with

two classical bits xz as the outcome

w= - 7 (2.35)
01 = (2.36)
0= * (2.37)
1= : (2.38)

The Bell measurement can be implemented by performing a controlled-NOT gate with the
control on qubit 2 and target on qubit 1 followed by a Hadamard on qubit 2. The matrix

representations are

2 3
100
010
cNOT = (2.39)
0 0O
0010
and 2 3
161 1
H = p—_g %: (2.40)
21 1
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2.2.4 BSM for Entanglement Swapping

Consider twoj *i Bell states
T N
[p—é(JOO +j11)] 2 (2.41)
Performing a BSM on qubits 2 and 3, the resulting state is

HZCNOngizL(joooo +]1100 + jOO11 + j111%) = SH,(j0000 + j1110 + jOO11 + j1101)
= 5|%—§(joooo +j0100 + j1010 | 1110
+j0011 + jO111 + j100% | 1107 :

(2.42)

Measuring the 2nd and 3rd qubits, if we measure xz and discard the 2nd and 3rd qubit,

the state becomes

o0 (2.43)
o1 (2.44)
10 (2.45)
11 : (2.46)

Experimentally, we can overlap two photons that are each entangled with another species

on a PBS as shown in gure 2.9 with unnormalized states.
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Figure 2.9: Entanglement Swapping using a PBS.

If both photons are indistinguishable, we measure one the following possibilities at
port 3:
JVai ;jH1i ;)00 5 jH1Vai (2.47)

with the correlated results at port 4:

WLOG, we can represent the global state prior to the PBS as

(J01H10:H1 + jOH115Voi + j13Vi0H1 + 13 Vi1 Voi) (2.49)
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If we measure a single photon at port 3 (correspondingly we would measure single photon

at port 4, the global state is projected into
1 . . .
p—é(Jolozl + J1151) (2.50)

which is found by summing over the combinations in equations 2.47 and 2.48. If we measure

two photons at port 3, the state is projected into

01 Lo (2.51)
and likewise for two photons at port 4, the state is projected into

j1,000 : (2.52)

With this basic setup, we herald entanglement 50% of the time, known deterministically if

we have nonzero cross correlations at the two ports.
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Chapter 3: Quantum Memories

3.1 Overview

Quantum memories that can faithfully and e ciently preserve quantum information
and deterministically transmit at a later time are critical to realizing quantum networks
[51]. Due to the quantum nature of photons, the most practical implementation will be
realized by sending photons through optical ber links [23]. The basic idea of a quantum
memory illustrated in gure 3.1: a signal eld carrying quantum information is stored in
some quantum memory media with the help of some control eld. After a deterministic

storage duration, the signal can be retrieved for further use (e.g. BSM entanglement

swapping).

Figure 3.1: Elementary Quantum Memory.
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Quantum memories can be used to synchronize operations in linear quantum com-
puting [52], enable teleportation-based quantum repeaters for long-distance quantum com-
munications beyond the loss limitation in optical bers [24], obtain precision quantum
measurements based on the quantum interference of atomic ensembles and thereby im-
prove the precision of magnetometry, atomic clocks and spectroscopy [53],and as a cache
memory [54].

Recent advances in the eld have quantum memory e ciencies greater than 90 percent
in magneto optical traps and 67 percent in warm atomic vapors. Fidelities above 95 percent
have been recorded in multiple experiments. In warm atomic vapors, lifetimes have been
reported on the order of hundreds of milliseconds.

Vapor cells are particiularly appealing to develop scalable photonic quantum re-

peaters.

3.2 Metrics

Retrieved ying qubits must output a state as close to the input as possible, store
memory for as long as possible, and not have signi cant photon loss. These conditions are

guanti ed respectively by delity, storage duration, and e ciency.

3.2.1 E ciency

The e ciency of the quantum memory is de ned forunnormalized | i, ] outl

F\j out;unnormalized ( )jzd

i : 3.1
) in;unnormalized ( )sz ( )

Experimentally, this is the ratio of the optical power of the signal eld prior to the quantum

memory storage versus after retrieval.
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3.2.2 Fidelity

The delity of an arbitrary quantum state after storage can be written as the overlap
with the ideal state.

F= Jh inj outijj 2 (32)

with normalized j ni andj o4i. We can perform state tomography after the quantum
memory by initializing I} = jHi); Y = jVi); P = jDi) = Z(jHi + jVi); and
Lo = jLi) = %jHi + ijVi). Experimentally, we can use a half-wave plate (HWP),
guarter-wave plate (QWP), and polarizing beam splitter (PBS) to measure the delity.
We cycle the HWP for a xed QWP position to measure statistics in the transmitted
and re ected paths of the PBS. The QWP allows us to vary the relative phase of the

superposition while the HWP allows us to vary the relative amplitude.

3.2.3 Storage Duration

The storage duration is predetermined by the user in EIT [38]. Due to decoherence,
the storage duration will be upper bounded by the minimum of thd; and T, times where

T, time is the spin-relaxation time to the ground state andr, is the decoherence time.

3.3 Quantum Memory Media

Quantum memories have been realized in warm atoms, cold atoms, ion-doped solids,

color centers, and solid-state systems [21, 37, 51, 55, 56, 57, 58, 59, 60]. Figures 3.2 and

3.3 below are experimental setups for color centers and ion-doped crystals, respectively

[59, 60]:
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Figure 3.2: SiV Quantum Memory.

Figure 3.3: Rare-Earth lon-Doped Crystal Quantum Memory.

While warm atoms do not have the highest e ciencies, delities, and storage dura-
tions, they are attractive for the scalability and relative lack of experimental complexity in
a quantum network. For the remainder of the thesis, we will only consider neutral atom

systems.
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3.4 Quantum Memory Review: Key Findings

After parsing through several papers on quantum memories in neutral atom systems,
the following key ndings are a compilation of knowledge and insight for constructing
guantum memories. After, we will highlight papers for their performance and discuss

critical details.

Optimal retrieval e ciency requires complete time reversal of the system dynamics

(i.e. retrieval is the reverse process of storage) [38].

Given OD; ; and a spin waveS, one can always nd a control (t) that maps S to
any desired normalized output modeéz(t) of duration T, provided in the adiabatic

limit [61].

The maximum retrieval e ciency of any given stored spin-wave depends only on the
optical depth, OD of the medium, which is maximized in the in nite limit of OD

[61].

An e ciency above 50 percent and delity above 2/3 is a necessary condition for a

memory to operate within the no-cloning regime without post-selection [62].

A 1% increase in e ciency increases entanglement distribution rate by a value beyond

10% in a repeater-based quantum network [51].

The control laser must be stronger than the spontaneous emission rate or decoherence

rate in the excited state and contain the signal eld spatially [41].

In a vapor cell, the e ciency improves as the ratio between the beam area and the

cell area (w 2=L?) increases 7).

Cell-wall anti-relaxation coating onto the inner surface of the cell may provide an
e ective approach to extend the memory lifetime of warm atom to the scale of mil-

liseconds [63].
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" To preserve atomic ground-state polarization, Il the vapor cell with chemically inert
bu er gas or use anti-relaxation wall coatings (AWC) to prevent the depolarization

from wall collisions [64].

3.4.1 Paper 1: Light Storage for One Second in Room-Temperature Alkali
Vapor

The record for the longest coherent storage duration in a neutral atom system is
1 second and was realized in a room-temperature cesium vapor [37]. The experiment
utilized the Zeeman coherence mg = 1 associated with the spin orientation moment
which is una ected by spin-exchange collisions at low magnetic elds [37]. Spin-exchange
collisions occur when two atoms come into close proximity and their spins overlap for a few
picoseconds. During this time, the spins accumulate a relative phase between the singlet
and triplet electronic spins. Although the total spin of the system is conserved, the system
decoheres and limits the storage duration [37].

The spin-exchange immunity from the mg = 1 scheme is highly sensitive to beam
misalignment and stray magnetic elds. Figure 3.4 displays three con gurations for tran-
sitions for the yellow signal eld and the red control eld. From left to right, there is the

m = 2 Zeeman coherence, m = 0 hyper ne coherence, and m =1 Zeeman coherence.
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Figure 3.4: Spin-Exchange Collision Free Transition for m =1

The control eld must be ltered from the signal eld and the beams in a memory
scheme should be aligned to be practically co-propagating, which appears to be a problem
in gure 3.4. Despite the fact that only one of the circular-polarization components of
the signal eld enters the -system, the signal is fully stored and retrieved as a linearly
polarized eld [37]. According to Katz, under the reduced Maxwell equations, the normal
modes of the susceptibility tensor comprises only components in the transverse plane. This
allows the signal mode, which is fully contained in the transverse eld, to be stored and
retrieved as a whole. This comes at the expense of a reduced optical depth by a factor of
the Clebsch-Gordan coe cient of thejgi to jei transition.

Without optimizing the pulse shape, Katz demonstrated a modest 14% e ciency
with only polarization ltering and coherent nature of the storage, but did not measure the
delity. The experiment utilized a para n-coated vapor cell, magnetic eld better than
jBj< 1 G measured with spin-exchange relaxation-free mechanism.

The optical pumping in this con guration adds experimental complexity. The optical
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pumping polarizations are circular, but share the same axis as the linearly polarization
signal and control elds. The spins orient toward the optical axis, but must be rotated
to the quantization axis by a =2 magnetic pulse orthogonal to both the quantization and
optical axes.

The experiment bene ted from the = 1 :17 GHz splitting between excited state
levels compared to the = 185 MHz Doppler half-linewidth. The experiment can be
improved by using the hyper ne ground states, even allowing for single photon storage and

retrieval without losing spin-exchange immunity.

3.4.2 Paper 2: E cient quantum memory for single-photon polarization
qubits

The record for the highest coherent storage duration in a neutral atom system is
87% and was realized in &Rb MOT [51]. The e cient single-photon quantum memory is
realized with cold atoms in a dark-line MOT con guration to increase the OD to 300.
The maximum storage duration was 15 with a delity of 99%. Figure 3.5 displays the

experimental setup.

Figure 3.5: E cient Quantum Memory in a MOT Experimental Setup

The paper addresses overcoming two challenges: suppressing noise and FWM to store

single photons and producing single photons with controllable spectral-temporal states. To
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address the former, the experiment set an angle of22 between the control and signal
elds. The angle creates an relatively large k, which is problematic in vapor cells due to

the thermal motion.
A key insight of this experiment is their multiplexed dual-rail scheme which converts
JHi and jVi to two spatial modes stored in the medium, named channels in this paper.

The results for both channels are in gure 3.6.

Figure 3.6: Storage Duration, EIT transmission, and E ciency Data for the E cient
Quantum Memory
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Chapter 4: Experimental Setup

4.1 Single Photon Sources

An outstanding goal of quantum memories is to store light from a di erent species.
The goal of the experiment is to store a single photon emitted from the ion in a quantum

memory for networking purposes.

4.1.1 Trapped lon Emitted and Entangled Photon

The Quraishi group generates ion-photon entanglement by rst optically pumping
138Ba* to the 5D3-, m; = 3=2 state using -polarized 493 nm light and -polarized and
*-polarized 650 nm light [65]. Secondly, a-pulse of polarized light at 650 nm to excite
the ion to the 6P,-, state, and allowing spontaneous decay via the two dipole transition
allowed paths. The emitted photon's polarization is entangled with the ion's spin: -
polarization with m = 1=2 and -polarization with m = 1=2. The branching ratio of
the m = 1=2 state tom = 1=2 state is 2. A 0.6 NA objective positioned orthogonal to
the quantization axis collects approximately 10% of the light. Due to the radiation pattern
from the position of the objective, the and light appear as horizontal and vertical

polarizations. The entangled state is
1 .
= p_i(JOHI + j1Vi): (4.1)

Figure 4.1 depicts the process outlined above.
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Figure 4.1: lon-Photon Entanglement

After ion-photon entanglement is geneated, the 493 nm photon is berc coupled
and sent to the rst stage of quantum frequency conversion (QFC). A periodically poled
lithium niobate waveguide (PPLN) frequency converts the 493 nm photon to 780 nm while
preserving the quantum entanglement using a three-wave parametri¢2) nonlinearity [66].
The QFC generates an output photon via optical di erence frequency generation (DFG)
between a pump and input photon [66]. With a tunable pump, we have the ability to tune
the wavelength of the emitted photon by several hundreds of picometers. Figure 4.2 shows

the experimental setup to frequency convert entangled photons to 780 nm [67].

37



Figure 4.2: Quantum Frequency Conversion

With photons entangled with ions at 780 nm, we can interface with neutral atom

systems to propel quantum networking.

4.2 Experimental Setup

Every element of the experimental setup had been carefully selected over tens of
iterations and optimized to require minimal optics. The experimental setup has several
advantages to include both frequency and polarization Itering, a custom vapor cell, three
layers of -metal shielding with 1575x attenuation of magnetic elds, a multiplexed dual-
rail scheme convertgHi andjVi to two spatial modes to drive one optical transition, three
axes of coils in the Helmholtz con guration, heating up to 8aC, and EOMs and AOMs
for amplitude and frequency modulation. The vapor cell is a scalable option for quantum
memories enriched witl?’Rb, 10 mm length, 11 mm outer-diameter, 10 Torr Neon bu er
gas, para n/alkene coatings, 2 wedged windows, anti-re ection (AR) coating, and a 12
mm cold nger to prevent condensing on cell windows. Figure 4.3 displays the experimental

setup.
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Figure 4.3: Experimental Setup

The test signal eld (red) and control eld (blue) are prepared prior to what is
displayed in gure 4.3 in double pass con gurations through free-space Isomet AOMs. The
beam waist of the signal eld is focused at the AOM aperture to 57 to decrease the rise
time at the expense of AOM diraction e ciency. The rise time is < 50 ns and 10 % is
coupled into the optical ber (80.5% ber coupling e ciency). The control has a beam
waist of 115 m and has an 82% ber coupling e ciency.

The control eld passes through an EO-Space electrical optical phase modulator, with
the capability of adding sidebands at GHz frequencies using a TTL switch. The sideband
frequency is tunable, but currently operates at a single frequency during the experiment
duration. Both the control and signal pass through a Thorlabs calcite prism (PN: BD27)
splitting H and V polarizations into two parallel beam paths & 30 arcseconds) separated
by 2.7 mm to t inside the vapor cell. The calcite prism is mounted on a rotation mount
to optimize the rotation angle for storage. Directly after, a 5mm x 5 mm x 1 mm micro-
optic half-wave plate with the fast axis 45 degrees with respect to the H-V plane rotates

the polarization into the orthogonal polarization. Similarly, the control eld is split with
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another calcite prism, and the control's H polarization is rotated into V by another precision
micro-optics waveplate. A PBS combines with control and the signal while also ensuring the
polarizations are orthogonal prior to entering the quantum memory. Setting the control's
polarization to be orthogonal to that of the signal, the control may co-propagate with the
signal and subsequently polarization- Itered. The control and signal elds are completely
overlapped in each rail, checked by inserting a removable HWP prior to the vapor cell and
coupling both to the Fabry-Perot Iter cavity.

There are three layers of metal shielding around the vapor cell, with three axis
of coils. During the experiment, we plan on only applying a bias magnetic eld in the
Z-direction on the order of a few Gauss. There is a heater on the inside to warm the
vapor cell above room temperature. At room temperature, the rubidium is condensed
on the windows and cold stem. Heating creates a vapor that allows observance of the
F = 1,2 absorption peaks. The maximum operating temperature is 8G, so that the
paran and alkene coatings do not deteriorate. After the vapor cell, a Thorlabs linear
polarizer (PN: LPVIS050-MP2) with > 10’ extinction ratio and 80% transmission blocks
any detectable optical power by a Thorlabs photodiode power sensor (PN: S120C) with nW
resolution. Following the polarizer, another precision micro-optic HWP and calcite prism
mirrors preparation process and recombines the dual rails into a single beam with both
polarizations. The beam passes through a Thorlabs piezo-tunable narrow bandpass Fabry-
Perot lter with nesse > 300, 30 GHz FSR, 30 dB extinction, and> 80% transmission.
Finally, the signal eld enters the qubit analyzer, composed of a QWP, HWP, PBS, and
two avalanch photodiodes (APDs) optimized for low dark count ratex 100 Hz at the

expense of quantum e ciency 50%.

4.3 Laboratory Equipment Characterization

As an experimentalist, several technologies in my setup must be characterized prior

to use. This section is dedicated to describing that characterization. Further information
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on materials, checklists, and procedures can be found in the appendix.

4.3.1 Saturated Absorption Spectroscopy

To stabilize the lasers to an absolute standard, | built two Dopper-free saturated

absorption spectroscopy (SAS) setups. One of the setups is shown in gure 4.4.

Figure 4.4: Saturated Absorption Spectroscopy Trace

Due to the physics of SAS being well known, | will not cover it in this thesis. The
probe passes through an enrichétdRb vapor cell and a counter-propagating strong pump
beam saturates the O velocity class. Parallel to the probe, a reference beam propagates
through the same Rubidium cell, to obtain an absorption peak. A balanced photodetector
subtracts the probe signal from the reference to create an error signal. A PID in the DLC
frequency stabilizers the laser. Figure 4.5 shows a trace of the error signal for the F = 2

resonance peak.
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Figure 4.5: Saturated Absorption Spectroscopy Trace

4.3.2 Acousto-Optical Modulator

The acousto-optical modulator (see appendix A for more details) modulates the
frequency of light and can be used to pulse shape. Using Artiq, we can control the RF
frequency, RF amplitude (via attenuation), and TTL signals. In the setup, all AOMs
operate at a xed frequency throughout the duration of the experiment, but not a xed RF
amplitude. Figure 4.6 plots the attenuation in dB on the x-axis versus the optical power

on the y-axis for the signal (blue) and control (red).
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Figure 4.6: AOM Characterization

4.3.3 Electrical-Optical Modulator

The electrical-optical phase modulator (see appendix B for more details) modulates
the frequency of light. While AOMs typically produce tens of MHz sidebands, EOMs
can produce GHz sidebands. In the experiment, the EOM is used to create sidebands on
the order of the hyper ne splitting in 8Rb which is approximately 6.8 GHz. For optical
pumping, the optical power ratio between the rst order and carrier frequency is highly
advantageous to know. Figure 4.7 plots the EOM drive power in dBm compared to the
optical power ratio between the rst order and carrier frequency, and compares with theory.
This is measured after coupling the control beam passing through the EOM to the Fabry-
Perot Filter (FPF), scanning the FPF length, and measuring the relevant amplitudes on

the oscilloscope trace.
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Figure 4.7: EOM Characterization

4.3.4 Magnetic Field Coils

The magnetic eld coil for the optical axis was purchased as deGaussing coil with the
-metal shielding. The magnetic eld coils on the x and z axes are hand-wound around
the vapor cell mount (Thorlabs PN: CBB1). Figure 4.10 are plots of the magnetic eld in

Gauss versus the current, in Amps, passing through the coils.
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Figure 4.8: Magnetic Field in X

Figure 4.9. Magnetic Field in Y (optical axis)

45
Figure 4.10: Magnetic Field in Z (quantization axis)



4.4 Transitions

4.4.1 Dipole Transitions

The quantum memory operates on thé’Rb D, line at 780.2 nm in a warm atomic
vapor. In the majority of other quantum memory schemes, thB ; line at 795 nm for Rubid-
ium and 852 for Cesium is used for the large excited state hyper ne splitting on the order of
1 GHz; the large splitting greatly reduces errors due to o -resonant coupling and is greater
than the Doppler broadening. TheD, line, however, is preferable to demonstrate a high e -
ciency quantum memory since protocols exist that use tH2, line to generate atom-photon
entanglement [68]. To enable entanglement swapping using the Hong-Ou-Mandel protocol,
two indistinguishable photons that are each entangled with their respective sources must be
simultaneously interfered on the same non-polarizing beam splitter. Thus, it is attractive
for a quantum memory to be able to store photons at the natural frequency emitted the
atom-photon entanglement scheme naturally emit photons at 780 nm.

To store the quantum state of the ying qubit in the quantum memory, the electronic
state of the Rubidium atoms in the vapor cell is initialized to thejfF = 1;mg = 0i state.
Due to Doppler broadening of the medium and the close spacing of tBe lines, a certain
velocity class must be selected to drive the transitions, e ectively dictating the detuning
from resonance.

For the given velocity class, optical pumping is used to prepare the initialized state.
Driving the transitions in gure 4.11, the pump couples thejF =1;mg = 1i ground
state with the jF°=0;m = 0i excited state. After being excited to thgfF°= 0; mg = Oi
state, the electron can spontaneously decay with equal probability down to any of the
JF =1;mg =0; 1 ground states. Thus for the selected velocity class, electrons starting
in any of thejF =1;mg =0; 1i ground states and coupled to thgF°=0; mg = 0i state
will eventually get captured in thejF = 1; mg = 0i state, given a su cient optical pumping

duration.
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Due to o resonant coupling, some of the electrons in thg= = 1;mg =0; 1i ground
states will couple with the jF°= 1i excited state, which is only separated by 72 MHz.
Electrons that are coupled with thejF°= 1i excited state will spontaneously decay down
to any of the jJF = 1;2i ground states, with decay probabilities according to the Clebsch-
Gordan coe cients. The rate of the o resonant coupling is suppressed by the inverse
detuning squared, hence driving the pump on resonance will limit errors due to o -resonant
coupling.

If any of the electrons start or decay into thgF = 2i ground state, a strong repump,
driven for su cient duration, will e ectively deplete the jF =2i ground state population.
Together with the pump, the Rubidium atoms will be prepared in thejF = 1; mg = Oi

state.

Figure 4.11: Dipole Transitions for State Preparation

It is important to note that a third transition shown as a dotted black line is weakly

driven to lock the Fabry-Perot Iter. Although this dipole transition removes some of the
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population from the jF = 1; mg = 0i state, the net e ect actually helps the optical pump-
ing process. The population in thgF =1;mg = 1i states is also further reduced, and
the decay from thejF°=2;mg = 1i excited states to thejF = 1i ground state has equal
probability for the jF =1;mg =0; 1i sublevels as seen in Figure 4.12. Furthermore, the
decay from thejF°= 2;mg = 0i is more likely to end up in thejF = 1;mg = 0i than the
JF =1;mg = 1 states. Therefore, the addition of the third transition will not nega-
tively impact the optical pumping process. Below in gure 4.12 are the Clebsch-Gordan

coe cients for the D2 line.
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Figure 4.12: Clebsch-Gordan Coe cients for Transitions from F'= 0, 1, and 2
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The selection rules of the ground and excited state hyper ne levels are exploited in
the quantum memory storage scheme. In gure 4.13, the signal couples jke=1; mg = Oi
ground state with thejF°= 2; mg = 0i excited state, and the control couples thifF =2;mg = 1i

ground states with thejF°=2; mg = 0i excited state.

Figure 4.13: Dipole Transitions for Storage

This memory scheme has several advantages compared to previously used schemes:
four-wave mixing noise and parasitic single-photon transitions are suppressed, and selec-
tions rules limit errors due to Doppler broadening. The four-wave mixing noise suppression
is attributed to the 6.8 GHz splitting between the F =1 and F = 2 ground states, which vir-
tually prevents the control from coupling to our optically pumpedjF = 1; mg = 0i ground
state. A parasitic single-photon transitions occurs when the signal is absorbed on a transi-
tion that requires a selection-rule forbidden mapping to the storage stajfe =2;mg = 1i

by the control [39]. Since the control couples di erentng sublevels (i.e. m 6 0), parasitic
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single-photon transitions will not occur in the storage scheme, unless the signal is absorbed
by 229 MHz redshiftedjF°= 0; mg = 0i state.

Typically for the D, transition, Doppler broadening with closely spaced excited state
hyper ne levels signi cantly contributes to o resonant coupling. Due to selection-rule for-
bidden mappings and conservation of orbital angular momentum, the signal cannot couple
the jF = 1;mg =0i with the jF°=1;mg =0i or the jF°=3;mg = 0i states. Thus, the
only o resonant coupling is with the jF°=0;mg =0i excited state, which is approxi-
mately 229 MHz red-detuned from the transition, much better than 72 MHz. Additionally,
there is an error associated with o -resonant coupling of the control with thgF°= 3i state

which is 267 MHz blue of our control frequency.
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4.4.2 Experimental Control Sequence

O(1) ms 0O(10) ms 0O(100) s
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The experimental sequence consists of an optical pumping stage and a storage stage.
During the optical pumping stage (OP and FPF Lock), the atomic ensemble is prepared to
the 5S,-, jF = 1;mg = 0i state using the dipole transitions from Dipole Transitions and
the Fabry-Perot Iter (FPF) is locked. During the storage stage, the single photons are
stored in the warm Rubidium vapor cell via EIT and released on-demand. To calibrate
the measurement in the qubit analyzer, a quarter waveplate (QWP) and half waveplate
(HWP) are scanned across parameter space (Rotate Waveplates).

The following code represents the experimental control sequence:

Algorithm 1 experiment
initialization()
for gqwp =1: (180+5) /5 do
for hwp =1: (360+5) /5 do
opticalPumping()
initializeStorage()
for shot = 1:number of Shotsdo
storage()
end for
disable control tone AOM
rotate HWP +5
end for
rotate QWP +5
end for
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Algorithm 2 initialization

de ne Delays

de ne Frequencies

de ne Attenuations

Enable Lock and Hold on Fabry-Perot Filter
Disable all tones

Home Waveplates

Algorithm 3  opticalPumping

Close Optical Shutter to protect APDs

set Frequencies for Optical Pumping

set Attenuations for Optical Pumping

enable de ecting beam to lock Fabry-Perot-Filter AOM

delay 7 ms for Optical Shutter to completely close

In Parallel

Enable Locking Fabry Perot tone AOM; Enable Optical Pumping tones AOMs/EOM
End Parallel

Disable Lock and Hold on Fabry-Perot-Filter

delay O(1) ms for Optical Pumping

delay O(1) s to prevent under ow error (may not be necessary)

In Parallel

Disable Locking Fabry Perot tone AOM; Disable de ecting beam to lock Fabry-Perot-
Filter AOM; Enable Lock and Hold on Fabry-Perot-Filter

End Parallel

delay O(1) s to extend optical pumping for Optical Pumping tones only

Disable Optical Pumping tones

Open Optical Shutter to start collecting data

delay 7 ms for Optical Shutter to completely open

Algorithm 4 initializeStorage

set Frequencies for Storage

set Attenuations for Storage

enable Control tone AOM for EIT storage

delay O(1) s to allow Control head start over Signal
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Algorithm 5 storage

Enable Signal tone AOM/Single photon

delay O(100) ns for Signal pulse duration (short to resemble single photons)
In Parallel

Disable Signal tone AOM/Single photon; Disable Control tone AOM

End Parallel

delay O(100) us for lifetime of quantum memory

Enable Control tone AOM for EIT retrieval

delay O(10) s for Signal retrieval and next Control "headstart"
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Chapter 5: Summary and Outlook

5.1 Summary

Throughout the past two years in research, | have learned the state of the art of
the eld, designed an experiment, characterized my equipment, and built my setup. The

following section will describe the steps forward and future project ideas.

5.2 Near Term Outlook

In the near term, the next logical steps involve testing the quantum memory. Cur-
rently, the ion-trap is down due to technical di culties with the oven. In the meantime, we
are collaborating with another UMD lab that can generate single photons using Rydberg
states [69]. We have two bers strung between our labs from a previous collaboration, but
those will need characterized.

For the quantum memory project, | will want to use my remaining time to measure
the optical pumping dephasing time, EIT Linewidth at various (two-photon detunings),

perform weak coherent light storage, and then single photon storage.

5.2.1 Two-Way Quantum Memory

With minimal additions, the quantum memory can be upgraded for two-way com-
munications. We would insert a PBS between the -metal shielding shielding and the
polarization lIter, mirroring the setup on the right. To establish a second arm for the

reverse control eld, we would have to add a fast optical switch to direct the optical power,
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or add a 50:50 BS after the EOM with two AOMs and two beam splitters on either side,

depending on experimental timing requirements.

5.2.2 Pulse Control

If not being used for generating a -pulse for atom-photon entanglement in the MOT,
the electrical optical amplitude modulator (EOAM) along with Artig's arbitary waveform
generator (AWG) can be used to pulse shape the control eld in the quantum memory.
It is helpful to restate one of the key ndings: "Given OD; ; and a spin waveS, one
can always nd a control ¢(t) that maps S to any desired normalized output mode;(t)
of duration T, provided in the adiabatic limit" [61]. While e ciency may be reduced,
shaping the signal may have profound implications in entanglement swapping. For example,
single photons coming from two di erent species may be at the same wavelength, but
have signi cantly di erent pulse shapes. By dynamically reading out the collective atomic
excitation or spin-wave using an EOAM to shape the control eld, we may pulse shape the
retrieved signal. This could signi cantly boost entanglement rates by making two photons

indistinguishable.

5.2.3 Realizing the Quantum Memory Dipole Transitions with lon-Photon

Entanglement

Unlike the Rydberg collaboration, the photon's polarization is hyper-entangled with
the frequency. To realize this memory scheme, the photon hyper-entangled with the ion in
both polarization and frequency degrees of freedom must instead be hyper-entangled with
spatial modes and frequency. Below is an idea of how to address the 14 MHz di erence
between the polarization states: Directly before storage, the magnetic eld is adiabat-
ically increased to 10 Gauss parallel to the electric eld of the P-polarization, de ning

the quantization axis and providing a 14 MHz splitting between thgF =2; mg = 1i and
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JF =2;mg = 1i ground states while leaving the magnetically insensitij& = 1; mg = Oi
andjF%= 2; mg = 0i states unchanged. Therefore, the two lambda systems (ej§. = 1; mg = 0i,
jF°=2;mg =0i, andjF =2;mg = 1i being one lambda system) will di er by 14 MHz

in the two-photon transition. This is preferable since the single photon is hyper-entangled
with the ion and there exists a 14 MHz splitting in the photon's frequency degree of free-
dom. By choosing a 10 Gauss eld, each polarization will be perfectly matched with a

lambda system since the two-photon detuning is zero.

5.3 Long Term Outlook

5.3.1 Nondestructive Single Photon Measurement

To signi cantly increase entanglement rates, a nondestructive single photon measure-
ment is needed. Since we cannot tell if a photon emitted by the ion has been collected by
the objective, survived ber coupling, and the QFC, we have to assume each time that we
had a success for the quantum memory. If instead we had a nondestructive single photon
measurement, we could tell when we have a success to signi cantly speed up entanglement
rates.

My (open) idea for a system is as follows: using a stimulated FWM process, we input
a 780 nm photon and output 795 nm photons that preserves the entanglement, but leaves
the Rubidium atoms in the opposite hyper ne ground state as initialized. After the FWM
process, if we measure the atoms, we can tell whether or not a photon has been converted

to 795 nm for storage in a quantum memory.

5.3.2 Cavity

Depending on the initial results, we may want to add a cavity. A cavity can supress
unwanted noise, including FWM, and the control eld [63]. Furthermore, a cavity would

allow us to suppress spontaneous emission of the anti-Stokes scattering [63].
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Since the acceptance bandwidth is limited by the cavity resonance linewidth, we
would want a low nesse cavity. Additionally, a ring geometry is preferable as opposed to a
linear cavity so we do not produce a standing wave inside the cavity (atoms di using into

the eld nodes during the storage time would not interact at retrieval) [63].

5.3.3 MOT

Using the MOT, we could perform atom-photon entanglement, NDSPM, or a quantum
memory. As a quantum memory, the MOT would have a low dephasing rate and low noise

[51].
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Chapter A : Acousto Optical Modulator Double Pass

Acousto-optic Modulators (AOMs) rely on the acousto-optic e ect to modulate the
frequency (on the order of 10s of MHz), intensity (up to on the order of 100 dB), and direc-
tion of a laser beam. A piezoelectric transducer, inside the AOM, receiving an RF signal
generates a sound wave that causes a traveling strain wave in the crystal. Incident light
can experience Bragg diraction via the photo-elastic e ect; a traveling refractive index
grating [70]. Since the strain wave frequency is that of the RF source, Bragg di raction
changes the optical frequency by the RF frequency. As a consequence, the direction of the
light beam is also shifted in the direction of the strain wave. Note that the argument above
is for the positive rst order di racted beam, but the same will apply for the negative rst
order di racted beam.

For constructive interference, we must have

n = ( sin;+sin g) (A.1)

wheren 2 Z, ; is the angle between the incident light and sound wavefronts, and is the
angle between the scattered light and sound wavefronts. Since the photon's energy is much

greater than that of the sound wave, the interaction is elastic and; = 4. Thus,

n.= sin g (A .2)

Equation A .2 applies for the rst order di raction beam coming from the AOM. The state

of the art AOMs can transmit approximately 80 percent of light with a rise time on the
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order of 10s of nanoseconds.

Operating an AOM with complete experimental control requires an RF driving source,
TTL, RF switch, and amplier. We use Artiq's 4412 DDS "Urukul" as the frequency
synthesizer which has sub-Hz frequency resolution, controlled phase steps, and amplitude
control. Additionally, Artrig's Sinara 2118 TTL provides the TTL signal. The RF DDS
and TTL are connected to the RF switch via SMA cables, and provides the experimental
control to turn o and on the AOM on the order of nanoseconds. The RF switch output
is connected to a Mini Circuit's ZHL-1-2W-S+ ampli er also via an SMA cable, which
provides a gain of 29 dB. Finally, the ampli er is connected to the AOM via an SMA cable.
The AOM frequency and intensity can be controlled on-demand via the RF frequency and
amplitude, respectively.

According to equation A .2, when is changed (experimentally by varying the RF
frequency), the angle between the scattered light and sound wavefronts also changes. This
is particularly problematic when the experiment is sensitive to the angle of light (e.g. co-
propagating beams, ber coupling). Thus, it is desirable to setup the AOM in an RF
frequency-independent con guration: the double pass.

The double pass retrore ects the rst order beam through the AOM for a second
pass, accumulating a frequency change of twice the RF frequency. The setup for a double

pass AOM is shown in gure A .1 and alignment process is described below [71]:

Figure A .1: AOM in Double Pass Con guration taken from D. McCarron's Guide
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Quick tips:

Placing the PBS on a tip/tilt mount may be bene cial for alignment by making sure

the re ected beam's vertical and horizontal alignment downstream is also unchanging.

It is acceptable to place lens 1 can be in a xed mount, but helpful to place lens 2 in

a z-axis translation mount.
Directions:

. Align the beam to pass through the center of the polarizing beam splitter (PBS),
ensuring the vertical and horizontal alignment downstream is unchanging. If the PBS
is on a tip/tilt mount, ensure the re ected beam's vertical and horizontal alignment

downstream is also unchanging.

. Place lens 1 in front of the PBS with the curved surface facing the incoming beam,
and ensure the position of the beam downstream is unchanging. This may require

changing the height of the lens.

. Measure the beam diameter using a beam pro ler to match the optimal input beam

waist for the AOM.

. Place the AOM crystal (may require contacting the manufacturer) at the beam's

focus and optimize the rst order di raction e ciency by tuning the ve-axis stage.

. Turn o the RF signal from the AOM and insert lens 2 in a translation mount (in the
axial direction) at the lens' focal length from the AOM crystal. Con rm that lens 2

does not shift the beam downstream.

. Insert a quarter waveplate (QWP) and mirror after the lens, allowing space for an
aperture. The beam should pass through the center of the QWP and and re ect o

the center of the mirror.
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10.

11.

12.

Place an aperture after the rst lens to only pass through the incident beam to the

AOM.

Retrore ect the zeroth order beam through the AOM (the aperture can be used as a

guide).

. Rotate the QWP to allow maximum re ection (measuring the power in the P4 direc-

tion in gure A .1)

Turn on the AOM and adjust the QWP so that the rst (or negative rst) order

di racted beam is centered.

Place an aperture between lens 2 and the QWP to block all other beams besides the

desired beam.

Optimize the power P4 by ne tuning the mirror, translating lens 2, and rotating the

QWP.,
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Chapter B: Electrical Optical Modulators

An electrical optical modulator (EOM) is a device typically made of lithium niobate
crystal that changes the birefringence due to an electrical signal (typically RF). There are
two main types of EOMs: electrical optical amplitude modulators (EOAMs) and electrical
optical phase modulators (EOPMs). EOAMSs act as a actuated PBS and waveplate combi-
nation and provide amplitude modulation. EOPMs modulate the phase of the light passing
through the medium. Both EOAMs and EOPMs are typically polarization dependent de-
vices.

An EOAM is characterized by the voltageV that causes a phase shift of.

The transmission is related by

T= sinz(EVl): (B.1)
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Chapter C: Fabry Perot Filter

C.0.1 Fabry-Perot Filter

The section below is compiled from Thorlab's manual for the Fabry-Perot Filter. The
Fabry-Perot Filter (FPF) is a cavity that can act as a Iter for unwanted frequencies; once
calibrated, the transmission is above 80 percent with a minimum of 30 dB suppression.
The FPF is composed of a highly re ective planar and highly re ective spherical concave
mirror. By adjusting the mirror separation using a piezoelectric transducer, the frequency

of the cavity mode can be tuned as seen in gure C.1.

Figure C.1: Thorlabs Fabry-Perot Filter Diagram

The FPF used in the Quantum Memory experiment has a linewidth smaller than 100

MHz and a Free Spectral Range (FSR) of 30 GHz. The FSR is de ned as the frequency
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di erence between modes given by equation C.1:

C
FSR= (C.1)

where c is the speed of light and d is the cavity length. The plano-concave cavity supports
a fundamental mode whose waist is on the at mirror with a Gaussian intensity given by

equation C.2:
r

1(r) = exp( 2(;—)?) (C.2)

! cav
where! .., being determined by the cavity length,d, and the radius of curvature of the
curved mirror, R, given by equation C.3:

r——.....B
= " dR d): (C.3)

With R =250 mm, d =5 mm, and for 780nm light, the cavity waist is approximately 93

m . To optimize the performance of the cavity, the incident light must be near-perfectly
mode matched to the cavity. To realize this, the incident light should be focused on the FPF
with the spot size corresponding to the cavity waist. Experimentally, this is accomplished

using a lens with focal lengthf , calculated using equation C.4:

f= e (C.4)

The FPF should be placed exactly at the focal point, which can be accomplished
by centering the lens in a translation mount of the correct height, and ensuring the beam
location downstream remains unchanged. Once the correct spot size is realized, the relative
orientation of the cavity with respect to the incident beam must be set. With four DOF to
the orientation (e.g. horizontal and vertical location, tip and tilt), there must be at least
two tip and tilt mounts to near-perfectly mode match. The alignment is performed by

rotating one of the vertical knobs slightly and sweeping the other vertical knob for optimal
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