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Abstract

The work presented in this dissertation concerns dynamics of Rydberg atom lattices in
the presence of noise and dissipation. Rydberg atoms possess a number of exaggerated
properties, such as a strong van der Waals interaction. The interplay of that interaction,
coherent driving and decoherence leads to intriguing non-equilibrium phenomena.

Here, we study the non-equilibrium physics of driven atom lattices in the pres-
ence of decoherence caused by either laser phase noise or strong decay. In the first case,
we compare between global and local noise and explore their effect on the number of ex-
citations and the full counting statistics. We find that both types of noise give rise to a
characteristic distribution of the Rydberg excitation number. The main method employed
is the Langevin equation but for the sake of efficiency in certain regimes, we use a Marko-
vian master equation and Monte Carlo rate equations, respectively.

In the second case, we consider dissipative systems with more general power-
law interactions. We determine the phase diagram in the steady state and analyse its
generation dynamics using Monte Carlo rate equations. In contrast to nearest-neighbour
models, there is no transition to long-range-ordered phases for realistic interactions and
resonant driving. Yet, for finite laser detunings, we show that Rydberg atom lattices can
undergo a dissipative phase transition to a long-range-ordered antiferromagnetic phase.
We identify the advantages of Monte Carlo rate equations over mean field predictions.

Having studied the dynamics of Rydberg atom lattices, we study an application
of the strong interactions in such systems for quantum information processing. We inves-
tigate the coherent exchange of a single photon between a superconducting microwave
cavity and a lattice of strongly interacting Rydberg atoms in the presence of local electric
field fluctuations plaguing the cavity surface. We show that despite the increased sensi-
tivity of Rydberg states to electric fields, as compared to ground state atoms, the Rydberg
dipole-dipole interaction can be used to protect the system against the dephasing induced
by the local noise. Using 1/f and laser phase noise models, we show that compared to
the case with non-interacting atoms, our system exhibits longer coherence lifetimes and
larger retrieval efficiency of the photon after storing into the atoms.
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Chapter

Introduction

The work presented in this dissertation concerns the interface between atomic physics,
quantum optics, and quantum information. The first aim is to theoretically study non-
equilibrium phenomena of Rydberg atom lattices in the presence of noise and dissipative
processes. The second aim is to propose a solution for a long-standing problem of coupling
quantum states in atoms to solid state quantum devices.

Non-equilibrium phenomena are ubiquitous in nature and can be found in flu-
ids [1], cells [2, 3], light harvesting complexes [4] and polymers [5]. They can be stud-
ied in controllable artificial systems, in which the presence of driving and decoherence
leads to intriguing physics that differs from the equilibrium situation. This has motivated
much theoretical [6-11] and experimental work [12-21], based on different experimen-
tal platforms ranging from ultracold atoms [13-16] to driven semiconductor heterostruc-
tures [17-21]. Among such platforms, Rydberg atoms constitute a powerful tool for creat-
ing controllable interaction potentials [22, 23]. Together with decoherence and coherent
driving, this can lead to non-equilibrium relaxation [24-28], which was also observed ex-
perimentally [29-32], and, to non-equilibrium steady-state phase transitions [33-45] in
the limit of strong dephasing.

Decoherence may arise from laser phase noise or from the spontaneous decay
of excited atoms. In the first case, we compare between homogeneous or inhomogeneous
phase noise: the first one acts globally on the excited states (also referred to as corre-
lated noise), while the second one acts locally on the excited states (uncorrelated noise).
Previous works assumed that the noise is uncorrelated [24-28, 46-50]. However, as the
laser features modes, practically it acts globally on the excited states of atoms. The conse-
quences for the steady states of Rydberg ensembles are yet to be understood.

Although the presence of strong radiative decay prevents the preparation of
Rydberg states, the interplay of coherent laser excitation and strongly interacting Rydberg
atoms in the presence of strong radiative decay can lead to the non-equilibrium steady-
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state phase transitions [33-45]. Most previous works have predicted the emergence of
steady states with antiferromagnetic order on the basis of mean field theory assuming
nearest neighbour interactions [33]. Yet, large single-site fluctuations due to a simple two-
level driving scheme restrict the emergence of such ordering to short length scales in all
lattice dimensionalities [34]. The other driving scheme (e.g. in three-level systems) in a
1D setting fails to realise crystallisation [34-36]. Meanfield predictions are also in conflict
with variational calculations [37, 38] and field-theoretical methods [39], which raises the
validity of the results. This motivates theoretical study of the possibility of long-range
order in dissipative Rydberg atom lattices.

On the other hand, decoherence is a long-standing problem of coupling quan-
tum states in atoms to superconducting cavity [51-55]. The implementation of such a
quantum interface offers a major breakthrough for quantum information science. It al-
lows the development of a powerful hybrid architecture, where long-lived states of atoms
store quantum information that can be processed rapidly using superconducting circuits.
For such a hybrid system, a strong coherent coupling between them is required for an effi-
cient and fast information exchange, which can be achieved by exploiting the large dipole
moment of Rydberg states [56-59]. However, it makes Rydberg states more susceptible to
fluctuating electric fields, which are present close to the metallic cavity surface. The fluc-
tuations shift the energy states of the atoms leading to random inhomogeneous phases (if
the noise acts locally) being accumulated in the dynamics of each atomic transition.

Most previous works investigated the Rydberg-atom-surface interactions in atom-
chip traps [60-63]. Although the coherent driving of a Rydberg transition near the surface
of atomic chips has been demonstrated [53, 61], the coherent evolution is limited by the
described noise mechanisms. For instance, adatoms are shown to be the major cause of
electrostatic fields in atom chip surfaces [60, 64]. Although, harmful effects from electro-
static fields due to adsorbates have been mitigated by carefully designing the cryogenic
chamber and cooling sequences [65], or by covering the surface of an atom-chip with a
thin metallic layer [66], the problem of uncontrolled fluctuating fields is more difficult to
address [61]. Hence, the realisation of noise-resistant quantum interfaces between Ryd-
berg atoms and superconducting cavities remains a major challenge.

1.1 Qutline

In chapter 2, a short introduction into the theory of Rydberg atoms will be given. In
chapter 3, we study the dynamics of driven atom lattices in the presence of global noise
and analyse its difference to the case of local noise. We will show that both types of noise
give rise to a characteristic distribution of the Rydberg excitation number. The results of
this work have been published in the article:

e Wildan Abdussalam and LauraI. R. Gil

Non-equilibrium Physics of Rydberg lattices in the presence of noise and dissipative processes,
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European Physical Journal for Special Topics 225, Issue 15-16, 1325-1347, (2016).

In chapter 4, instead of the presence of noise, we study the dynamics of driven
atom lattices in the presence of strong decay. We will show that a long-range-ordered anti-
ferromagnetic phase can be realised in dissipative Rydberg atom lattices when subjected to
appropriate coherent driving. In contrast to the equilibrium physics of the corresponding
unitary systems, which is well described by mean field models [67] and nearest-neighbour
approximations [68], fluctuations as well as the weak tail of the rapidly decaying interac-
tions are both found to be essential for the physics of the dissipative phase transition. The
results of this work have been published in the articles:

e M. Honing, W. Abdussalam, M. Fleischhauer and T. Pohl
Antiferromagnetic long-range order in dissipative Rydberg lattices,
Phys. Rev. A 90, 021603 (R).
and the extension in the article

e Wildan Abdussalam and Laura I. R. Gil
Non-equilibrium Physics of Rydberg lattices in the presence of noise and dissipative processes,
European Physical Journal for Special Topics 225, Issue 15-16, 1325-1347, (2016).

In chapter 5, the coupling quantum states in atoms to superconducting circuits
will be introduced. In chapter 6, we propose a noise-resistant interface between a collec-
tion of Rydberg atoms and a single photon in a superconducting cavity by means of (reso-
nant) dipole-dipole interactions. Instead very large atoms clouds (N ~ 106 atoms) [60], we
use an atomic lattice with up to hundreds atoms. In such system, (resonant) dipole-dipole
interactions are exploited to compensate dephasing of Rydberg states due to fluctuating
electric field from the superconducting cavity surface. We will show that this scenario
is not only robust to the fluctuating noise from the cavity surface but also robust to the
dissipative processes. The results of this work are summarised in

e W. Abdussalam, D. Viscor, T. Lahaye, J. Fortagh, A. Browaeys, and T. Pohl
Noise-resistant coupling between Rydberg atoms and a superconducting cavity via
dipole-dipole interaction.

In preparation. To be submitted to Physical Review Letters.

In the appendix of this thesis, the supplementary informations are added. They
contain the derivation of dipole-dipole interactions (Appendix A.1) for chapter 2, the simu-
lation methods (Appendix B) for chapter 4, 5, and 6, the population inversion (Appendix C)
for chapter 4 and the states truncation (Appendix D) for chapter 6.
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Rydberg atoms

Contents
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212 Alkaliatoms . . . . . ... ... L L 8
2.13 Dipolemoments . ... ... ... .. ... 9
214  Lifetimes. . . . . . . ... .. 11
2.2 Rydberg-Rydberg interactions . . . ... ............... 12

Rydberg atoms are atoms in which an electron is excited to a state with a very
high principal quantum number n with energies close to the ionization limit. They are
gigantic; the electron’s orbital radius extends over several thousands of bohr radii. As a
result, Rydberg atoms possess a number of exaggerated properties [69] (see table 2.1): (i)
a large dipole polarisability, which scales as ~ n”, making them very sensitive to electric
fields; (ii) long radiative lifetimes, scaling as ~ n3 such that the n = 50 state of Rubid-
ium has a lifetime of ~ 141.31 us [70]; (iii) a dipole-dipole interaction which scales as
~ n, and, consequently, (iv) a strong van der Waals interaction C /r® with Cg scaling ap-
proximately as Cg ~ n'!. Owing to these interesting properties, Rydberg atoms have been
widely studied, for example, in astrophysics [71, 72], plasma physics [73-75] and quantum
optics [76-80], quantum information [22, 23, 81, 82], and quantum simulations [15, 83-85].
Most relevant for the present thesis work, interacting Rydberg atoms confined in lattices
can be used for quantum simulations of many body phases [86-88] and provide a well
suited platform for studying non-equilibrium phenomena [8, 24, 32, 33].

In this chapter, we will review some basic properties of Rydberg atoms as a
prerequisite for describing the resulting many-particle physics in subsequent chapters.
In Sec. 2.1, we first describe how to determine Rydberg states of single-electron atoms
and their energy spectrum. We will discuss the electronic structure, dipole moments and
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Property ‘ Expression ‘ n dependence
Binding energy E, n=?
Level spacing E,—E, n=3
Orbital radius {nl|r|nl) n?
Dipole matrix element between —3/2
low-lying state and Rydberg state eg (5Plr|nS) "

Dipole matrix element between two 2
Rydberg states eg. (nPlrins) "
Radiative lifetime 79, ; n?

Table 2.1: Properties of Rydberg states

lifetime of alkaline atoms. In Sec. 2.2, we consider two atoms and their mutual dipole-
dipole coupling that gives rise to van der Waals interactions.

2.1 Basic properties

In this Section, we briefly introduce selected basic single-atom properties of Rydberg
states, which are most relevant for the considerations of the present thesis. We will focus
on the simplest case of effective single-electron atoms, such as the alkalines, which are be-
ing employed in the majority of Rydberg gas experiments [22]. The electronic properties
alkaline atoms are very similar to those of hydrogen atoms, and we will first consider this
most simple case in the next section.

2.1.1 The hydrogen atom

The Hamiltonian for the hydrogen atom can be written as '

2

A ]_ A A
HaszVQ— + —L-S, (2.1)

S |-
ﬁw‘g

where the first term describes the kinetic energy, and the second accounts for the Coulomb
interaction between the electron and the singly charged nucleus. The third term is the
spin-orbit coupling, where « is the fine structure constant and L and S are the orbital and
spin angular momentum operators of the electron. The eigenenergies and eigenstates can
be obtained analytically by solving the time-independent Schrédinger equation

-ﬁaz/]nljmj (T» 97 ¢> = Enljwnljm]‘ (7“, 97 ¢) . (2~2)

T Here, we use Hartree atomic units, in which all length scales are in units of the Bohr radius ag = 5.29 -
10~*m, and energies are scaled by the Hartree energy Ey = ma?c? = 4.3579 - 10~'8.J, where m is the
electron mass, « the fine structure constant, and c the speed of light.
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Since the Coulomb potential as well as the spin-orbit coupling are radially symmetric, the
wave function ¥, (r,0,$) can be factorised into two terms as

wnljmj (T‘, 97 ¢) = Rnlj (T) yl,j,mj (97 (b) . (2-3)

The first part denotes the radial wavefunction R,,;; () while Y, j n; (6, ¢) is the angular
eigenstate given by the generalised spherical harmonics as [89]

Vejam (6, Doyt + 4T ) (=1+3)
(2.4)
14+my 1-my | — .
yl:jym]’ (97 ¢) - j+]11 | +> + ]+]+1) | > (] - l - %) )
where
" L 1 1
‘y > }/l (07¢) ) if ’ (25)
2772
%, i%> denotes a definite spin state, ,l,j, m obey

the following conditions:
e The principal quantum number assumes positive integer values n > 0.
e The orbital quantum number [ acquires integer values between 0 and n — 1.

e The quantum numbers j and m; derive from the total angular momentum operator
J =L + S. The quantum j follows from the eigenvalue, j (7 + 1), of the operator
jsuchthatj—l+forj—l—fforl>0and]—+ forl = 0.

e The quantum number m; corresponds to the projection of the total angular mo-
mentum onto the z-axis, and, therefore, acquires integer values between —j and
+7.

Below, we will use the standard notation for low-1 orbitals, with [ = 0 denoted by S-
states, [ = 1 by P-states, [ = 2 by D-states, and | = 3 by F'-states. Moreover, when the
quantum numbers j and m; are irrelevant, we will use the label n.S, nP, etc., to indicate
the |n,l = 0,...),
the value of j as a subscript, e.g. write n.Ps, for the |n,l = 1, j = 3/2, ...) state.

n,l = 1,...), etc., states. When only m; is irrelevant, we will append

The resulting radial Schrédinger equation

1[d®> 2d] 1(1+1) 1 LjG+1)—1(+1)-3
EiRui =14 —= _ - 4} nli
Rt { [er T r dr] or2 r ta 2r3 R (1),
(2.6)




8 2 Rydberg atoms

-0.05
-0.1
-0.15
-0.2
-0.25
-03
-0.35
-04

=20

Y I I S AN I NI i |
Vers(r)
T T T T T T T T

-0.45

0 B 1 1 05 i | | | | |
0 2 4 6 8 2

7 [ao] 7 [ao]

S
IS
=N
o
S
IS
I

Figure 2.1: (a) Distance dependence of the radial charge of Rubidium and (b) the resulting effective
core potential (blue dashed) line, as given by Eq. (2.9) compared to the pure Coulomb potential for
the hydrogen atom (red line).

can be solved analytically, which yields the following eigenenergies and eigenstates

1 2 3
2
2\ (n—1—1)
Wnim, 7) = \/(n> R (), 00), 29

where p = 2r/n and Lilfll_l is the generalised Laguerre polynomial.

2.1.2 Alkali atoms

Alkaline atoms represent the simplest non-hydrogenic systems. For a given nuclear charge
z, they feature a single valence electron orbiting a compact core of the remaining z — 1
electrons that occupy closed shells. Their interaction with weak external fields is thus
dominated by the single active valence electron while the effects of the core electrons can
be described by an effective core potential V, ¢ ¢(r) replacing the Coulomb potential, —1/r,
in Eq.(2.1). An accurate and, yet, simple form is described in [90] and given by

Zy(r Q. —(r/r8
‘/eff(T):— lj)—%[l—e(/c)] (29)

Here, o, denotes the static dipole polarisability of the core and the effective radial charge
Z; reads

Zi(r) =1+ (z—1)e " —r(as + asr) e *". (2.10)

The explicit values of the five free parameters (a1, as, as, aq,r.) in Egs. (2.10) and (2.9)
have been determined for rubidium atoms in [90]. Fig. 2.1 shows the corresponding radial
charge of rubidium and a comparison of the Coulomb potential of hydrogen and the ef-
fective core potential. For high principal quantum numbers with large orbital radii, ~ n?,
the effective potential deviates from the Coulomb potential only within a small fraction of

the actual atomic radius such that the resulting correction to the atom’s binding energy
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J 01,50 01,52
1/2 | 3.1311804 0.1784
1/2 | 2.6548849 0.2900
3/2 | 2.6416737 0.2950
3/2 | 1.34809171 | -0.60286
5/2 | 1.34646572 | -0.596
5/2 | 0.0165192 -0.085
7/2 | 0.0165437 -0.086

W W NN R =k O

Table 2.2: The free parameters of Rubidium

can be expressed by the quantum defect formula

E, - _Riyz (2.11)
(n — 0nij)

where 17, ~ 0.5a.u. is the Rydberg constant and 9,,;; denotes quantum defect. It can be
accurately calculated from the Rydberg-Ritz formula [91]:
d2 04 d6

Onti = 0g + + +
! (n — 50)2 (TL - 60)4 (n — (50)

5+ (2.12)

Accurate values for d,,;; and the parameters in Eq.(2.12) can be obtained from precise spec-
troscopic data, as reported in [92, 93] for rubidium atoms, and given in table 2.2. For high
angular momenta [ > 3, the centrifugal barrier prevents electrons from penetrating the
core potential region rendering the corresponding quantum defects virtually negligible.

In Fig. 2.2 we show calculated radial probability densities |rR,,;|? for different
values of n and [, illustrating the strong increase of the orbital size, ocn? with growing
principal quantum number n for [ = 0. For the n but [ = 20 with j = [ — 1/2 the
strong centrifugal barrier prevents the electron from penetrating the core region such that
the resulting wave functions are identical to that of hydrogen. We furthermore show the
radial density of circular Rydberg states [94] with [ = n —1 for which the density features
only a single maximum.

2.1.3 Dipole moments

The obtained wave function, e.g., allow us to determine transition dipole moments of high
lying Rydberg states which are essential for a range of central properties. They determine
the interaction of atoms with laser light or microwave radiation, the atomic response to
electric fields, and the van der Waals or dipolar interaction between the Rydberg atoms.
The dipole moment operator is defined as

o= —ef, (2.13)
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Figure 2.2: Radial probability densities [rR.,; (r) |* as a function of a distance from the core r [ag |
for n = 25, 35, and 45. Panel (a) shows |rR,,; (7) |? for S states with I = 0, (b) a high value of I=20,
showing the effects of the centrifugal barrier which pushes the valence electron away from the

core, and (c) [ = n - 1 states, for which the wave function does not exhibit any nodes.

where T denotes the displacement vector of the valence electron from the nucleus, and e
is the elementary charge, with e = 1 in atomic units. Correspondingly the dipole matrix

element for a transition between two states, |n,[, j, m;) and |n',I', j', m}) is given by
(n, 1, g, mylln’ 1, 5, m). (2.14)

The aforementioned separability of the wave function carries over to the dipole matrix

. . gt L 5'my . .
elements, which can be written as products, R;;;” C; jm, » of a radial matrix element

Q0
R — f Roij (1) Ry (r) r2dr, (2.15)
0

nlj

and matrix elements for the angular and spin component

Ja sin 6 cos ¢
Cljjmjj = Jdgbd(cos 0)Vi1jm;(0,¢) | sinfsin¢ yl,j,m;(e, ®). (2.16)
cos 0

Using

e1 — ex\—‘;éey 82 = 7ea“\_/éey eg = eZ (2.17)
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to define orthogonal polarization vectors from the cartesian basis vectors e,, e, and e,
the matrix element can be most conveniently written as [95, 96]

Cormy J@RIA) R+ 1)U+ 1) [ koo Ikl

in terms of Wigner-3j symbol [95], where Am = 0, £1 and k& = 1.

2.1.4 Lifetimes

Applications of Rydberg atoms as quantum simulators or quantum computation platforms
crucially rely on a long coherence of the excited state. The total lifetime 7,,j; of a Rydberg
state largely depends the spontaneous decay time 77, ; and the timescale Tﬁ%’j for transition
induced by black body radiation:

1 1 1
— =t (2.19)
nlj nlj 7-nlj

The rate of spontaneous decay from |nlj) to |n'l'j’) is given by the Einstein A coeffi-
cient [69]

. e2w7%/l’j’,nlj Zmax 170 1A A2
At iy = Smeohed 20+ 1|<nlj |7|nlj)|%, (2.20)

where w,,y/j i denotes the frequency difference between the state |n'l’j") and the state

\nlg), worjr iy = (Envrjr — Enij)/h, and ly,q, is the maximum of [ and I’. The lifetime of
a state |nlj) is the reciprocal of the sum of decay rates to all possible final states [n/l’j")

1
0
P — (2.21)
M A
n/l/j/
Due to the strong dependence of the decay rate (2.20) on the frequency as w?,;, j#.nij» tran-

sitions with the highest frequency difference generally contribute the largest terms in the
sum (2.21). Thus, the predominant decay channel for a high-lying atomic state is a dipole-
allowed transition to states with the lowest energy. For example, in rubidium |n.S) states
65,

and |4D) [97]. For high n, as n increases Wit nl; converges due to the n_2—scaling of the

decay predominantly to |5P) and |6 P), while |nP) decays predominantly to |55,

binding energy Eq. (2.11), and thus A,/ n;; depends only on the matrix elements for the
transition from the state |nlj) to a low-lying state |n’l’j"). Thus for large n, we find the
simple power-law scaling

~nd, (2.22)

0
Tnlj

showing that the lifetime rapidly increases with n which is essential for the applications
mentioned above.

At a finite environmental temperature, 7', black-body needs to be considered.
Due to the small energy spacing between high-lying Rydberg states, and the large re-
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spective matrix elements, black-body radiation can induce rather strong transitions with
excited state manifolds. In equilibrium the frequency distribution of black body photons

is given by [98]:
1

N (w) = ST 1"

(2.23)

and features a linear temperature dependence if under the typical condition of hw « k1.
The resulting transition rates can be obtained from [69]:

Kn’l’j',nlj = An’l’j’,nle (Wn'l’j’,nlj)- (2~24)

where A,/ 15 is given in Eq.(2.20). At typical temperatures black-body radiation, hence,
tends to cause transitions between energetically adjacent states with n’ ~ n, in marked
contrast to spontaneous emission, discussed above.

The total Rydberg state lifetime due to black-body radiation is obtained by sum-
ming the transition rates over all possible final states, which yields the approximate ex-

pression [69]

3hn?
bb
L= 2.25

revealing a weaker n-dependence rf;?j ~ n?. As a result black body radiation can become
the major lifetime limitation limiting factor as n increases. Accurate values for Rydberg
lifetimes of alkaline atoms can be found in [70]. While black-body radiation is detrimental
to many experiments, since it transfers atoms to Rydberg states that are not coupled by the
initial excitation laser [99], it can be suppressed by working with cryogenic environments,

as demonstrated experimentally in Ref. [56].

2.2 Rydberg-Rydberg interactions

Having discussed the most relevant single-atom properties of Rydberg states, we are now
in a position to illuminate the interactions in atomic ensembles, which represent the most
important aspect of the present thesis work. To this end, we consider two atoms separated
by a distance vector R, whose interaction is composed of three contributions: the elec-
trostatic repulsion between the core, the electrostatic attraction between one core and the
Rydberg electron of the other atom, and the repulsion between the two Rydberg electrons.
The Hamiltonian that represents these terms reads

2

~ e A .
Hgq = Tre Vaa (R, T4, I'QB) (2.26)
TEQ
A 1 1 1 1
Vi <R, T4, f"23> =l =7+ = (2.27)
R|  [fig|  [P2a|  [P12]
[ 1 1 1 1
= | =, = N — T=A N + —= N - 5 (228)
|R|  [R—11a] [R+fp| [R—(fra—1f2p)]
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Figure 2.3: Illustration of two interacting Rydberg atoms in which A and B label the two atomic
cores and 1 and 2 indicate the respective electrons.

where the distances R, Toa, I'1p, 14, Top and 19 are shown in Fig. 2.3. Here, ; =
{#14,T2p} and the characters A and B label the two cores and the numbers 1 and 2 indicate
the respective Rydberg electrons. For large distances exceeding the typical size of the
Rydberg orbits we can simplify Eq. (2.26) by means of a multipole expansion, which, to
leading order, yields the dipole-dipole interaction Hamiltonian

i, Paafiop =3 (A4 - n) (f2p - 1)
dd — 3 )
dmeg R

(2.29)

where the dipole moment operator is defined as i = —ef; and n = f{/ R. A detailed
derivation of Eq. (2.26) to (2.29) is given in Appendix A.1.

With the single-atom Hamiltonian h; and Eq. (2.29) the interaction potentials
can be obtained by diagonalising the total two-atom Hamiltonian

H = hy + hy + Hyg. (2.30)

While this typically requires a formidable numerical effort involving several 10* coupled
pair states, we can obtain simple insights into the general scaling laws of the resulting
interactions from the following simple model.

To this end, we consider only three relevant states |0;),0 = {—,0,+} of an
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Figure 2.4: An example of two three-state atoms.

atom i (see Fig. 2.4) with

(il il =i) = (=ilfil +i) = 0, (2.31)
03|73 +i) = (+il#i]05) = py # 0, (2.32)
C05[#7i| =) = (=4[ #i|0;) = p— # 0. (2.33)

The single atom energies are assumed to be given by

eo = {0;]h;]0;) = 0, (2.34)
ey = <+1|Bl|—|—z> > (0 (2.35)
e_ = (—ilhi|—s> <0, (2.36)

such that the atomic pair energies energies at asymptotic distances R — o0 are given
by

g00 = (00]h1 + h|00) = 0, (2.37)
ey = ={+—|hi+hy|+-)=¢eL +e_, (2.38)
ey = {4+ + by + hy| + +) = 2¢, (2.39)
e ={——|hy+hy| ——)=2e_. (2.40)

Since £, > 0ande_ < 0, we can assume that ¢, |, |e__| » |e4_|. In addition, the states
| + 4+) and | — —) are energetically far away and thus only give negligible contributions.
Consequently, we only take into account the states | + —) and | — +). The problem further
simplifies in the rotated pair state basis

’m>:|+_>_|_+>

NG , (2.41)
py=L1F >j§' =) (2.42)
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Figure 2.5: Comparison of eigenenergy associated with state |+) (a, b) and state |—) (c, d) as the
function the interaction strength V;/A (a, ¢) and R/Ryq,- The exact solutions (black lines) from
Eq. (2.46) are plotted together with the solutions for AE >» Vj (red dased) from Eq. (2.47) and
AFE « Vj (blue dashed) from Eq. (2.50).

for which
(00| Hgqlm) = 0, (2.43)
N 2 _
(00| Haalp) = fﬁ;“ (2.44)

and one obtains the following simple two-state Hamiltonian

. 0
Hoyo = 2.45
) v

with Vo = /2u, p_ /R3. Its eigenvalues

1
Ey = 3 (5+_ +4/e2_ + 4V02> . (2.46)

allow to discriminate two distinct regimes. First, for weak dipole-dipole interaction, Vj «
€4+_ the pair energies

—_

Bifere~ 5 %5+ (W/ee) T O((Vo/er)'); (2.47)

N | —

assume the characteristic form, Cy/ RS, of the van der Waals (vdW) interaction potential
with the vdW-coefficient 5 5
2
Oy = Hxi= (2.48)

€4

Since pt ~ n? and e,_ ~ n~3, the Cj coefficient is found to scale as n'!. It follows form
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the above discussion that the van der Waals potential is valid if 12 larger than the critical

1/3
2y [
Ryaw = <M> : (2.49)

E4_

radius

This is illustrated in Fig. 2.5. In the opposite limit where V) » e, _, the energies are
approximately given by

—_

Eyfei ~ B £ Vo/er— + O(er /W), (2.50)
corresponding to dipole-dipole interactions [96] with the coefficient

Cg ~ [y fi—. (2.51)

scaling as n*. This regime is valid for small distance R « R,qy, as illustrated in Fig. 2.5.
More detailed calculations of the (s dispersion coefficients for alkali Rydberg atoms pairs
are given in Ref. [100] and a numerical calculations for Rubidium beyond the simple
power-law scaling with the distance R can be found in Ref [101, 102].
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In the previous chapter, we have described basic properties of single and two-
interacting atoms. In this chapter, we consider laser-driven lattice of Rydberg atoms and
study the non-equilibrium physics in the presence of decoherence due to laser phase noise.
We compare between homogeneous or inhomogeneous phase noise: the first one acts
globally on the excited states (also referred to as correlated noise), while the second one
acts locally on the excited states (uncorrelated noise). Most of previous work assumes that
the noise is uncorrelated [24-28, 46-50]. However, as the laser features modes, practically
it acts globally on the excited states of atoms. The consequences for the steady states of
Rydberg ensemble are yet to be understood.

The chapter is organised as follows. In Sec. 3.1, we consider the setup, where the
Hamiltonian that governs the system is provided in Sec. 3.2. For the simple case of two
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Figure 3.1: (a) Schematics of a one-dimensional lattice in which ground-state atoms |g) are laser
excited to the Rydberg state |e) in the presence of local (b) or global (c) noise.

interacting atoms, we compare the steady states for global and local noise [see 3.3]. In
Sec. 3.4 we extend the system to more atoms and characterise the Rydberg population and
the full counting statistics (FCS) in Sec. 3.5. We will complete this chapter by considering
implications for experiments in Sec. 3.6.

3.1 Basic Setup

We consider an ensemble of N two-level atoms, each with a ground state |g) and a highly
excited state |e), which are placed in neighbouring sites of a one-dimensional lattice with
spacing a [see Fig.3.1(a)]. A pair of excited atoms at sites 7 and j experiences the repulsive
van der Waals (vdW) interaction V;/|i — j|® with Vy = Cg/a® and C > 0. The transitions
between two states are driven by a laser, which is subject to local [see Fig.3.1(b)] and global
[see Fig.3.1(c)] phase noise. We denote the Rabi frequency of laser by €2 and detuning by
A = wp, —Weg, Where wey = (E. — Ey) /h denotes the atomic transition frequency and wy,
denotes the laser frequency. We assume that the transitions are resonant in the sense that
A ~ (. As we will see, the interplay between the laser driving, vdW interaction and laser
phase noise gives rise to a characteristic distribution of the Rydberg excitation number.

3.2 1D lattice of two-level atoms

In this section, we will consider the Hamiltonian that governs the system. As we are
interested in exploiting the dynamics and steady state of the system, we will employ three
different numerical methods. The main method employed is the Langevin equation, but
for the sake of efficiency in certain regimes, we use a Markovian master equation and
Monte Carlo rate equation, respectively.
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3.2.1 Light-atom coupling

We firstly consider an atom with the atomic eigenstates |g) and |e), under the influence

of the laser field

E(r,t) =Epcos(wrt+¢(t) —k-r) = ;80 (ei(wLqu(t)_k'r) + e_i(th+¢(t)_k'r)> :
(3.1)
The amplitude of the field is denoted by £\, where w;, and ¢ denotes the field frequency
and the phase noise, respectively. The Hamiltonian that governs the system is given by

ﬁAL = [:Iatom + }Alint (32)
= Nwegbee + qt - E (T, 1) (3.3)
= NwegOee + qu- & (ei(th+¢(t)—k'1‘) + e—i(th+¢>(t)—k-r)> (3.4)
2
where ¢ = —e denotes the electron charge and ¢t exp (£ik - ) can be expressed in the

two-state basis {|g), |e)}:

—(glet exp (ik - ) |e)|g){e| — {elet exp (ik - ) |g)[e){g]
(glet exp (Lik - ) [g)[g)(g| — {e|et exp (Lik - T) [e)[e){e].

gt exp (+ik - 1) (3.5)

The third and fourth part of Eq. (3.5) is zero (g|t|g) = {e|t|e) = 0. The first and second
part can be simplified by performing a dipole approximation, i.e., an approach via ne-
glecting the spatial dependence of the electric field. On the first glance, applying a dipole
approximation is prohibited. This is due to the fact that the Rydberg state |e) is on aver-
age a thousand Bohr radii far away from the core (see Chap. 2), which is the same order
of magnitude of the laser wavelength 27/k. However, if the scalar products in (3.5) are
written as integrals of the form

fdg’m/)g (r)erexp (tik - 1) ¢, (r), (3.6)

the significant contributions only come from the positions where the products |, (r) ¢, (r) |
is large. As the ground state |¢) has a size of only a few atomic units (1 nm « 27 /k), the
product ¢, (r) ¢, (r) | has a size much smaller than the wavelength (k - r « 1). There-
fore, we may apply the dipole approximation,

ef exp (+ik - 1) ~ ef = (gletle)lg)(e| + (ele|g)leXg] = i (oge + Gog) . (37)

where /i = e(g|t|e) is the dipole matrix element. Here, we have also defined the operators
Gap = |a@){(f|. The Hamiltonian (3.2) becomes

~ 1 . .
Hap = hegbee + €0 1 (5 + ) (e“w”‘f’“)) + e—“m+¢<t>>) (3.8)
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It is useful to transform the problem to the interacting picture by applying the unitary
transformation
U= e—ih,(dgeta'ee’ (39)

from which we obtain the Hamiltonian

= UV HALU — hwegbee (3.10)
- ;50 i (Bege™eo! + Ggpeieest) (ei(wLHqﬁ(t)) 1 efi(thw(t))) (3.11)

= R <&egei[(weg+wb)t+¢>(t)] + &geei(AHQﬁ(t)) + 6ege*i(At+¢(t)) + &geefi[(wngrWL)HMt)])

2
(3.12)

where A = wj, — wey denotes the so-called detuning and 2 = & - fi/h is the (resonant)
Rabi frequency.

In order to eliminate the time dependence in (3.12), we perform another unitary

transformation [/ = e~ #1A0ect.
HY, = UTHALU — hAG. (3.13)
BG4 hQQ (6egez‘[<weg+wmt+¢(t>] g 4 g, om0 6gee—i[(weg+mt+¢<t>])
(3.14)

We use the Hilbert space basis (|e), |9)), i.e.,

1) = ¢glg) + cele) (3.15)

and numerically find the solution of the Schrédinger equation

ihow(t)y = HiL (1)) (3.16)

with the initial condition |¢)(0)) = |g). For large values of wy, the solution is a combi-
nation of slow oscillations (the so-called "rabi oscillations") and small, fast oscillations.
The latter vanish for w;, — o0. This is due to the quickly oscillating nature of the

terms et (Woetwr +A)t

in the Hamiltonian 3.14. Hence, if wy. + wy, becomes large enough
(wge + wr « A, Q), they average out very short timescales ~ (wf, + weg) ' « A™1 Q71
and it is justified to neglect them. This is known as the rotating wave approximation
(RWA). This leaves us with

. Ny .
Ay = ~NAde. + - (&geew(” + &ege—W(t)) . (3.17)

At initial condition ¢ = 0, the phase noise has the form ¢*(%), The instantaneous change
of phase noise can be defined as ¢@(t=t) Thus, the Eq. (3.17) becomes

HL, = —hA6Ge. + 7129 (&geeiw(w—w» n 6€g€—i(¢>(t)—¢>(t’))) . (3.18)
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The instantaneous change of phase is so-called the frequency noise

e(t)=¢ = @ (3.19)

which corresponds to the energetic shifts of Rydberg state. Finally, we perform the trans-
formation U = e~"*(1% [103] to remove the time dependence of the frequency noise in
the exponent,

A hQ
)y = —hA6ee — he (1) bee + o (Gge + Geg) » (3.20)

which is the Hamiltonian that governs the interaction between a single atom and light.
For N-interacting atoms, the total Hamiltonian reads

o=H - H, (3.21)

= 5 (50 55

A== (&eg - oge> +0 2, Jec e (3.22)
i 25—

H, = D)6l (3.23)

n

where h =1, V) = Cg/ ab and Cs > 0, i.e., the repulsive van der Waals (vdW) interaction.
As we consider a Rydberg ensemble in a one dimensional lattice, a pair of excited atoms at
site ¢ and j is separated by distance r;; = |i — j|. The transitions between two states are in
resonance with the field frequency A = w.;, —wr >~ 0. Hence, we neglect A for the rest
of the calculation in this chapter. The frequency noise () has the following relations:

(eWel)y = C6y (3.24)
@ — ¢, (3.25)

with (3.24) and (3.25) being local and global phase noise, respectively.

3.2.2 Langevin equation

The phase noise ¢(t) causes fast and slow fluctuation of the laser with correlation time 7.,
where a characteristic time 74 > 7. [see Fig. 3.2(b)]. It acts as a time-dependent detuning
and can be considered analogous to a one-dimensional Brownian motion in which the
time evolution is quantitatively described by the Langevin equation [103, 104]

¢ =6+ F(t) (3.26)

where v denotes the inverse of correlation time 7. = 1/, and F(¢) is a Gaussian func-
tion which denotes a rapidly fluctuating force with zero ensemble average F'(t) = 0 and
F ()2 # 0 [see Fig. 3.2(a)]. We assume that F(t) has an extremely short correlation time
compared to all other characteristic time scales of the system [103, 104], and thus approx-
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Fa(t)
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Falt)

Figure 3.2: Panel (a) shows an example time dependence of random force F(t) for various realisa-
tions and (b) shows the phase ¢(t) of the electric field of the laser wave, exhibiting fast and slow
fluctuations characterized by the correlation times 7. and 7.

imate

F(t)F(t') =2D6 (t — ') . (3.27)

Here D describes the magnitude of the fluctuating forces and ¢ (¢t — ¢’) a Dirac delta, which
is together with v characterises the spectral width I of the Lorentzian line shape [103]

_2

r 2

(3.28)

We determine the quantum dynamics of this system by means of the Langevin equation
in which a single realisation % of the time dependent wave function evolves as iw(k)> =
H|yp®. For M realisations |1)(*)), we calculate the excited state population (615} =
W ®)|65D[1p®) and take its average

T2

N
1 .
— 5 (Fi)
Nee = izgl<aee >, (3.29)

1

where NV is the atom number. For sufficiently large M, the average converges.

3.2.3 Master equation

In order to test the Langevin equation, we now compare it to the result of a master equa-
tion for the n-body density matrix p. The time evolution of the density matrix is given
by

p=—i|frp|+£lo] (3.30)
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where Hj is specified in Eq.(3.22). The superoperator £ accounts for the phase noise,
which can be derived from a Born-Markov master equation [105]

t

b J at' e [ 1,0, [ 10).5(0)] | (331)

—0o0

with H,, is given in (3.23) and Trp{} is equivalent to the average {-). Inserting (3.23) into
(3.31) we find

t

po=—§ N Trp{e (1)el) (t') 606D p+ he. — eV (1) 62 pe ) (¢) 68 + hoc}
_w ,J
_ _Z S dt TrB{S el ( t/)} [Aéé)ﬁ&éje) 2{066 &4 ,p}] (3.32)
7.] -
= L[p],
where Tr B{ e® ()W) () } (e (t) W) (¢')). For the local noise, similar to the relation

Eq. (3.24), the correlatlon between the phase noise experience by atoms ¢ and j at two
different times is (¥ (¢) e (#')) = (I'/2)8;;6 (t — t') and thus we find the superoperator
for local phase noise

clp¥=r) [62’2 ~ f{aee ee,p}] (3.33)

and for global noise, similar to the relation Eq. (3.25), the correlation is (¢ (t) e (¢')) =
(I'/2)6 (t — t') and the superoperator reads

L)Y =1 [zipzj — {5, p}] (3.34)

where 3; = D &%, The fraction of Rydberg atoms f. is obtained by taking the trace
Tr{p>;}/N which is equivalent to N../N in Eq. (3.29).

We introduce the dimensionless rescaled time 7 = (402 / ') x t. The many-
body state is determined by three independent dimensionless parameters: the spectral
width of the noise ¢ =TI / 2, the damping term v = I’ / 40?2, and the interaction strength
parameter R% = Cj / (Fa )

Fig. 3.3 (a) shows the relaxation of the fraction of Rydberg atoms in the presence
of global noise. We show that in the limit 5 >> &2, i.e. for very short correlation time, the
Langevin equation is in excellent agreement with Eq. (3.30). Later on in subsec. 3.4, we
will discuss the dynamics in the strong coupling limit. There, the classical rate equation is
computationally more efficient than the Langevin equation.
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Figure 3.3: The averaged fraction of Rydberg atoms as a function of time (a) in the presence of
global noise for N = 2, ¢ = 4, R = 1 and M = 10* calculated by the Langevin equation (LE) for
two different 7y is compared to the Markovian master equation (ME). (b) The averaged fraction of
Rydberg atoms for N = 6 and R = 1 calculated by the classical rate equation (RE) with M = 10*
is compared to the Markovian master equation with two different £ in the presence of local noise.

3.2.4 Classical rate equation

In order to derive a rate equation, let us consider the dimensionless rescaled time (3.30)
with a Hamiltonian after rescaled time,

(4)

A 5 O'ee Oée
Z ( 58 + oeg> - 362 a (3.35)
2%
and superoperator for local
£ = £ 3 6089 — L5050, 53] (3.36)
4 - ee ee 2 ee ee ’

In the presence of local noise, the N-atom density matrix factorises, p = ,351) Q. ® ﬁg\l,),

conversely for global noise, the factorisation is precluded. Therefore, for local noise, the
time evolution of non-interacting two-level atoms is completely determined by the master
equation for the single-atom density matrix g} = p, i.e., the optical Bloch equation (OBE)
for two level atom,

Pgg = Z% [Pge — Peg]
. 2 .
pge = —S5peg — 1§ (Pgg — pee)
(3.37)
. 2 .
Pge = _%pge + Zg (ng - pee)

oo = €000 — ]



3.3 Two interacting atoms 25

The diagonal elements p, (7) of the density matrix indicate the probability of finding the
atom at time 7 in the state |a). The probability is conserved

> Paa = 1. (3.38)

The off-diagonal elements, i.e., the coherences, contain the information about transition
amplitudes between the levels. For sufficiently strong dephasing, the quantum dynamics
can be reduced to the diagonal elements of p upon adiabatic elimination of its coherences
by setting [106]

Pap =0 for a # B. (3.39)

We make use of relations (3.38) and (3.39) to simplify the time evolution to a classical
rate equation model for the joint probabilities pg, . g, of an atom iin the Rydberg state
(S; = 1) or in the ground state (S; = 0). The time evolution is determined by

510sn =5 | (L= S)DE) + SiP(8) P51

_[(1 —S)P(8) + siD(ai)]psl,,,_,si,__,,SN , (3.40)

where P (6;) and D (d;) denote the excitation and de-excitation rates, respectively. The
rates can be expressed as P (6;) = 1/ [4 (1 +467)] and D (6;) = 1/[4 (1 4 462)]. The
interaction enters through an effective frequency detuning §; = R®> i Silri — 1y 7°
which accounts for the level shift of the ith atom due to its surrounding Rydberg excita-
tions [24]. We solve the dynamics of Eq. (3.40) by means of dynamic Monte Carlo, where
its algorithm is given in appendix B.2.

We use the Markovian master equation as a test for the classical rate equation.
As shown on Fig.3.3(b), for £ » 1 the fraction of Rydberg atoms is indeed well reproduced
by the Markovian master equation model (3.30). This is in agreement with the results
of [106-108]. In the following, we will only consider short correlation times v » 1 and
strong dephasing £ >» 1.

3.3 Two interacting atoms

In this section, we investigate the difference between global and local noise for two atoms,
with emphasis on the steady-state distribution in the non-interacting and interacting
case.

For non-interacting atoms in the presence of global noise [see Fig. 3.4 (a) (red
bar)], the distribution is uniform for any excitation number. This is due to the fact that the
phase acquired by each atom is identical. Consequently, the coherent driving couples the
ground state of atoms to the symmetric state |+) = (1 / ﬁ) (lge) + |eg)) and the latter
to the doubly excited state [see Fig. 3.4 (b) for V2 = 0]. However, the antisymmetric state
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Figure 3.4: The excitation probability Py, in the steady state as a function of the number of
excitations V. in the presence of global (a) and local (c) noise. Red and green bars indicate non-
interacting and interacting Rydberg atoms, respectively. (b) and (d) illustrate the couplings be-
tween the two-atom energy states in the presence of global and local noise.

|—> = (1/v2) (lge) — |eg)) is decoupled. Thus, the excitation probability Py, for any
excitation number N, is Py, = 1/3.

On the contrary, the steady-state distribution in the presence of local noise ex-
hibits a non-uniform distribution [see Fig. 3.4 (c) (red bar)]. This is due to the fact that
each atom acquires a different phase e® (t) Consequently, the symmetric state |+> cou-
ples to the antisymmetric state | —) [see Fig. 3.4 (d) for V}5 = 0] which leads to a different
population distribution with Fy = 1 / 4, P =1 / 2,and P, =1 / 4.

In the presence of interactions V2 > 0, the steady-state distribution is the same
as in the non-interacting case [see Fig. 3.4 (a) and (c) green bar]. Despite the presence
of Rydberg-Rydberg interactions, the steady state for both types of noise remains un-
changed, as the interaction only shifts the energy of the doubly-excited state. In the pres-
ence of global noise, the energetic shift of the doubly-excited state is unable to break the
symmetry, resulting in the same distribution as in the non-interacting case. For the min-
imal example of two interacting atoms, we have shown that the steady-state distribution
changes remarkably with the type of noise considered, yet it remains unchanged quali-
tatively by the presence of interaction. In the next section we investigate whether this
finding persists in larger ensemble.

3.4 Few-body simulations

We determine the fraction of Rydberg atoms f, (7) in the presence of global and local
noise for different interaction strength. We classify the interaction strength RS into weak
interactions for (RG « 5), intermediate interactions for (R6 ~ & ) and strong interactions
for (R6 > f) Increasing the interaction strength between the atoms slows down the
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Figure 3.5: Relaxation of the fraction of Rydberg atoms in a one-dimensional system for N = 6
and M = 10* calculated by the Langevin equation [(a), (b)] and the rate equation [(c), (d)]. The
comparison between global (GN) and local (LN) noise with £ = 4 and 77 = 100 for non-interacting
and interacting atoms is shown in (a) and for intermediate as well as strong interactions in (b). The
inset in (b) shows the excitation distribution at the plateau for R = 1.5. Relaxation in the presence
of local noise for different strong interactions is presented in (c), where the dashed line indicates
the fraction of hard dimers. For long times the steady state is approached exponentially at a rate
ocR™12 (d).

relaxation time. Therefore, we will use three different methods for the three different
limits : the Markovian master equation for the weak and intermediate interactions in the
Markovian limit (7 » £2), the Langevin equation for intermediate and strong interactions
and arbitrary values of 7 and &, and the classical rate equation for strong interactions and
dephasing (¢ » 1) in the Markovian limit.

Fig. 3.5 shows the relaxation of the fraction of Rydberg atoms for N = 6 for in-
termediate and strong interactions. The initial condition is f, (0) = 0 which corresponds
to all atoms in the ground state. We vary the interaction strength and observe the charac-
teristic of dynamics. We will see the slow down of relaxation accompanied the emergence
of plateau before relaxing towards steady state. In the non-interacting case [see Fig. 3.5
(a)], the fraction of Rydberg atoms shows identical relaxation behaviour for both types of
noise that reaches the steady state, with f. (00) ~ 0.5. As RS is increased to intermediate
interaction strength, the relaxation slows down because an excited atom suppresses the
excitation of atoms at neighbouring sites.

We now consider an interaction strength of R® > &. Fig. 3.5 (b) shows that
although the interaction strength is three times larger than the spectral width of the laser,
the fraction of Rydberg atoms relaxation is nearly identical for both types of noise. A small
discrepancy appears between global and local noise for intermediate interaction before
entering the plateau which we will discuss in the next section. In the time window at
which a plateau is present the excitation distribution for both types of noise is dominated
by two excited atoms [see Fig. 3.5(b) inset]. As we increase the interaction strength [see
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Figure 3.6: Variance (A fe)2 as a function of time for N = 6, ¢ = 5 and various R® in the
presence of global noise (a) and local noise (b) calculated by the ME. Inset shows the relaxation in
logarithmic x-axis scale for RS = 0 and R® = 0.06.

Fig. 3.5 (c) and (d)], the plateau value becomes apparent.

Although the dynamics of the fraction of Rydberg atoms for both types of noise
is nearly identical, the relaxation to the transient state shows a small discrepancy due to
different excitation distributions. Therefore, in the next section, we will investigate the
atom counting statistics for both types of noise.

3.5 Atom counting statistics

We now discuss the atom counting statistics for a small number of atoms with N > 6.
One can quantify the distribution in terms of the variance (A fe)2 which corresponds to
the fluctuations of a statistical distribution about its mean value. The variance is equal to
the square of the standard deviation A f, and is defined by:

2
. (3.41)

2 _ (ot = (ol
(Afe) :; <U£ie)>

Depending on the relation between the variance and the mean value one can distinguish
three cases. In a sub-Poissonian distribution, the variance is less than the mean value
(Af.)* < f.. In a Poissonian distribution, (Af.)*> = f.. In a super-Poissonian distribu-
tion, (Af.)* > f. [109].

In order to reach the steady state within a short relaxation time, we have per-
formed the simulation in the weak interaction limit. In Fig. 3.6 we show the variance for
various interaction strengths RS in the presence of global (a) and local (b) noise. For global
noise [see Fig. 3.6 (a) inset], the relaxation behaviour and steady-state variance for R = 0
are fundamentally different from an interacting system with R # 0. This is due to the fact
that for R = 0 the ground state couples to the symmetric state, i.e. Dicke states [110], yet
the symmetric states uncouple to the non-symmetric states. For R # 0, they no longer
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uncouples to the non-symmetric states, instead the symmetric states with N, > 2 are
shifted due to Rydberg-Rydberg interactions, resulting in a symmetry breaking and pop-
ulation transfer from symmetric states to non-symmetric ones. This leads to a different
steady-state variance compared to R = 0. Furthermore, a slight increase in the interac-
tion strength leads to strongly reduced relaxation times as long as R® « ¢ [see Fig. 3.6
(a)]. Conversely, the variance in the presence of local noise shows a completely different
relaxation behaviour and reaches a different steady state. As shown in Fig. 3.6 (b), the
relaxation of variance and the steady state are completely independent of the interaction
strength for the small energetic shifts considered. This is due to the fact that for local
noise in the absence of interactions, each atom experiences a different time-dependent
detuning, resulting in a coupling between symmetric and non-symmetric states. In this
weak interaction limit, the relaxation time for global noise is longer than for local noise.

We now discuss the dynamical evolution of the distribution of excitation num-
ber and classify the type of distribution in the steady state according to the criteria men-
tioned above. We show the probabilities Py, for finding N, excitations at different times
in Fig. 3.7, comparing the results for global and local noise. For global noise in the ab-
sence of interactions, as shown in Fig. 3.7 (a-d), the population of ground state |gg...g) is
slowly transferred to higher excitation numbers only via the symmetric states, relaxing
towards uniform distribution. The steady-state probabilities Py, = 1 / (N + 1). Thus, the
variance can be calculated analytically for NV atom number, which is given by

N 5 1 N 2
ZNe_m ;Ne

(Af.)? =

- (3.42)
2N
N

In the presence of interactions, the population transfer via the symmetric states is followed
by the transfer into non-symmetric states, giving rise to a non-uniform distribution. As
shown in Fig.3.7(d), the non-uniform distribution corresponds to a super-Possionian dis-
tribution in which the steady-state variance (Af.)? > (f. = 0.5).

Fig. 3.7 (e-h) shows the excitation distribution in the presence of local noise. The
population transfer shows different behaviour compared to the case of global noise. In the
absence of interactions, since the symmetric state is already coupled to non-symmetric
states, the ground state population is rapidly transferred to higher excitation numbers. For
(R6 < 5), the relaxation is unchanged. The steady-state variance exhibits a Poissonian
distribution for both cases ((A f6)2 = fe = 0.5), shown in Fig. 3.7 (h) [red and green bars].
The Poisson distribution can be expressed as

PN £ ) = () o 1= £ )Y (.49

For example, for N, = 3 and N = 6 one obtains P (N, N, f. (0)) ~ 0.3125, in agree-
ment with the simulation results in Fig. 3.7 (h-red and green bars).
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Figure 3.7: Dynamics of the excitation probability Py, as a function of the excitation number
N, for the non-interacting (red bars) and interacting (green bars) case in the presence of global
(a-d) and local (e-h) noise. Panels (a-d) correspond to the parameters in Fig. 3.6 (a)-inset and (e-h)
correspond to the parameters in Fig. 3.6(b) for R® = 0 and R® = 0.06.

For intermediate interaction strengths, the distribution of excitation number
for local noise starts to show a dependence on the interaction strength. As shown in
Fig. 3.8(a), the increase of the interaction strength % slows down the variance relaxation.
The slow down is followed by the emergence of a dip that corresponds to the transition of
the fraction of Rydberg atoms to the transient state in Fig. 3.5. For global noise [see Fig. 3.8
(b)], as we enter the intermediate interaction regime (R6 <€ ) the interaction strength
starts to slow down the relaxation and the dip emerges at a later time than for local noise
[see Fig. 3.8 (c)]. This means that global noise slows down the transition to the transient

state as compared to local noise.

In the presence of global noise, we have seen that the steady-state variance
in a chain of 6 atoms differs for non-interacting and interacting cases. An interesting
question is whether this difference depends on the atom number. Fig. 3.8(d)[inset] shows
the comparison of variances between non-interacting and interacting atoms. For the non-
interacting case, it is worth noting that the steady-state variance increases linearly with
N. As the interaction is switched on, the fluctuations of excitation number are strongly
suppressed, evident from the decrease of variance with increasing number of atoms that
converges to a value (Af,(o0))? > 0.5, slightly above the steady-state in the presence of
local noise [see Fig. 3.8(d)]. The emergence of different steady states is due to the fact that
for global noise the symmetric state for N, = 1 only gets shifted due to the global noise.
For local noise, the distribution follows a Poissonian distribution for the non-interacting
and interacting case, resulting in a constant variance for any number of atoms.

We have shown that both types of noise give rise to a characteristic distribution
of the Rydberg excitation number. In the next section, we finally discuss implications for
experiments of the two-described section above.
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3.6 Implications for experiments

For the Rydberg ensemble in the presence of laser phase noise described in section 3.1,
the dynamics of the Ising-like spin-1 / 2 system can be experimentally realised in a trans-
verse field with up to thirty spins, for a variety of geometries in one and two dimensional
lattices, and for a wide range of interaction strengths [111]. The noise can be generated
by the arbitrary waveform generator. The bandwidth of this noise can be controlled by
applying a low-pass filter of cut-off frequency. For the local noise, one should use sepa-
rated single beam which produces uncorrelated beams'. The interaction strength Vj can
be tuned by varying the lattice spacing a and changing the principal quantum number n,
since 1 scales approximately as n'!. For a specific example, laser excitation of Rb(585] 2)
Rydberg states with /27 = 165kHz and I' /27 = 0.7TM Hz yields £ = 4 [32]. For a lat-
tice constant of a ~ 3.45um these conditions corresponds to R ~ 1.5, i.e., well within the
parameter region of strong interactions shown in Fig. 3.5(b)-(d). The interaction strength
R can be increased by tuning the laser excitation to higher principle quantum numbers,
for example Rb(67.5 ) yields R ~ 2.0 and Rb(755] ) yields R ~ 2.5. The speed up of the
variance relaxation in the limit of weak interactions [see Fig. 3.6] can be observed when
choosing larger lattice spacings a. For laser excitation of Rb(585] /3), a lattice spacing in
the range of a ~ 8 — 14pum yields R® ~ 0.01 — 0.35, well within the parameter region
shown in Fig. 3.6 and 3.7. The dependence of the steady-state variance on the number of

T Discussion with Thiery Lahaye
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atoms can be observed by adding up to 30 atoms.
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In the previous chapter, we have considered the dynamics and steady state of a
one-dimensional lattice of two-level atoms in the presence of laser phase noise. There, we
have found intriguing relaxation behaviour and steady-state distributions. An interesting
question is: How do the dynamics and steady state behave when the decoherence origi-
nates from spontaneous decay instead of laser phase noise?. The non-equilibrium physics
of such driven open systems and its relation to universal behaviour [112] in equilibrium
have attracted considerable interests [8, 113, 114]. We show here that driven Rydberg
gases are ideal systems to experimentally access non-equilibrium steady-state phase tran-
sitions.

Previous works predicted the emergence of steady states with antiferromagnetic
(AF) order on the basis of mean field theory (MF) assuming nearest neighbour (NN) inter-
actions [33]. Yet, large single-site fluctuations related to a simple two-level driving scheme
restrict the emergence of such ordering to short length scales in all lattice dimensionalities
[34]. The other driving scheme (e.g. in three-level systems) in a 1D setting fails to realise
crystallisation [34-36]. MF predictions are also in conflict with variational calculations
[37, 38] and field-theoretical methods [39]. Hence, the possibility of long-range order in
dissipative Rydberg lattices as well as the physics of the associated phase transition have
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Figure 4.1: Schematics of a two- (a) and a one-dimensional (e) lattice in which ground-state atoms
(small blue spheres) are laser excited to Rydberg states (large red spheres). The interplay of dissi-
pation and Rydberg-Rydberg interactions (b) can give rise to antiferromagnetic long-range order,
where excitations predominantly occupy one checkerboard sublattice. A possible realisation of

such a two level system with tunable exception rates Ff) and FEQ) and effective two-level systems
with tunable excitation rates Fgg) and 1"53) is illustrated in (c) and (d), respectively (see text for
details).

thus far remained an open question.

In this chapter, we address this issue and show that a long-range-ordered AF
phase can be realised in dissipative Rydberg lattices when subjected to appropriate coher-
ent driving. In contrast to the equilibrium physics of the corresponding unitary systems,
which is well described by mean field models [67] and NN approximations [68], fluctu-
ations as well as the weak tail of the rapidly decaying interactions are both found to be
essential for the physics of the dissipative phase transition.

The chapter is organised as follows. In Sec. 4.1, we will describe the setup as-
sociated with Fig. 4.1. In Sec. 4.2, we will investigate the emergence of AF long-range
order for two-level driving scheme in the presence of spontaneous decays, where the Ry-
dberg ensembles are considered as interacting spin-1/2 particles in either in a one- or
two-dimensional lattice. In Sec. 4.3, we then extend the system to three-level driving
scheme in the presence of strongly spontaneous decays from the intermediate state. We
characterise the emergence of AF order and determine the steady-state phase diagram
in Sec. 4.4. Finally, we discuss a possible implications for experiments for the described
systems in Sec. 4.5.
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4.1 Basic Setup

We consider laser-driven atoms on a one- and a two-dimensional lattice [see Fig. 4.1 (a)
and (e)]. In Sec. 4.2, an ensemble of N two-level atoms, each with a ground state |g) and a
highly excited (Rydberg) state |e) [see Fig. 4.1(c)], is placed in neighbouring sites of a one-
or quadratic lattice of length L with lattice spacing a. A pair of excited atoms at sites r;
and r; experiences the van der Waals (vdW) interaction Vp/|r; —r;|% with Vy = Cg/a® and
Ce >0. For a one-dimensional (1D) lattice,

r; —r;| = |i — j| and for a two-dimensional
(2D) lattice, site r; = (x;,v;), 2, y; € [1, L]. Resonant transitions between two states are
driven by a laser with Rabi frequency (2, which subject to the spontaneous decay from
state |e) at rate .

In Sec. 4.3, instead of two-level driving scheme, we consider a three-level ladder-
type system which is excited and de-excited by two lasers with different Rabi frequencies
21, {29 and detuning A. The excited, intermediate, and ground states of atom i are denoted
by |e®), [p®) and |g®), respectively [see Fig.4.1 (a) and (d)]. A pair of excited atoms at
sites r; and r; experiences power law interactions. For a lattice spacing a the nearest-
neighbour coupling is Vy = C,/a® where C,, > 0 determines the interaction strength.
Dipole-dipole interactions are associated with & = 3 and o = 6 with van-der-Waals (vdW)
interactions. In addition, the system undergoes decoherence due to strong spontaneous
decay from state |p) at rate -y, [see Fig. 4.1 (d)].

4.2 Rydberg lattices with two-level atoms

For the setup described in the previous section, the time evolution of the density matrix
and the Hamiltonian that governs the system are given in Eq. 3.30 and in Eq. 3.22, respec-
tively. The superoperator which describes the spontaneous decay from the state |e) (see
Fig. 4.1 (c)) reads
R N7 1, v
£ = 3 [aaoty - 51ast2.5) . (@)

K3
with 6,5 = |a){(f3|. The optical Bloch equations for a two-level atom are given by
. Q
Pgg = 25 (pge - peg) + VePee

Pge = 25 (pee - pgg) - ZApeg — YePeg

(4.2)
Peg = 25 (pgg - pee) + ZApge — YePge
) 0
Pee = 25 (peg - pge) — YePee-

In the presence of strong decoherence, the quantum dynamics can be reduced to the di-
agonal elements of p upon adiabatic elimination of its coherences [106]. The derivation
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steps in Sec. 3.2 lead to a classical rate equation model in Eq. 3.40. In the presence of

spontaneous decay, the specific form of single-atom rates of a two-level atom Fﬁ) reads
0%y
T (5) = ——2 43
1 (3:) V2 + 462 (4.3)
and 5 ) )
+ (927 4+ 457) 7e
r® (5, = 1 ( kg (4.4)

V2 + 467
where Ff) (0;) and Ff) (0;) denote the excitation and de-excitation rates, respectively.

The single-atom steady state reads

@
NI AR 1 _ Po
pz(éz) F?) i Fig) 1+ (522/0.}27 (4.5)
with pg
QZ
bo = Wu (4.6)
and w being Lorentzian width
2 202
w:k%—a (4.7)
The interactions enter through an effective frequency detuning
S.
= A=V Y —L— (4.8)
37 [ri =

which accounts for the level shift of the ith atom due to its surrounding Rydberg excita-
tions [24]. In order to confirm the simplification of the time evolution, we have performed
quantum simulations of smaller lattices by means of Monte Carlo wave function (MCWF)
method [115-118], where the detailed algorithm is given in appendix B.1. Fig. 4.2 shows
the fraction of Rydberg atoms f. = N../N as the function of excitation probability cal-
culated by MCWF and dynamic Monte Carlo (DMC) methods. Here, py < 0.5 is the limit
of two-level driving scheme. For py < 0.1, i.e., 7. » (2 the dMC is in excellent agree-
ment with MCWF, confirming the limit of the strong decoherence. As pg increases to
0.1 < pp < 0.3, the dMC slightly deviates from a MCWF method. The small discrepancy
in the region around A = 0 is due to the fact that for 2 ~ 7., is not fully justified to
neglect the nonlinear short-time population dynamics. For py > 0.3, i.e., 0 » 7, the
coherence prevails. Consequently, the discrepancy is more apparent compared to the case
Q ~ 7.

In order to detect the AF order, we define the order parameter g,

_ [NE =N

4.9
o (@9)

where N, is the total number of excitation in a lattice. The excited state populations
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Figure 4.2: Fraction of Rydberg atoms in a two-dimensional lattice as a function of excitation
probability po calculated by MCWF (rectangular points) and dMC (star points). The simulations
were performed with NN approximation and the remaining parameters are Vo = lw, A = 0,
a=6and N =4 x4.

on the checkerboard sublattices A and B are denoted by N2 and N7, respectively. As
illustrated in Fig.4.1, ¢ measures the population imbalance on the two sublattices reflecting
a checkerboard ordering, with ¢ > 0 in the ordered phase and ¢ = 0 in the disordered
phase that corresponds to a paramagnetic phase.

Fig. 4.3 shows the q parameter as a function of excitation probability po under
the assumption of a NN-blockade. For two-level driving scheme, the steady state in the
thermodynamic limit indeed does not exhibit the AF order for 1D and 2D settings [see
Fig. 4.3 (c) and (d), where extrapolations to thermodynamic limit are shown in (a) and (b)].
This is in agreement with [34] in which the large single-site fluctuations associated with
a simple two-level driving scheme restricts the emergence of that ordering to short length
scales for all spatial lattice dimensions. The above model is also analytically solvable and
shows no long-range order crystallisation [112]. The steady state may exhibits Néel order
provided that pg ~ 0.791. Thus, for simple two-level driving crystallisation is impossible
in any dimension since pg < 0.5. Therefore, the population inversion, e.g., via electro-
magnetically induced transparency [119-122], is required for the AF order to occur, i.e.,
the probability of populating the Rydberg state must be greater than 0.5 (py > 0.5). This
is accomplished in three-level atomic systems in which there are two coherent routes for
absorption that can destructively interfere, thus leading to the cancellation of absorption.
In the next section, we provide the population inversion via three-level driving scheme.
We investigate the dynamics of Rydberg lattices in the limit of strong decoherence.
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Figure 4.3: The extrapolation to the thermodynamic limit, L — oo, for 1D and 2D lattices are
plotted in (a) and (b), respectively. Panels (c) and (d) show q parameter as a function of excita-
tion probability pg for the case of 1D and 2D, respectively. The simulations were performed with
NN approximation and the symbols show results for finite system size given in the legend. The
remaining parameters are A = 0, V) = 5w, and o = 6.

4.3 Rydberg lattices with three-level atoms

For the three-level scheme described in the Sec. 4.1, the N-body density matrix is given in
Eq. 3.30 and the Hamiltonian that governs the systems reads

~(3) ~(9)

Oee Oee
i =Nh 4.10
I Z + VOZ; E— (4.10)
N Q , , 9] , . )
HF>§@$+%”+75@Q+%ﬁ—A%Q (4.11)

The first part is a local Hamiltonian H; that contains the atom-light interactions. The
second part describes the power-law interactions between two Rydberg atoms. The su-
peroperator which describes the spontaneous decay from the state |e) (see Fig. 4.1 (c)) is

E[ﬁ]=vp2[?f

i

given by

i) Aa(i 1
i3 - yioiof.nt|. (412
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Figure 4.4: The population of the ground state (a) and Rydberg state (b) in the presence (black)
and absence (red) of spontaneous decays from the state |p). The remaining parameters are: A = 0,
Q= 4yp, and Qy = 0.2,
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The diagonal elements p,,, of the density matrix (populations) indicate the probability of
finding the atom at time ¢ in the state |« ). The probability

Zpaa =1, (4'14>

is conserved at all times. Solving a many body problem either via this single-atom basis or
quantum trajectory is impossible due its complexity. For example, via a quantum trajec-
tory method, for three-level driving scheme the corresponding Hilbert space scales as 3.
This, of course, limits the simulation to N < 20 in which for one trajectory of N = 14
is already time consuming. Fortunately, under the set of corresponding experimental pa-
rameters [123, 124], one can simplify the complexity of many body problem as in Sec. 3.2
and Sec. 4.2 by means of classical rate equation [125]. In the experiment [123, 124], the
upper transition is much more weakly driven than the lower one (23 « 1), a typical
time intensity separation obtained for typical laser intensities reads

Q1> Q9 and Yp > a. (4.15)
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This allows us to define two well separated time scales, such that the transition [p) — |e)
is slow compared to the transition |gy — |p). As shown in Fig. 4.4, the rabi oscillation
is almost completely eliminated after a short time 7, = 7, . During this period, the
Rydberg state is hardly populated. On the other hand, the dynamics of the weak Rydberg
transition are significantly slower than those of the pump transition. The latter quickly
reaches (~ Ql_l) a quasi-steady state, which is only slightly affected by the weak coupling
to the Rydberg level. Afterwards, the dynamics of the system proceed on the slow time
scale, which is determined by ;! and will reach steady state for (€;/2)2. During this
period, Rydberg population gradually increases as compared to the completely coherent
case [see Fig. 4.4(b)], which shows that the coherence of the fast transition adiabatically
follow the slow dynamics of the transitions. Under these conditions, the coherences can
be expressed as a function of the populations at each instant of time, i.e., their dynamics
can be eliminated adiabatically [126] by setting

Pap =0 for a# [ (4.16)

Solving the algebraic equations from Eq. (4.13) and (4.16) for the populations, employing
Eq. (4.14), and inserting into the differential equation for p,, and p.., one obtains
Ppop = QPpp + G2Pec + 03,

Pee = q4Ppp + G5Pee 1 G6-

(4.17)

where the coefficients g, = g1 (21,2, A, 7y,) are some functions of the parameters of the
three-level system. For further simplification, we use of a relation (4.14), which leads to

Pop — Pag = 2Ppp + Pgg = 0. (4.18)

Hence, the population of the intermediate state in Eq. (4.13) can now be eliminated and we
finally obtain a simple linear differential equation describing the dynamics of the Rydberg

population,
® ;
pee = _%pee + F% ) (4-19)
1

where p; denotes the steady-state occupation of state |¢) and can be expressed as,
(23 + Q3)° + 4A2 (42 +203)

P1 =

(4.20)

and F%g) is the rate for populating the Rydberg state for the short time and is expressed
as, ,

@ _ 20 (22) (F +93)
t ag + asA? + ay A4

(4.21)
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Figure 4.5: Population of the Rydberg state for the three-level system calculated by rate equa-
tion (4.23) (solid lines) and OBE (4.13) (dashed lines) for different pulse lengths: 0.3 us (low-
est pair of curves), 1.0 pus (middle pair), 2.0 us. The remaining parameters in MHz are
(Q4/2m,Qo/2m,v,/27) = (4,0.2,6) in (a) and (Q4 /27, Qo /27, v,/27) = (22.1,0.8,6) in (b)
with

a0 = (93 + 99) | (25 —209)" + 242 (23 + ) |
as = 8 (yp — 4Q1) + 493 (407 + ~2) + 893 (4.22)
ag = 32 (v +207).

Introducing an effective ground state pggf = 1 — pee, One can write Eq. (4.19) in the form
of a rate equation for an effective two-level atom

Ibee = FTP;{;JG - Flpee> (4~23)

with de-excitation rate

r® - p® (1 > P 1) . (4.24)
1

A comparison of the solutions of the OBE 4.13 and the rate equation 4.23 rate equation
for the Rydberg population as a function of the detuning is shown in Fig. 4.5 for one pulse
length. The parameters correspond to those of the experiments [123, 124]. The solution of
rate equation is in good agreement with OBE and becomes even better for longer pulses.
The discrepancy in the region around A = 0 is due to the fact that for {2; < +,, is not
fully justified to neglect the nonlinear short-time population dynamics.

The rate equation reproduces the Autler-Townes splitting of the intermediate
level [p) manifest in a splitting of the Rydberg line, as the steady state with its single cen-
tral peak is approached for long times when the Rydberg population reaches the saturation
limit. A detailed analysis of the peak structure of the Rydberg populations in this system,
especially the occurrence of the Autler-Townes splitting and its impact on the excitation
blockade, has been given in [106].

Let us now proceed to the case of N atoms. The effective rate equation for
the joint probabilities pg, . s, of Rydberg excitations being present (S; = 1) or not
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present (S; = 0) at the ¢th site and the corresponding many-body states are connected
by the single-atom excitation [F?)((Si)] and de-excitation [Fi?’)(éi)] rates reads [47, 106,
127, 128]

/')sl,...,sNZZ[(l - S (o) + Sirf’)(52')]Psl,...,1fsi,...,sN

7

= [(1 — ST (5) + Sirig)(5i)}ﬂsl,...,si,...,sN :

The dynamics of Eq. (4.25) can be solved by dynamic Monte Carlo (AMC) technique where
the algorithm is provided in the appendix B.2. However, in the full three-level case, non-
physical negative rates frequently occur [129]. Although modifying the rates in such a
way that the correct steady state is preserved [127], this technique is rather expensive
and impractical for general systems. Therefore, we use another approach that has been
developed in [128]. There, the calculation of the dynamics of the system was neglected
in favour of the steady-state calculation. In this technique, we use the steady-state of
Rydberg state which is given by

Ff’) Po
A0 T 49
where
po =3/ (] + ) (4.26)
and w denotes Lorentzian width with
02+ Q2
L ek B (4.27)

24/72 + 203

For the case of N interacting atoms, deriving the interacting part of Hamiltonian 4.10 and
neglecting multi-photon transitions, one ends in the structure of the master equation in
which the interactions enter through an effective frequency detuning [106]

@:A—%Z—ii— (4.28)

o
j#i }ri - ri‘

which accounts for the level shift of the ith atom due to its surrounding Rydberg excita-
tions. All parameters are scaled by the Lorentzian width w, the many-body state is fully
described by only four-parameter: the power law exponent «, the resonant excitation
probability pg, laser detuning A/w and the interaction strength V{/w. For the settings
discussed in here [cf. Fig.4.1 (d)], the rates can be expressed as Fi?’) (6;) = (1 —pi)/T,
Fgg) (6;) = pi/T where T'(;) denotes the relaxation time. In the next section, we discuss
the emergence of long-range AF order in a two-dimensional lattice case.
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Figure 4.6: Panel (a) q parameter as a function of py for A = 0 and V) = 5w in the case of 1D
system and (b) 2D system. The q parameter as a function of A for py >~ 0.95 and Vj = 5w in the
case of 2D system. The simulations were performed with NN approximation and the symbols show
results for finite system sizes given in the legend. The thick solid line shows the extrapolation to
the thermodynamic limit. L — o0

4.4 Emergence of long-range order

This section provides the condition in accomplishing the AF order in a three-level driving
scheme. For the one-dimensional lattice case, under the assumption of a NN-blockade, the
above model is analytically solvable and shows no long-range order crystallisation [130].
This is confirmed in Fig. 4.6(b), 1D indeed shows no AF long-range order for py > 0.5.
The emergence of such ordering only occurs in a few system size, e.g., N < 30 [131]. As
the system size increases to the thermodynamic limit, ¢ ~ 0.

In higher dimensions, the steady states of Néel order occur for py ~ 0.7914 in
2D and py ~ 0.749 in 3D square lattices [130]. In order to confirm the analytical result,
we perform ssMC simulation in the NN-approximation. As shown in Fig.4.6(c), the steady
state indeed exhibits Néel order provided that py ~ 0.7914 for A ~ 0 and interactions.
This is due to the fact that in the three-level scheme py exceeds the limit of two-level
driving scheme py > 0.5 due to the presence of the dark state. The mechanism of the dark
state for lasing without inversion is given in the appendix C and can be found in [120, 132].

To Fig. 4.6, the simulations were performed with NN approximation and shows
that AF order occurs for A ~ 0 [see Fig. 4.6(d)]. However, when considering the full
range power tail interactions for resonantly driven atoms with varying exponents o and
po = 0.95, as shown in Fig.4.7, we do not observe long-range order for realistic interaction
potentials. In particular, the NN approximation fails qualitatively for the important case
of vdW interactions (o« = 6). Surprisingly, the weak tail of the interactions prevents
crystallisation until a rather larger value @ ~ 11. In fact, the simulations show that
resonantly driven atoms, with vdW interactions remain in the disordered phase for any
values of py and V.

The fact that there is no phase transition on resonance for & = 6 can be qualita-
tively understood as follows: a macroscopic population imbalance on the two sublattices
each with a lattice constant v/2a characterises a Néel state. Assuming that an atom on the
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Figure 4.7: Order parameter q as a function of the power-law exponent «, for py = 0.95 and
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Figure 4.8: Order parameter q as a function of laser detunings a by means of sSMC (solid line),
meanfield for NN interaction (dotted line), and full vdW interactions (dashed line). The remaining
parameters are pg = 0.96 and V) = 5Sw. (after [40], (©) American Physical Society, reproduced
with permission.)

highly populated sublattice has an average z nearest neighbours, the vdW interactions
cause an energetic shift of 21/8w and z ~ 3 near the crystallisation transition. There-
fore, the laser detuning A must compensate the corresponding energetic shift such that
its excitation probability remains above threshold p; (A/w — 2V, /8w) = pe, with p; given
in Eq. (4.25). As shown in Fig. 4.8, the phase transition between the AF and paramagnetic
phase occurs for finite detunings A.

In Fig. 4.8, we identify the advantages of Monte Carlo simulations over mean
field methods to quantitatively asses the importance of fluctuations and the shape of the
interaction potential [33, 35, 36]. The detail about a mean field method for three-level
driving scheme with NN and full vdW interaction is provided in the appendix B.3. As
shown in Fig. 4.8, the phase transition is a second order phase transition [40], in contrary
to mean field predictions that suggest a first order transition. Furthermore, the AF order
occurs for finite detunings A, py and V} [see Fig. 4.9]. Néel-type ordering emerges within
a finite detuning range and for py > p. ~ 0.86, only slightly larger than the threshold in
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Figure 4.9: Order parameter obtained for a 30 x 30 lattice as a function of A and p for Vy = 5w
(a) and as a function of A and Vj for pg = 0.96 (b) compared to mean-field predictions for the
full vdW interactions (c) and (d). AFM and PM denote antiferromagnetic and paramagnetic order,
respectively. ((a) and (b) after [40], () American Physical Society, reproduced with permission.)

the NN-blockade model [130] [see Fig. 4.9 (a)]. In contrast to ssMC, no threshold is present
[see Fig. 4.9(c)] for a meanfield method. Néel states are only found in a certain interval of
interaction strengths V), since the vdW tail prevents long-range ordering beyond a critical
value Fig.4.9(b).

We have shown the emergence of AF long-range order for appropriate coherent
driving and certain interval of interaction strengths V(). The fluctuations and the shape of
interaction potential are both indeed found to be essential for the physics of the dissipa-
tive phase transition. In the next section, we discuss the relevant parameters towards an
experimental realisation.

4.5 Implications for experiments

In the presence of decoherence due to spontaneous emission, the strong radiative decay of
the intermediate state |p) with a rate 7, ~ MHz drives the relaxation towards the steady
state eq.(4.25), with a tuneable py = Q3 /(924 Q3%). Such three-level excitation schemes are
utilised in numerous Rydberg atom experiments, either for exploring interaction effects in
the strong excitation regime (£2; > (29) [133-136] or in quantum optics applications in the
opposite limit [77, 137-139]. As a specific example, laser excitation of Rb(355 ;) Rydberg
states via the intermediate Rb(5PF 5) state with 23 = 0.57, = 42 yields py ~ 0.9.
For a lattice constant of @ ~ 2pum these conditions correspond to V) ~ 5w, ie. well
within the parameter region of the ordered steady state. Rydberg excitation and trapping
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[140] as well as single-site resolved Rydberg atom imaging [86] have been experimentally
demonstrated in 2D lattices with a ~ 0.5um. Larger lattice constants can also be realised
in these settings [141] or via single-atom trapping in optical micro-trap arrays [142], such
that the creation and probing of the predicted dissipative phase transition appears to be
well within experimental reach.
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Having discussed the dynamics of Rydberg atom lattices in the previous chap-
ters, we now describe an application of the strong interactions in such systems for quan-
tum information processing (QIP). More specifically, we show how the special properties
of Rydberg atoms can be employed to construct a coherent interface to transfer the quan-
tum states of a superconducting qubit to an atomic quantum memory - a key component
for hybrid quantum computing architectures.

A QIP platform should allow one to prepare, manipulate and read out the quan-
tum states of a multi-qubit system. Moreover, such a platform should be scalable, i.e.,
the more qubits can be added and coupled in order to perform more complex calcula-
tions. Superconducting (SC) qubits satisfy these requirements and present one of the most
promising current implementations [143-147]. However, the corresponding qubit states
are prone to environmental noise from extrinsic (e.g., local electromagnetic environment)
and intrinsic (e.g., low frequency noise) decoherence sources, leading to short qubit life
times. A hybrid quantum computer presents an attractive solution to this problem by
using another physical system in order to store the quantum information for long times.
Cold atomic ensembles serve as a suitable quantum memory. Their hyperfine ground
states feature transitions in the GHz range and can thus be coupled to the quantum states
of microwave photons confined in typical superconducting cavities. In principle, such a
setting permits to process quantum information rapidly using well developed SQUID tech-
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Figure 5.1: Illsutration of Rydberg atoms coupled to SC cavity (a) and atomic level scheme in the
presence of noise and spontaneous decay from the state |p) and |s) (b). (see text for the parameters)

nology while storing quantum information for a long times in the hyperfine ground states
of atomic ensembles [148]. While a superconducting cavity provides a virtual ideal inter-
face between the SQUID quantum states and the atomic quantum memory, the remaining
outstanding challenge is to achieve an efficient and coherent transfer between quantum
states encoded in microwave photons in the superconducting cavity and atomic exciton of
the quantum memory.

Typically the solid-state qubit is placed at the antinode of a coplanar SC mi-
crowave cavity while the atomic ensemble is trapped above the cavity surface [149] and
their hyperfine states couple to the evanescent cavity field [150-152]. In order to achieve
strong coupling , the atoms must be placed very close to the metallic surface, which ex-
poses them to harmful surface effects, such as static magnetic field noise. Even though
one can achieve long coherence times, ~ 1 ms, which can be achieved for ym atom-
surface separations [153], the resulting coupling strengths in the kHz-range are not strong
enough to facilitate for a coherent transfer and, even more so, compete with the decoher-
ence time, ~ 1us, of SC qubits.

A promising alternative to enhance the atom-cavity coupling is to utilise the
large transition dipole moments of highly excited Rydberg states [51, 56-59]. For example,
nS —nP transitions of alkaline precisely fall into the microwave regime, thus, are ideal for
coupling atomic Rydberg excitations to coplanar MW cavities [51-55]. Moreover, the use
of Rydberg states relaxes the requirement of placing the atoms very close to the surface
and thereby eliminates the detrimental effects of magnetic surface fields. However, as
the dipole moment increases (ocn2) the dipole polarisability also increases (Ocn7) This
renders the atom more susceptible to electric surface fields, as we show in the chapter,
leads to additional decoherence.
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5.1 The Jaynes-Cummings Model

The interaction of a single Rydberg atom with a near-resonant microwave cavity can be
describe by the Jaynes-Cummings model, which represents one of the most simple and
central models in quantum optics. As illustrated in Fig. 5.1 (a), we consider an atom with
relevant states |s) and |p) which represent two |nS) and |n'P) Rydberg states whose
transition frequency is assumed to be near-resonant with the cavity frequency. Further
introducing the creation operator a' of cavity photons the atom-cavity Hamiltonian can
be written as

I = hg (465 + a'6.,) + hwpby, + hw.d'a (5.1)

where we have used the rotating wave approximation.

The Hamiltonian consists of three parts: the atom-cavity coupling with coupling
strength ¢ determined by the dipole matrix element /5, and the electric field per photon
gc = A/hw./€yV, within the effective cavity volume V, = 2rw?L [see Fig. 5.1 (a)] at the
surface of the cavity,

g = fspec/h. (5.2)

The second part describes the energy difference hw, between the two atomic states, and
the third the energy hw, of a cavity photon. The length L = ). determines the cavity

frequency through
2me

Aen/Er’

We = (5.3)
where ¢, A\, and €, denote the light speed in vacuum, the wavelength of microwave photon
and the medium relative electric permittivity, respectively. We assume that the cavity is
initially populated with only one photon and has a lifetime 1/« (typically < ms) larger
than any other timescales in the system, so we can safely neglect it. Diagonalising Eq. (5.1)
yields the dressed eigenstates of the coupled atom-cavity system

|+,np> = sin an|5,np> + cos an |p, ny — 1>,

54
|—,np) = cos an|5,np> — COSan|p, ny —1) (54)

with the mixing angle

VY (5.5)

AJ2 + 1/ g?n, + (A)2)°

tan 0, =

The associated energies are given by

1
By, + = npwe + 3 (A + /A% + 4npg2> , (5.6)

and depend on the number n,, of photons in the cavity. For much of the present consid-
erations the photon number is restricted to 1. In the absence of atom-cavity interactions,
g = 0, the bare eigenstates are linear functions of the cavity detuning A = wg, — w,
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Figure 5.2: Panel (a) shows eigenenergy of bare (black dashed) and dressed states (red line) as the
function of switchable detuning. (b) shows schematic of eigen energy of collective states.
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Figure 5.3: The cavity population which denotes the probability of single photon being in the
cavity as the function of time.

[Fig. 5.2(a)]. Upon turning on the atom-cavity coupling the two states are split by 24¢g on
resonance.

The dynamics of the coupled atom-cavity system follows straightforwardly from
this eigenstate structure. Starting from a fully occupied cavity, i.e. an initial state

[9(t=0)) =s,1), (5.7)
the resonant dynamics
[9(0) = 5 (.1 + = D) 63

corresponds to simple Rabi oscillations with a frequency 2g. This permits a complete

quantum transfer between the cavity and the atomic excitation on a timescale ~ g+

Thus one should place the atom as close as possible to the cavity surface in
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order to speed up the transfer process while keeping surface-induced decoherence at a
minimum. Decoherence due to electric and magnetic field noise close to metallic surfaces
has been studied thoroughly for many decades. For instance, adatoms are shown to be the
major cause of electrostatic fields in atom chip surfaces [60, 64]. Moreover, black-body
(BB) radiation induces spontaneous transitions to other undesired states [153, 154], al-
though this effect is greatly reduced at SC temperatures [155]. Finally, fluctuating electric
and magnetic fields are also present in metallic components, such as the ones used in atom
chips, ion trap electrodes, and coplanar MW cavities [156—159].

The detailed mechanism causing electric field noise close to metal surfaces is
not completely understood. However, there is broad consensus that the resulting noise
exhibits an inverse power-law dependence on the noise frequency [61, 159, 160]. In the
following, we therefore present a brief discussion of such noise processes and their nu-
merical generation.

5.2 1/f noise

Let us consider an electric field fluctuation F(¢) at the position of a Rydberg atom. Due
to the different polarisabilty of the S and P Rydberg states (as and ap, respectively) the
transition under consideration will experience a differential Stark shift

AE(t) = ; las — ap| F(t)% (5.9)

F(t) resembles 1/ f noise and a detailed generation of F(t) is given in Ref. [161, 162]. This
kind of noise is characterised by a power spectral density [S(w)],

t<T
S@) =7 [ dica(ep e (.10)
t=0

where for the continuous notation it is given by
S(w) = So(d)/ [w]" . (5.11)

The noise amplitude Sy scales with the distance to the noise source d with a power law
Spocd™, with « taking values of 1/4, 2, or 1 depending on the model and the distance
itself, while x takes values 1, 1/2 depending as well on the model and the frequency range
considered [see [163] chapter 3].

In order to determine the noise amplitude and the scaling exponents we follow
Ref. [61], and make use of the analytical model derived in Refs. [164, 165], where the
dephasing rate of Ramsey and Hahn spin-echo experiments due to 1/f noise is obtained.
In particular for noise producing a quadratic Stark shift and at long evolution times the
coherence is found to decay as exp (—I'ft/2) where the decoherence rate is defined as
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182(,«)1‘]0 Ve
Iy = <2 — 50> . (5.12)

200
Here aa;f.;f is the polarisability difference between the two Rydberg states. For instance, in

Ref. [163], where the states used are 485 ;5 — 495 /5, one has a;;f.éf = 27 x 600 Hz m?/V2.

From Ramsey/Hahn echo experiments, I'y can be experimentally determined and use the

obtained value for estimating the noise amplitude Sy and the scaling law. The results
obtained in [61], which use atom-chip surface distance of 150 ym, give 1/I'y = 5.3 + 2
us which is consistent with values of 20 (V/m)?< Sy < 40 (V/m)? for & = 1. Thus, we
assume from now x = 1. Next, for the scaling with the surface distance we use the values
obtained in Ref. [166] for copper surface (with a thin layer of oxide) which fit into a quartic
dependence of the form

S(w,d) =

. 5.13
wh d4wr (5-13)

which is also consistent with the model of patch fields in Ref. [114]. From the data shown
there we obtain sy ~ 4 x 10~!7 (Vm)?, which at 15 ym leads to Sy = 790 (V/m)?.

In order to simulate the 1/ f noise, we follow the procedure described in Ref. [161
163]. This consists of (i) Fourier transforming a Gaussian distributed white-noise signal,
(i) dividing the data by w'/?, and (iii) inverse Fourier transforming back to time domain.
Since the power spectral density (5.10) diverges at low frequencies, some cut-off must be
considered. A natural cutoff is given by the integration time itself: when the signal is sam-
pled the lowest frequency threshold is w;,. = 27/T. For high frequencies there seems to be
in general no strong dependence in where the cutoff is placed as the spectrum decays fast
enough, and thus the largest frequency components do not play a role in the decoherence.
For numerical simulations however, this cut off is imposed by the number of samples NV,
such that w, = 27N /T.

Fig. 5.4 shows the power spectral density as a function of angular frequency w
for various distances d from the SC cavity surface in a log-log scale. As the Rydberg atom
is placed away from the surface of cavity, S (w,d) decreases. This shows that the noise
model can quantitatively describe the spectral density of noise when an atom is placed
away from the surface. In the next subsection, we investigate atom-cavity coherence in
the presence of 1/ noise.

5.3 Noise effects on single-atom dynamics

We have shown that the presence of the field g induces the splitting between dressed states
leading to the Rabi oscillations. We now investigate the presence of a local fluctuating 1/ f
noise that causes the energetic shifts of dressed states [Fig. 5.6 (a)]. As an atom is placed
d pm away from the surface of cavity, we use an approximation for the decay of the field
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Figure 5.4: Power spectral density as the function of angular frequency for a principal quantum
number n = 50 and various distances between the cavity surface and the atom .

leaking out from the cavity [151], i.e.,
g(d) = goe™ " (5.14)

where ¢(0) is given in Eq. (5.2), d denotes the distance of atom-cavity surface and x =
(s + w)/2 [see Fig. 5.1]. Following experimental parameters from Ref. [167, 168], the
electrode distance w ~ 10 pm creates the effective cavity volume V., ~ 6.2 x 10712
m®. Choosing m = 2 yields \. = 2L/m ~ 1 cm, and m + 1 field antinodes. With

effective dielectric constant €, ~ 6, the mode frequency is ~ 27 x 12 GHz. For s = 20
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Figure 5.5: Atoms-cavity coupling as the function of atoms-cavity surface distance
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Figure 5.6: Cavity population as the function of time in the presence of noise for d ~ 37.5 um
(red line) and d ~ 15 pum (blue line) (see text for details).

pm and w = 10 ~ pm results x = 15 pum [54, 151]. The dipole matrix of neighbouring
Rydberg states scales as /i ~ eagn?. For n ~ 50 and d = 15 um, g/27 ~ x4 MHz [see
Fig. 5.5], and spontaneous decays of the |s) and |p) state are v, ~ 7 kHz and ~, ~ 4 kHz,
respectively [70].

The dynamics of the system in the presence of fluctuating noise and sponta-
neous decay from the state |s) can be simulated by means of stochastic Schrédinger equa-
tion (SSE). Since the decay rate of 7, and v, is in kHz range, we can safely neglect it. A
single realisation of the time dependent wave function evolves as

00y = [+ (1) | lv®), (515)

where H is given in (5.1) and £(¢) denotes an energetic shift due to 1/f phase noise.
Starting from a fully occupied cavity, i.e., an initial state given in (5.7), for M realisations
[1)(F)), we determine the cavity population and take its average

M
1
S 1)®)](s,1)® 1
STONCHLIES (5.16)
the resonant dynamics

() = 75 (1.0 + = D). 6.17)

corresponds to incoherent oscillations due to an energetic shift £(¢) = E 1 + ¢(t), with
¢(t) being phase of fluctuating noise. Fig. 5.6 shows the dynamics of cavity population for
an atom placed d pm away from the surface of cavity. We compare the cavity population
for two different d: d ~ 37.5 yum and d ~ 15 um. As d is close to the surface of SC
cavity [60, 169], the coherence is completely destroyed, leading to C), = 1/2.
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We have shown that although the coupling is stronger due to the Rydberg states,
their strong dipole polarisability causes an atom being prone to the surface noise. There-
fore, we need another scheme that can compensate decoherence due to fluctuating noise
from the surface of SC cavity. In the next section, we use of Rydberg lattice to overcome
this problem. We will show that the presence of interactions in the Rydberg lattice, i.e.,
dipole-dipole interactions, can be employed to overcome inefficient interfacing between
SC cavity and Rydberg atoms.
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In the previous chapter, we have shown the possibility to enhance the atom-
cavity coupling by exploiting the large dipole moment of highly excited Rydberg states.
However, the large polarisability (ocn”) of Rydberg states also makes them more suscep-
tible to spurious electric fields parasitising the metallic cavity surface. For a single atom
coupled to SC cavity with typical atom-cavity distance [54, 55, 61, 169], the system indeed
undergoes strong decoherence.

In this chapter, we propose a noise-resistant interface between a collection of
Rydberg atoms and a single photon in a SC cavity by means of (resonant) dipole-dipole
interactions (DDI). Instead very large atoms clouds (N ~ 10° atoms) [60], we use an
atomic lattice with up to hundreds atoms. In such system, DDI are exploited to compensate
dephasing of Rydberg states due to fluctuating electric field from the SC cavity surface. We
show that this scenario is not only robust to the fluctuating noise from the cavity surface
but also robust to the dissipative processes that originates from spontaneous emission
from the state |ns).

This chapter is organised as follows. In Sec. 6.1, we will start with a simplest
case : the interface between SC cavity and non-interacting atoms in the presence of noise.
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Figure 6.1: (a) Schematic picture of the Rydberg atom lattice coupled to a SC cavity via a single-
MW photon. (b) Energy levels of a Rydberg atom. The atoms, initially in the ground state (c), are
all pumped to the excited state |s) (d) and (e) the cavity photon drives one of the atoms to state |p).

As the mechanism causing electric field noise to metal surface is not completely clear, we
firstly use the type of noise described in chapter 3. Next, in Sec. 6.2, we include the DDI
on Rydberg lattices. Here, we compare the noise-resistant coupling of Rydberg lattices
and a SC cavity in the presence of DDI to the one in the absence of it. To ensure the
geometrical dependence, we will discuss the comparison for a 1D lattice and a 2D lattice
scenario. Next, in Sec. 6.3, we include the spontaneous decay from the state |ns) and |np)
to investigate the effect of atom loss. In order to assure the performance of our system,
we provide another figure of merit in Sec. 6.4. Finally, we discuss realistic parameters in
Sec. 6.5, where 1/ f noise model is used instead of the type of noise described in chapter 3.
We use two types of noise to ensure that our scenario is robust against two different types

of noise.

6.1 Noise effects on non-interacting ensembles

This section is aim at presenting theoretical description of the interface between the non-
interacting Rydberg atoms and SC cavity in the presence of fluctuating noise. We model
atoms-cavity interactions by means of cavity quantum electrodynamics where the Hamil-
tonian that governs the system is typically described with Tavis-Cummings model.
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6.1.1 The Tavis-Cummings Model

The interaction of Rydberg ensemble with a near-resonant microwave cavity can be de-
scribed by the Tavis-Cummings model. As illustrated in Fig. 6.1 (a), we consider a square
lattice of atoms, with site spacing a and one atom per site, held at a distance d from the sur-
face of a coplanar superconducting-microwave cavity. All the atoms are initially pumped
from the ground to the |s) state [see Fig. 6.1(c) and (d)] and that the lattice spacing is large
enough such that the second-order van der Waals interaction between atoms in |s) states
is negligible. This state is given by

b0y = < 5;9) [vac) = ]_[ [si)l1e), (6.1)

with &' 5 = |2 B®|. The operator a' denotes creation of a single photon,
notes the "vacuum state", i.e., the ground state of atoms with zero photon in the cavity
(Jvacy = [gD)|0)), 1.) denotes a single photon present in the cavity. The cavity
photon collectively excites one of the atoms to the state |p) [see Fig. 6.1 (d) and (e)], and
the state is written as

piy = a&’)|¢o). (6.2)

with @ denotes the annihilation operator of a single photon. We firstly consider the sim-
plest case, i.e., in the absence of decay from state |s) and the state |p). This implies that no
atom loss to the ground state of atom (see Fig. 6.1 (b)), and hence the coherence process
can be considered as an effective two-level system that consists of Eq. (6.1) and Eq. (6.2)
as an effective ground and excited state, respectively. The Hamiltonian that governs the
system is the Tavis-Cummings Hamiltonian which reads [126] :

Hac—hgz<ao' +ale )

i=1

(6.3)

||Mz

For much of the present considerations, we set Planck’s constant 7 = 1. The first part of
Hamiltonian denotes the atom-cavity coupling with a rate gv/N, where N is the number
of atoms in the lattice and ¢ is given in Eq. (5.14). The second part of Hamiltonian (6.3)
is a switchable detuning A that can be switched on- and off-resonance by means of, e.g.,
external fields. The Rydberg states, in the absence of noise, have a bare energy separation
Wep = Wy — ws close to the cavity frequency such that initially A = w,, — w. >~ 0. This
energy separation is affected by external spurious electric fields due to the polarisability
difference between the two Rydberg states, as we will describe later. We have assumed a
typical decay length of the evanescent field on the order of the gap width [54, 151] and
that all the atoms experience the same coupling strength to the cavity.

We determine the quantum dynamics of Hamiltonian (6.3) by means of Schordinger
equation. For a single realisation, we calculate the cavity population,

Cp = {oldo)- (6.4)
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Figure 6.2: Panel (a) shows schematic of coupling between single photon state and the collective
states of single-atom excitation. The blue and red lines denote symmetric and non-symmetric
states, respectively. (b) shows the population of single photon in the cavity as the function of time
for N = 16.

As shown Fig. 6.2, Rabi oscillation occurs due to the coupling to the symmetric state [see
Fig. 6.2 (a)]. For N atoms, the symmetric state is written as

Lo
|f1) = N ; i) (6.5)

As the number of non-interacting atoms increases, the coupling strength increases ~
V/Ngy, producing faster oscillation than a fewer atom case [see Fig. 6.2 (b)] [126]. The
coupling strength between the atomic ensemble and the cavity field gx can be defined as
the matrix element of the first part in Hamiltonian 6.3. This matrix elements read

N—g22<¢olaa )+ alel)|e;) = Vg, (6.6)

j=1l=1

where |¢;) denotes collective states which read

9;) = Z b, (6.7)

with ng‘) = +1/+/N and j denotes the state indices.
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For the simplest case, we have shown that the increased number of atoms leads
to the increase of atom-cavity coupling strength ~ 1/ N. In the next subsection, we include
the presence of noise and discuss its consequences.

6.1.2 The Langevin equation

In this subsection, we study the quantum dynamics of SC cavity coupled to non-interacting
atoms in the presence of noise. The presence of noise causes the energetic shift () (¢) of
Rydberg states that leads to decoherence. The Hamiltonian of noise is given by

N
Hy, =69 (1) 68) (6.8)

with 6, denotes the projection operator to the state |p). Here the noise acts locally, i.e.,
(giejy = Cd;;. Although the most typical type of noise for SC cavity is 1/f noise [60,
66, 149, 170-172] (see Subsec. 5.2), in this subsection we firstly discuss the laser phase
noise [173, 174] that has been described in Sec. 3.2. To remind the math symbols, we
rewrite the Langevin equation as in Sec. 3.2

e=—ve+ F(t), (6.9)

where fluctuations of energetic shift € (¢) acts as time-dependent detuning in which the
correlation time 7. = 1/7. The Gaussian white noise F(t) denotes a rapidly fluctuating
force with zero ensamble average F'(t) = 0 and F(t1)F(t2) = 2Dd(t2 — t1) with D
describes the magnitude of fluctuating forces and 0 (t2 — ¢;) is Dirac delta function. Here

D and y characterises the spectral width I" of Lorentzian line shape [173]

2D

r -2

(6.10)

The dynamics of this system is described by the Langevin equation in which a single
realisation & of the time dependent wave function evolves as i|1)(*)) = H|*)), For M
realisations |1)(*)) of the trajectories over N atoms, we calculate a cavity population

LA () (8)
i ;;<¢Ok 657> (6.11)

For sufficiently large M, the average of C), (cavity population) converges. Fig. 6.3 shows
the comparison of quantum dynamics in the absence and the presence of noise. In the
absence of fluctuating noise Rabi oscillations occur perfectly between the atoms and the
cavity. However, in the presence of fluctuating noise, Rabi oscillations decrease exponen-
tially, exhibiting decoherence of quantum dynamics. This can be understood as follows: In
the absence of the noise, the effective ground state | ) couples to the symmetric state but
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Figure 6.3: Panel (a) shows schematic of coupling between single photon state and the collective
states of single-atom excitation. The blue and red lines denote symmetric and non-symmetric
states, respectively and the curved arrows show the population transfer between a symmetric
states and non-symmetric states. (b) shows the cavity population as the function of time for N =
100 in the absence of noise (red line) and the presence of noise (blue line) for I' = 5g and v = 14g.

uncouples to the non-symmetric states [see Fig. 6.3(a)]. The non-symmetric states read

N
Bj=1) = > pi). (6.12)
=1

When the noise is present, the population transfer occurs from a symmetric state into
non-symmetric states, leading to a damping of Rabi oscillations [see Fig. 6.3(b)].

We have shown that the presence of noise causes the coupling between a sym-
metric and non-symmetric states, leading to the damping of Rabi oscillations. To this
section, we have not included the presence of DDI. In the next section, we investigate a
noise-resistant interface between a collection of Rydberg atoms and a single photon in a
SC cavity (see Fig. 6.1) by means of (resonant) DDL

6.2 Effects of dipole-dipole interactions

Strong DDI occurs between Rydberg states with similar principal quantum number but
different angular momentum. It has been shown to yield coherence population exchange
between different atoms [53]. Most previous works dealing with Rydberg atoms driven
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by a microwave-cavity photon had considered the cloud of atom with a single Rydberg
atom [51, 52, 54, 55, 60, 61], and hence the exchange interaction has not been effectively
exploited so far. In addition, our numerical simulations in Sec. 5.3 and Subsec. 6.1.2 show
that for both a single atom and non-interacting atoms which couple to the SC microwave
cavity, the system undergoes strong decoherence. Therefore, in this section we investigate
the role of DDI in compensating decoherence due to fluctuating noise from the surface of
SC cavity. We also identify the advantages of the combination between SC cavity and the
ensemble of atoms placed for two-different geometrical lattices.

As described in Sec. 6.1, we consider a two-dimensional lattice where all the
atoms are initially pumped to a particular Rydberg state. Consequently, the cavity photon
can excite one of the atoms to a different angular momentum Rydberg state, which in turn
is coupled to all the nearby atoms via DDI. In this situation, the typical Hamiltonian which
describes the DDI is given by

~ Ops Os
Hyq = hVy/2 2 rpip (6.13)

with the operators denote the exchange state |s) and |p) between an atom i and an atom j.
A pair of excited atoms at site i and j experiences the DDI Vg /|r; — ;|3 with Vo = C3/a3.
For a one dimensional lattice, r; and r; is simply ¢ and 7, in which V;/|i — j|. For a two
dimensional lattice, two atoms located at site r; = (z;,v;),2;,v; € [1, L] and r; (i # )
are separated by a distance |r; — r;|.

We now consider the dynamics of system in the presence of fluctuating noise
and DDI. The total Hamiltonian that governs the system consists of atom-cavity interac-
tion in Eq. (6.3), fluctuating noise in Eq. (6.8) and DDI in Eq. (6.13). It reads

H,,; = Hy + Hy, + Hyy. (6.14)

We simulate trajectories of Eq. (6.14) with the same procedure as in subsec 6.1.2. We
subsequently compare the cavity population in the presence of DDI for 2D lattice to the
case of non-interacting atoms in the presence of noise.

In the previous section we mention that the presence of fluctuating noise leads
to the damping of Rabi oscillations and the lost of coherence. The coherence lost, however,
can be overcome by means of DDI. As shown in Fig. 6.4 (a), the DDI causes the energetic
shift of collective states, preventing the population transfer from the symmetric state into
non-symmetric states. As the energies of the non-symmetric states are well separated
from the symmetric state, the atomic frequencies are now far off resonance from the single
cavity mode. Therefore, w. must be chosen differently to compensate the corresponding
energetic shift such that the atomic and cavity frequencies are in resonance. In order
to determine w., we will later choose the value for w. which equals to the eigenenergy
of the symmetric state. Therefore, we perform diagonalisation of Eq. (6.13) to obtain the
eigenenergies and eigenstates of collective states. For the case of many atoms and resonant
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driving, the collective states read

o = > w|bi) (6.15)
=1

where w]@ = +1 / V/N for j denotes the state indices and j € [1, N]. Here |b;) is similar

to |p;), but in the absence of a single photon state. Its basis is given by

[b:) = 65210, (6.16)

for which |o) = [ |s%). The coupling strength of collective states of atoms can be
i=1
defined as the matrix element given by

N
GO = g3 (pol6l) + 51y, (6.17)

i=1

where the total collective coupling is given by,

1 N
=~ Z D25p g, (6.18)

with 0g g, is a kronecker delta and F; are eigen energies of the collective states. The
numerical results of Eq. (6.18) is depicted in Fig. 6.4 (b), showing the probability of collec-
tive coupling G (E) as a function of collective-state energy (E). We define AE, denoting
the energy separation between the eigenenergy of addressed symmetric state £; and the
closest non-symmetric state energy Fj. It is given by

E = |E1 — By, (6.19)

[see also Fig. 6.4 (b)]. We now choose the value of w. determined from the eigenenergy
of addressed symmetric state. Switching w, to it indeed restore the coherent oscillation
between the microwave cavity and the atoms. This is depicted in Fig. 6.4 (c), showing
the effect of the protection mechanism by plotting the cavity population as a function of
time in the presence (dashed line) and absence (solid line), e.g., large lattice spacing, of
interactions. In the absence of interactions, the coupling between the state |¢) and |¢; )
leads to Rabi oscillations of the cavity population at a frequency gv/N [175], damped due
to the dephasing induced by the local noise fluctuations. This damping is of the form
exp [—t/Teon] With Teon ~ 0.2 g71
exhibits 25 times longer coherence time 7.,, ~ 5 g~

. In comparison, the case where the DDI is present
1

We should note that the eigenstates in Eq. (6.15) do not necessarily coincide in
general with the collective basis |¢;) introduced in Eq. (6.7). So in practice, even after
readjusting the detuning to compensate the shift of the addressed symmetric state, its
resonant coupling to the cavity will not be perfect and the cavity will partially couple
to other non-symmetric state. Nevertheless, tuning the system on resonance to the peak
with the largest G, i.e, E ~ 87.58¢ in the Fig. 6.4 (b), guarantees that the coupling to
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Figure 6.4: Panel (a) shows the scheme of coupling between microwave photon in SC cavity with
an effective collective states of 10x 10 atoms. The collective states in the absence of interactions are
denoted by red lines while in the presence of interactions are denoted by green lines. The thickness
of arrow line corresponds to the strength of coupling to the collective states. Panel (b) shows
the probability of the collective states as the function of their eigenenergies. The highest peak
corresponds to the eigenenergy of addressed symmetric state F,,,,, = 1 while others correspond
to the coupling of non-symmetric states. The energy separation between F; and the adjacent non-
symmetric state E5 is denoted by Ag. Panel (c) shows Rabi oscillation between SC cavity and the
ensemble of 10 x 10 atoms for I' = 5g, v = 14g, Vi = 259, A = —87.58¢ and s = 0 in the
absence of interactions (black line) and the presence of interactions (black dashed) obtained from
102 realisations of a single trajectory calculated by Langevin equation.

other non-symmetric states will still be weak as long as Ay is larger than both gv/N and
the noise strength (I').

We finally identify the advantages of the coherence of atom-cavity coupling for
the case of 2D lattice. We compare the case of 2D lattice to 1D lattice scenario. As shown
in Fig. 6.5, the lattice geometries indeed determine the coherence lifetime. The cavity
population for a 2D lattice exponentially decreases slower (7o, ~ 5 g~ ') than 1D lattice
case (Teon ~ 0.6 g~1). In comparison, the coherence lifetime of 2D lattice case is 8 times
longer than 1D lattice case. This can be understood from Fig. 6.6 (a) and (b), showing
the coupling of collective states G/ (E) as the function of eigen energies for two different
dimensional lattices.

For 1D lattice [see Fig. 6.6 (a)], the energy separation Ay is much smaller than
2D lattice [see Fig. 6.6 (b)]. Therefore, for 1D lattice, although the presence of DDI, the
population transfer easily occurs from the symmetric state to non-symmetric states due
to ' ~ Ag. In contrary to 1D lattice, 2D lattice exhibits large energy separation such
that Ag » I'. We should note that the energy of addressed symmetric state for 1D lattice
saturates faster than 2D as the increase of atom number [see Fig. 6.6 (c)]. As the increase
of atom number, the discreet energy becomes densely packed which is shown by the sat-
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Figure 6.5: Cavity population as the function of time for I' = 5¢g, v = 14g, N = 10 x 10, and
Vo = 25¢. Red line shows the coherence for the case of non-interacting atoms while blue and black
dashed show the coherence of atomic ensembles placed in 1D lattice and 2D lattice, respectively.
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Figure 6.6: Collective coupling of atoms as the function of eigen energies for for (a) 1D lattice and
(b) 2D lattice. The energy of symmetric state and Ag as the function of atom number is shown
in (c) and (d), respectively. The rest parameters are N = 100 and V; = 25¢. The vertical black
dashed for N = 100 will correspond to the explanation in Fig. 6.10 (d).

uration of energy of symmetric state and the decrease of Ap for the case of 1D and 2D
[see Fig. 6.6 (d)]. Consequently, as the atom number increases, the addressed symmetric
state is likely to couple to the non-symmetric states. On the other hand, the atom-cavity
coupling increases as the atom number increases. The interplay between g, Ag and sy,

significantly influences the coherence lifetime of the system. The consequences of this
interplay will be discussed later.

To this section, we have not considered another source of decoherence which
originates from atoms. In this case black body radiation induces spontaneous transitions
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Figure 6.7: A single trajectory of cavity population as the function of time for v, = 0.1g, v, = 0,
and N = 4. The dashed shows the agreement with the cavity population for N = 3 (blue dashed)
and N = 2 (black dots) in the absence of decay.

to other undesired states [55, 153] , although this effect is greatly reduced at SC temper-
atures [155]. In the next section, we will study the dynamics of system in the presence
decoherence due the spontaneous decays from the state |s) and |p) [see Fig. 6.1 (b)], in-
stead of noise.

6.3 Effects of dissipative processes

In this section, we consider the presence of spontaneous decays from state |s) and state
|p) with the rate v, and v, [see Fig. 6.1 (b)], respectively. We simulate the dynamics of
the system by means of quantum jump algorithm [see appendix B.1 and [115-118]]. It
requires more efforts to perform this numerical calculation, as we need to add more basis
than the case of the absence of decays. The additional basis is needed due to the atom loss
from the state |s) or |p) to the ground state |g) of atom. Thus, this is similar to considering
three-level ladder system without the presence of driving force between the state |g) and
state |s).

When an atom loss occurs from the state |s), the basis |¢) also changes into
new basis state which reads

GO = ) [(a* H&é?) g@>|0>] , (620)

1#]

where the microwave cavity still couples to the state | B;) but with less coupling strength
which is given by

|Biy = ag)|GY) (6.21)
As a test, we simulate a single trajectory for v; = 0.1g and ~, = 0.0g in the absence of

DDI for N = 4. We will show that the atom loss leads to the decrease of amplitude and
frequency, as it equals to g1/ N. For a single trajectory |¢/())) with V atoms, we calculate a
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Figure 6.8: Panel (a) shows the dynamics of cavity population for N = 10 x 10 and (b) shows
the shift of symmetric state energy for NV = 10 x 10 (red line) and for N = 4 x 4 (blue line) as
the function of time. The simulations were performed for M = 10% and the rest parameters are
vs = 0.1g, v, = 0.1¢g,I' = 0, and V;; = 25g.

cavity population similar to Eq. (6.11). Fig. 6.7 shows a single trajectory of non-interacting
atoms in the absence of interactions (see caption) with the initial state reads |¢g). When
the first atom loss occurs from state |s) to state |g), the oscillation frequency changes
from 2g to the v/3g (N = 4 — N = 3), accompanied by the decrease of amplitude due
the loss of an atom. We perform another single trajectory for N = 3, yet in the absence
of decay, to confirm the decrease of frequency. The blue dashed (N = 3) is in agreement
with the change of frequency after first atom loss, confirming the change of frequency
and amplitude. For the second check, the black dots (N = 2) also in agreement with the
change of frequency after second atom loss.

We now simulate M realisations of trajectories for NV = 10 x 10 in the presence
of DDI and compare it to the case of N = 4 x 4 (see caption in Fig. 6.8 for detail). Techni-
cally, performing numerical simulations for this larger systems increase the dimension of
Hilbert space which leads to the high time-consuming of calculations. Fortunately, since
the absence of driving force between the state |s) and |¢), we can perform truncations of
unpopulated states. The detail of truncations is given in Appendix D.

Fig. 6.8 shows the average of cavity population (a) and the shift of eigenenergy
of symmetric state (b) as a function of time for N = 10 x 10 (red line), N = 4 x 4
(blue line), and M = 103 (see caption for details). We observe the decrease of cavity
population due to the change of amplitude and frequency during the decay processes [see
Fig. 6.8 (a)]. The damping of oscillation is accompanied with the shift of eigenenergy of
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addressed symmetric state off resonance with the cavity frequency [see Fig. 6.8 (b)]. For
this time window, the atom loss from the state |s) with rate v, = 0.1¢ yields ~ 40% atom
loss. Despite that loss, the coherence persists. This is due to the fact that for the large
number of atoms, e.g., NV > 16, the shift of energy is smaller than the case of N < 16.
Fig. 6.8 (b) shows the comparison the shift of eigenenergy of addressed symmetric state
for N = 10 x 10 and N = 4 x 4. We observe that with 40% atom loss, N = 10 x 10
produces smaller shift than the case of N = 4 x 4.

We have shown that the system for large number of atoms produces relatively
small shift of eigenenergy of addressed symmetric state. Despite the presence of atom
loss, the system is sufficiently robust for the large number of atoms. Although 7., in the
previous section already provides a figure of merit to asses the performance of our system,
we are interested in the transfer of the photon from the cavity to the atoms, and after a
certain period of time back to the cavity. In the next section, we study the efficiency of
the retrieval process as a function of the storage time in the presence of decoherence not
only due to the presence of spontaneous decays but also due the presence of noise.

6.4 Transfer fidelities

This section is aim at investigating the efficiency of retrieval process in the presence of de-
coherence due to fluctuating noise and spontaneous decays. In practice this can be realised
by switching the detuning off-resonance at half of a Rabi oscillation [see Fig. 6.9(a)]. After
a time interval Ty, the atom-cavity system can be tuned on-resonance again and wait
until the cavity population reaches its maximum, i.e., the retrieval efficiency 7. This pro-
cess can be performed for several realisations varying the storage time 7, [see different
curves in Fig. 6.9(a)]. The ability to store the photon in the Rydberg transition for a long
Tstor is important since ideally during the storage stage one would temporarily transfer
all the excited atoms to hyperfine ground states, where the lifetime can be further ex-
tended and the noise is less harmful. The longer the time window to perform this transfer
process, the more efficiently can be done by means of, e.g., adiabatic population-transfer
techniques.

By plotting the retrieval efficiency as a function of the storage time [Fig. 6.9(b)]
we compare the performance of our protocol for interacting and non-interacting atoms.
We note that the storage lifetime, denoted as 74, in the absence of interaction is 7y, >~
0.2¢g~ ! and the presence of DDI is Ty, ~ 4.6¢7 . This shows that 7., in the presence of
DDI is 23 times longer than in the absence of interactions for the chosen parameters. We
observe that the slow decrease of the efficiency for the interacting case is accompanied by
small oscillations. We attribute those not only to an imperfect resonant coupling to the
symmetric state, but also weak driving of nearby non-symmetric states [see Fig. 6.4(b)].

The maximum retrieval (1) and storage lifetime (74,,) can be further improved
by increasing the interaction strength. This is shown in Fig. 6.10 (a) and (c), respectively.
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Figure 6.9: Panel (a) shows the storing and retrieving of microwave photon in the absence of
interaction, but in the presence of noise for v; = 0.01g, v, = 0.01g, I' = 5g and v = 14g. Panel
(b) shows the comparison between the lifetime of cavity population in the presence (cross) and the
absence of interactions (dot).

The maximum retrieval ) in the presence of spontaneous decay v, = v, = 0.01¢ is equal
to the case of the absence of spontaneous decay [see Fig. 6.10(a)]. This is due to the fact
that only a few percent of atom loss occurs after a single Rabi oscillation. Fig. 6.10 (c)
shows the 74, as the function of the interaction strength. As the interaction strength
increases, the 75, for both cases show quadratically increase. The quadratic growth of
storage lifetime is associated with the geometry of the lattice, i.e., a two-dimensional lat-
tice. In the case of a one-dimensional lattice, the growth is linear. The increase of s
for both cases is equal for C3/a® < 25¢ and differ for C3/a® > 25¢. The difference can
be understood as follows: for C3/a® > 25, although produces larger A compared to Ag
for C3/a® < 25, the atom loss yields the large energetic shift of collective states. Conse-
quently, during the process of atom loss the energetic shift of collective states leads the
system to more far-off resonant than the case of C5/ a® < 25, and hence the 7y, is shorter
than the one in the absence of spontaneous decay.

Finally, we also analyse the maximum retrieval efficiency 7y and the storage
lifetime 74, as a function of the number of atoms in the systems [see Fig. 6.10 (b) and
(d), respectively]. In these figure, we not only compare the 2D lattice case in the presence
(crosses) and the absence (triangles) of decays, but also compare them to the case of 1D
lattice (squares) and non-interacting atoms (stars). In Fig. 6.10 (b), we observe that for the
non-interacting case the cavity population after a single Rabi oscillation 7 increases as
we include more atoms in the system. This is due to the enhancement of the collective
coupling factor v/N which reduces the time in which the noise acts on the atoms during
the first oscillation. Note that at this timescales (1/ g+/N) the spontaneous decay does not
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Figure 6.10: Panel (a) and (c) shows the maximum retrieval 1y and the storage lifetime 74,, as the
function of interaction strength in the absence (triangles) vs = 0 and the presence of spontaneous
decay (crosses) vs = 0.01g, v, = 0.01g for a 2D case . (b) and (d) shows of 79 and Tz, as
the function of atom number in the absence (stars) and the presence of interactions (1D-squares,
2D-triangles) for Vjy = 25g. The rest of parameters are I' = 5g and v = 14g

play a significant role.

In comparison, we observe that 7 is larger for interacting case. For 1D lattice
case, 1o increases as the atom number increases. For 2D lattice case, we observe that
7o increases for small-intermediate atom numbers and decreases for large atom number.
The decrease can be understood as follows: as we have seen in Fig. 6.6 (d) if an excessively
large number of atoms is considered, the energy gap between the different collective states
becomes smaller than the coupling strength. Thus the cavity can be strongly coupled to
many of them, introducing an additional dephasing mechanism besides the noise 1.

Fig. 6.10 (d) shows the storage lifetime 75, of the excitation stored in the atoms.
For 1D lattice, although the increase of the atom number increases 79, its Tt shows less
efficient retrieval process [see Fig. 6.10 (d)] compared to 2D lattice case. The inefficient
retrieval process for 1D lattice can be understood as follows: despite the larger the size
of the lattice, the energy separation of symmetric state to the closest non-symmetric state
Ag,, ~T' « Ag,, [see Fig. 6.6 (d)]. Consequently, the presence of DDI in 1D lattice case
is insufficient to strongly compensate decoherence due to fluctuating noise. In contrast
to 1D case, 2D lattice case exhibits Agop > ' » g\/N [see Fig. 6.6 (d)], and hence the
presence of DDI in 2D lattice case is sufficient to strongly compensate decoherence.

We now compare the case of the presence and the absence of decays. As shown

T Atom loss can also play a role since the more atoms we prepare in the |s) state the more likely is that some
of them begin to spontaneously decay. This loss creates holes in the lattice that change the eigenenergies
of the collective states and the collective enhancement +/ N, thus deteriorating the system performance.

However, for our parameters the dominant decoherence mechanism is the fluctuating noise.
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in Fig. 6.10 (d), in the absence of decays (triangles), the storage lifetime increases as the
number of atom increases to N = 10 x 10 and decreases for large atom number. We find an
optimal number of atoms N ~ 100 for which a compromise is reached between the energy
splitting A due the interaction and the enhanced coupling strength gv/N [see vertical
dashed in Fig. 6.6 (d)]. We should note that the condition for compensating decoherence
not only Ap » T but also Ag » ¢gv/N. In the presence of decays (triangles), despite
shorter 74, than the absence of noise, the increase of storage lifetime is not followed by
the decrease of it for large atom number. For small-intermediate atom number, the shorter
Tstor 18 due to 5% atom loss. However, for large number of atoms, e.g., N = 11 x 11, the
atom loss can shift AFE to the regime where AE > gV/N [see Fig. 6.6 (d)]. Consequently,
the optimal number of atoms may change in the presence of decays.

We have shown that 2D Rydberg lattices in the presence of DDI close to the
surface of a SC cavity are a promising route towards efficient interfacing between cold
atoms and SC qubits. For the chosen parameters, the system is sufficiently robust against
decoherence due to local fluctuating noise and spontaneous decay. Although we have
provided parameters corresponding to the model, we need to know to which state the
atoms should be driven and at which distance the 2D lattice should be placed from the
cavity surface. In the next section, we address the realistic parameters for atom-cavity
interactions g, C3, the amplitude of 1/f noise and decay rate ;.

6.5 Robustness against 1/f noise

In this section, we discuss the realistic parameters of Fig. 6.1 [51, 167, 168]. Instead of con-
sidering laser phase noise such in the previous sections, we focus into local noise model
with typical 1/f spectrum and investigate the parameters that optimise the coherence
lifetime and retrieval efficiency when the cavity photon is stored in the atomic transi-
tions. The physical system that we consider has been described in the Sec. 6.1. For a SC
cavity with stripline length L ~ 1 cm and electrode distance w ~ 10 pum [Fig. 6.1], the
effective cavity volume is V. ~ 6.2 x 1072 m3. Choosing m = 2, the mode wavelength is
Ae = 2L / m ~ 1 cm, and there are m + 1 field antinodes. With effective dielectric constant
€. >~ 6, the mode frequency is ~ 27 x 12 GHz. The dipole moment of the Rydberg transi-
tion fis, with principal quantum numbers n scales as fis, ~ n’age. Thus, for w ~ 10um,
s ~ 20um, n ~ 50 and d ~ 15 ym away from the cavity surface yields g,, ~ 27 x 4
MHz.

Additional to Sec. 6.1, we should note that the atom-cavity coupling strength
depends not only on the principal quantum number n through the dipole moment (: nz)
but also indirectly through the cavity frequency. Here, we intend to fix w. ~ wps ~ n~>
the cavity length (and thus the volume) must be adapted to match the transition frequency.
This leads to the coupling strength decreasing as ¢ ~ n~!, and hence Rydberg states
of arbitrarily high principal quantum number should not be considered. Therefore, we

consider a lattice of 10 x 10 " Rb atoms excited to the state |s) = |505] 2,12 that couples
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Figure 6.11: Panel (a) shows cavity population as a function of time in the absence (black line)
and presence (black dashed) of interactions. The parameters for (b) and (c) are N = 100, n = 50,
for L =1cmand w = 15 pm at d ~ 15 um from the surface produces ¢ ~ 27 x 4 MHz,
Onp — Qs = 0.0274 MHz/(V /m)?, So (d) =~ 790 (V/m)?, Vo = 27 x 101.1 MHz, ~, ~ 4
kHz, and v, ~ 7 kHz obtained from 10? realisations of a single trajectory calculated by Langevin
equation. (b) shows the storage lifetime and maximum retrieval efficiency in the absence (black
dots) and the presence (rectangulars) interactions.

by means of microwave field to |[p) = |50Ps/51/2). The different electric polarisability
between the state |s) and state [p) is cp, — s ~ 0.0274 MHz/(V /m)? and the surface
noise amplitude is Sy (d) ~ 790 (V /m)* [114]. The spontaneous decays produced from
the state |s) and state |p) possess the typical rate 7, ~ 7 kHz and 7, ~ 4 kHz [70]. For
lattice spacing @ ~ 3 um, the DDI of |5051/271/2, 50P3/271/2> C3 ~ 27 x 101 MHz [101,
176].

We have now complete parameters to perform numerical simulations. Similar
to the previous section, we firstly consider 7., as a figure of merit and secondly determine
71 and Tz, to gain the information of retrieval efficiency. Fig. 6.11(a) shows the average of
cavity population as a function of time for M = 103 (see caption for detail). We compare
weakly interacting Rydberg atoms for lattice spacing a = 30 um ~ C3/a® ~ 27 x 0.1 MHz
(black line) to the strongly interacting Rydberg atoms for a = 3 um ~ C3/a® ~ 27 x 101
MHz (black dashed). In the presence of weak interaction, the local fluctuating noise of
1/f spectrum leads to damping of oscillations. This is due to the fact that in the presence
of weak interaction, as similarly illustrated in Fig. 6.4 (b), the energetic shift of collective
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states is negligible, and thus cannot prevent the population transfer from a symmetric
state to non-symmetric states.

On the other hand, in the presence of strong interaction, i.e., for a lattice spac-
ing a = 3 pm, the energetic shift of the collective states are large compared to the one
with the weak DDI [see Fig. 6.4 (b) red dashed], preventing the population transfer from
a symmetric state to non symmetric states. Due to the shifts of collective states, we need
to tune A to the energy of symmetric state such as that the coherence is restored. As
shown in Fig. 6.11 (a) (black dashed), the presence of strong DDI also compensate deco-
herence due to local fluctuating noise with 1/f spectrum. The coherence lifetime in the
presence of strong DDI ~ 4ys, which is ~ 7.4 times longer than the presence of weak
DDI 7.on, >~ 0.54us. We should note that the coherence is restored as long as the en-
ergy separation between a symmetric state and closest non-symmetric state is larger than
the power spectral density of 1/f noise Ap » Sy (15um), and the energy separation is
larger than atom-cavity coupling Ax » g+/N. Despite the presence of the weak tails of
1/f spectrum noise, as long as the noise acts locally on the Rydberg state, the presence
of DDI is sufficiently robust against decoherence due to local fluctuating noise with 1/f
spectrum.

Having determined 7., as one of figure of merit, we now determine 7 and 7,
In Fig. 6.11 (b), we compare the retrieval efficiency between weak (black dots) and strong
DDI (squares). We note that the storage lifetime in the presence of strong DDI is ~ 2.53
ps and the weak one is >~ 0.13 ps. This shows that 74, in the presence of strong DDI
is ~ 19 times longer than the weak one. We also observe that the slow decrease of the
efficiency for the interacting case is accompanied by small oscillations. As described in
the previous section, we attribute those to an imperfect resonant coupling to the target
state |7 ) and to a weak driving of nearby collective states [see Fig. 6.4(a)-(b)].

The performance of our system can be further improved by reducing the lat-
tice spacing, and thus increasing the interaction strength C3/a3. This is demonstrated in
Fig. 6.12, where we plot (a) the maximum retrieval efficiency 7y and (b) the storage lifetime
Tstor as a function of the lattice spacing a. We observe that the decrease of lattice spacing
causes the increase of both 7y and 75, We should note that for 2 < a < 3 um, although
the ns — ns van der Waals interaction is still weak in this regime, the off-diagonal Cj/a®
coefficient starts to play role in the dynamics of system. Therefore, we only consider the
case a = 3 pum.

We finally analyse 7 (c) and 74, (d) as a function of the number of atoms/sites
in the system. Here we only compare the case of the presence of strong (squares) and
weak (triangles) DDI. The rate of 7, and v, introduced in the beginning of this section, is
small compared to the case in Fig. 6.10 (b) and (d). Consequently, the results are similar
to the non-decay case in the previous section. Fig. 6.12 (c) shows 1) as a function of atom
number. For the case of weak DDI, a ~ 30 um (triangles), we observe that 7 increases
as the number of atoms increases. In comparison, for interacting case, 7 is larger for
small-intermediate atom numbers and starts to decrease for large atom numbers.
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Figure 6.12: Panel (a) and (b) show efficiency offset and the storage lifetime as the function of
lattice spacing a, respectively, for N = 10 x 10. Panel (c) and (d) show efficiency offset and the
storage lifetime as the function of atom number for two different lattice spacing (square denotes
a ~ 3 pm and triangular denotes a ~ 30 pum). The rest parameters are the same as in Fig. 6.11.

Focusing on the storage lifetime [see Fig. 6.10 (d)], we note that the one with
strong DDI clearly outperforms the weak one. For the weak DDI, 74, slightly decreases as
the number of atoms increases, although the effect is not significant. This means that the
field fluctuations are the dominant decoherence mechanism even at large atom numbers.
This slight decrease for increasing atom number is mainly due to the fact that the more
atoms in the system the larger the number of non-symmetric states where the population
can be incoherently pumped by the fluctuating noise. This is not the case for the strong
one (squares), where the lifetime is several times larger than in the non-interacting case.
Moreover, for our parameters, we also find an optimal number of atoms N ~ 100. This
shows that for the parameters in the current section, the atom loss is still negligible.

We should note that, overall, the scheme is very challenging to be implemented,
as the as light scattered onto SC cavity hampers () factor and SC cavity lifetime [177].
However, recent progress via optical microtraps arrays [178-183] are still very promising
for realising this hybrid system. Alternatively, the two-dimensional Rydberg ensembles
can also be trapped on two-dimensional magnetic microtraps that allows the atoms to
be individually addressed in a lattice of ~ 5um and feasible to be scaled-up on a single
chip [184-186]. For example, Recent works shows that a two-dimensional array of traps
can accommodate more than 500 atom clouds with lattice spacing ~ 5um [184, 186] that
holds promise for the development of hybrid quantum system. Using the similar parame-
ters as described in the previous paragraph, it is possible to achieve the efficient interfacing



76 6 Noise-resistant quantum interface

with z = 15um owing to the development of current efforts based on magnetic trapping
of atoms above SC cavity [169].



Conclusions and Outlook

The first aim of this dissertation was to study non-equilibrium phenomena of many-body
physics using systems of Rydberg atoms. Rydberg atoms feature a number of exaggerated
properties[69], such as large dipole polarisability and a strong van der Waals interaction,
which allow us to create controllable interaction potentials [22, 23]. Together with coher-
ent driving and decoherence, this can lead to non-equilibrium relaxation[24-28], which
was also observed experimentally [29-32], and, to non-equilibrium steady-state phase
transitions [33-45]. Laser phase noise is one of decoherence source and it acts globally
on the excited states of atoms. However, most of previous works considered the local
noise [24-28, 46-50], marked in contrast to the nature of laser phase noise.

In chapter 3, we studied the consequences of global noise on the dynamics of
driven atom lattices which was compared to local noise. We have shown that although
the steady-state excitation number is identical, the excitation distributions differ consid-
erably for both types of noise. Moreover, they feature a dependence on the interaction
strength. For weak interaction strength, the relaxation of the number of excitation as well
as its variance for local noise is independent of the interaction strength, while for strong
interaction strength it does depend on the interaction strength. In contrast to that, the
relaxation in the presence of global noise shows a dependence for weak and strong inter-
action strength. We found that steady-state fluctuations of the number of excitation are
suppressed as the number of atoms increases, while for local noise, the fluctuations are
constant.

Decoherence also arise due to dissipative processes. The interplay of coherent
laser excitation, strongly interacting Rydberg atoms and dissipative processes can lead to
the non-equilibrium steady-state phase transitions [33-45]. In chapter 4, we have shown
that Rdyberg atom lattices can indeed undergo a dissipative phase transition to a long-
range ordered antiferromagnetic phase. The use of three-level schemes that go beyond
the inversion limit of a simple two-level driving and a finite laser detuning are key re-
quirements to counteract the effects of the power-law tail of the interaction potential. In
addition, fluctuations as well as the weak tail of the rapidly decaying interactions are both
found to be essential. This stands marked contrast to equilibrium physics of the corre-
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sponding unitary systems, which often is well described by mean-field models [67] and
nearest neighbour approximations [68].

In the above cases, decoherence leads to the intriguing non-equilibrium phe-
nomena of many-body physics. However, decoherence is a long-standing problem of cou-
pling quantum states in atoms to solid state devices [148, 167, 168]. The second aim of
dissertation was to propose a solution for that problem [51-55]. In chapter 5, we have
shown the possibility to enhance the atom-cavity coupling by exploiting the large dipole
moment of highly excited Rydberg states. However, the large polarisability (ocn”) of Ry-
dberg states also makes them more susceptible to spurious electric fields parasitising the
metallic cavity surface. For a single atom coupled to SC cavity with typical atom-cavity
distance [54, 55, 61, 169], the system indeed undergoes strong decoherence. Therefore,
in chapter 6, we proposed a noise-resistant interface of a collection of Rydberg atoms
and a single photon in a SC cavity by means of (resonant) dipole-dipole interactions. In-
stead very large atoms clouds (N ~ 10% atoms) [60], we use an atomic lattice with up to
hundreds atoms. In such system, dipole-dipole interactions are exploited to compensate
dephasing of Rydberg states due to fluctuating electric field from the SC cavity surface.

We have shown that a two-dimensional Rydberg lattice in the presence of dipole-
dipole interactions close to the surface of a SC cavity are a promising route towards ef-
ficient interfacing of cold atoms and superconducting qubits. The dipole-dipole interac-
tion protects the coherent dynamics of the atoms-cavity coupling against local electric
field fluctuations arising from the surface. This leads to an enhancement of the retrieval
efficiency of the MW photon into the cavity for small to moderate atom numbers and
long lifetimes of the excitation stored in the atoms compared to the situation with non-
interacting atoms. Moreover, for the parameters considered, we have shown that a strong
coupling of the cavity and the atoms is possible, allowing to interface our system with a
superconducting qubit, and that the atom loss due to spontaneous emission is negligible
even for large atom numbers.

6.6 Future perspective

The previously discussed results have generated new questions and ideas that call for fur-
ther investigations. Below, a few specific ideas are outlined, which might provide promis-
ing avenue of research.

Rydberg ensembles in the presence of phase noise

In chapter 3, we investigated the consequences of global noise on the dynamics of driven
atom lattices which was compared to local noise. We have shown that although the
steady-state excitation number is identical, the excitation distributions differ consider-
ably for both types of noise. This generates an open question of the statistics distribution
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due to the presence of global noise. The experimental demonstration of atom counting
statistics have been recently investigated by means of Rydberg gases [29-32]. While most
previous works considered local noise [24-28, 46-50], it would further be great interest
to investigate the consequences of global noise of those systems and gain insight of atom
counting statistics. Moreover, the use of Langevin equation in chapter 3 limits the calcu-
lation up to N < 20. Thus, for N > 20, the use of another numerical method in the basis
of matrix product states is required to determine excitation distributions in the presence
of global noise.

The experimental demonstration of local and global noise can also be performed
in the lattices. The experiments have reached the stage where individual atoms can be
trapped in one or two dimensional arrays of optical microtraps with arbitrary geometries.
The filling fractions range from 60 to 100% [111]. The noise can be generated by the
arbitrary waveform generator. The bandwidth of this noise can be controlled by applying
a low-pass filter of cut-off frequency. For the local noise, one should use separated single
beam which produces uncorrelated beams!.

Rydberg ensembles in the presence of dissipation

While we have focused on neutral-atom settings with finite-range van der Waals inter-
actions (o« = 6), effective quantum magnets with variable power-law interactions [187]
are currently attracting great interest in the context of laser-cooled ion crystals in which
various spin models [188] with & = 0...3, can be realised in one and two dimensions
[189-191]. This systems inherently feature dissipation [192] and thus provide an interest-
ing platform to explore the dissipative phase transition in the non-equilibrium steady state
also in the long-range interaction regime. In light of the demonstrated inadequacy of mean
field theory, for example in the presence of sufficiently strong dissipation [37], it would
further be of great interest to investigate other dissipative phase transitions predicted by
mean field treatment [8, 35, 43] and gain insight into their validity for open systems as
well as the critical dimension for long-range order in such related spin lattices.

Noise-resistant quantum interface

In the chapter 6, we have shown that a two-dimensional Rydberg lattice in the presence of
dipole-dipole interactions close to the surface of a SC cavity are a promising route towards
efficient interfacing of cold atoms and superconducting qubits. However, despite the re-
cent progress regarding atoms in optical microtraps arrays [178-183] for the implementa-
tion of the system proposed here setups without strong optical fields would be preferable
as scattered photons can easily destroy the superconducting qubit state. For instance,
atoms can be trapped individually addressed in two-dimensional magnetic microtraps on
atom chips [184-186] or in the evanescent field of optical nanofibers [193, 194]. Those

T Discussion with Thiery Lahaye
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systems would represent a promising avenue for implementing a noise-resistant hybrid
interface of Rydberg atoms and superconducting qubits in microwave cavities.
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Appendix A

The multipole expansion of

dipole-dipole interactions

A.1 Multipole expansion of dipole-dipole interactions

We calculate the multipole expansion of V4 (f{, T4, 1o B). We set

= = ; Al
fla) = = (A1)
hence
Vaa (Rofiafon) = £(0) = f (h1a) = f (2) + / (Fra—f2m).  (A2)
In addition we expand f:
1
0) = —
f0) =+
A RZ — Xy
O; J\X) = —x
‘w R;
Oif(o) = 3
dij 3(x; — R;) (x; — Ry)
s _ % i M)\t J
Ol @) = R 3P R %P
dij  3RiR

Inserting these expression to the multidimensional Taylor expansion

3 3

1,7=1
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we find the second order approximation

2R3’

Inserting this second order approximation to (A.3) yields

A fia-R 3 /. N2 r?
Vaa <R,P1A,r23> =—< 1?%3 +TR5<TIA'R> —;é)

_f'2B * R 3 </\ A 2 T%B
) )
( R o 2P 2R3 (A4)
(f14 — t25) - R 3 7,. . S12 (f14 — Pop)’
* R T o [(r“‘ ~ Tap) 'R} T R
r r 3 (. N . N
= B g (b R) (v ).

Finally we arrive at the dipole-dipole interaction Hgq in the limit of R » r;

flag = 21 P20 =3 m) o) s
4reg R

where the dipole moment operator is defined as /i = er; and n = f{/ R.



Appendix

Simulation Methods

B.1 Quantum simulations of smaller lattice

The quantum simulation based on quantum jump approach [115-118] is a numerical sim-
ulation technique which involves a stochastic evolution of wave functions. This method
is equivalent to density matrix master equation and is fascinating due to the following
advantages: (i) In comparison to the density matrix master equation, the dimension of
corresponding Hilbert space scales as 2"V rather than 22V (ii) It allows us to gain a new
physical insight, e.g., two-time correlation function, that cannot be gained by the density
matrix master equation.

Monte Carlo wave functions consist of two elements: (i) evolution with a non-
Hermitian Hamiltonian, (ii) random jumps, followed by wave function renormalisation.
More precisely, a non-hermitian Hamiltonian including the anti-commutator of Linblad
terms in (4.12) is given by,

H,,

[\D \

. N R ~
ZC(T Cla (B.1)

with C,, = Y0~ [see Fig. 4.1(c) for the illustration]. For the two-level system that
consists of a ground |g) and an excited state |¢) with a lifetime 7, !, the operator & can
be written in the form 67 = |e){g| and & = |g){e|. The time evolution of the many-body
wave function |t (t)) for an infinitesimal time step ¢ is given by

W (t+ 6t)) = (1 _ iﬁnh5t> o (1)) (B.2)

which is simply the expansion of the time translation operator exp [—iffnhét] to first

order in dt and the prime ’ is introduced to indicate the unnormalised wavefunction. As
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H,;, is non-hermitian, the latest wavefunction is not normalised. The square of norm
reads

W+ o) [0 (a0 = ()] (1= ifludt) (1= ifludt) |4 (1)

= =ity (8) | (Ha — ], 0t) [ (1) ®3)
= 1=0ty (1) [CLCalv (1))
1—op.
where 0p reads as
0p =) 0pa with s = (¥ () [CLCalt) ()5t = 0. (B.4)

Here dp denotes the probability of having a jump and the time step dt is adjusted such
that the first order calculation is valid. In particular, it requires 0p « 1 and hence the
second order term &t is neglected. In order to determine the occurrence of the jump,
the probability of having a jump is compared to the a quasi-random number r, uniformly
distributed between 0 and 1. If » < Jp, the quantum jump occurs and we choose a new
normalised wavefunction at ¢ + ¢ according to dp,/0p

_ o e
[ (t +dt)) = Cam (B.5)

if r is larger than dp, which occurs in most cases since dp « 1, no quantum jump occurs
and we take the following for the new normalised wavefunction at ¢ + ¢t.

[y (¢ +dt))

(8 +0t) = = 7—

(B.6)
This procedure can be translated into numerical algorithm shown in shown in the algo-
rithm 1. Following the description in the chapter 4, for M realisations |1/(*)), we calculate
the excited state population (5% = (y)(*¥) \6&0 |4p(%) and take its average

1 M N
Nee = — (k) B.7
i ;;@—ee ), (B.7)

where N is the atom number. For sufficiently large M, the average converges.

We now show that the monte Carlo wave functions are equivalent to the density
matrix master equation. In particular, we consider the quantity @ obtained by averag-
ing p(t) = |1 (¢)){1(t)| over M realisations at time ¢ of the single trajectory starting in
|4(0)). For a single trajectory |¢(t)) at time ¢ + dt, the average value of p (¢ + t) over
the evolution in the presence of the jump processes reads

|¢'<t+at>><w't+5t - S Cal (1)) CL0 (1)
V1— V1—op * \/ODa/0t \/Opa/ot

(B.8)

p(t+dt) = (1—dp)
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for many realisations do
Initialise the system in the ground state;
while ¢ < t,,,, do

N
Calculate the probability of jump dp = > 0pa;
a=1
Draw a random number 71 € [0, 1] if 0p < 71 then

Calculate the non-Hermitian time evolution exp [—zﬁ nh(st];

else

Draw a random number 75 € [0, 1];

Determine the jump with probability dp,/dp ;
Collapse the wave function

end

Normalise the wave function Update the time ¢t — ¢ + d¢
end

end

Average over the quantum trajectories
Algorithm 1: Monte Carlo wave function algorithm

Inserting (B.2) to (B.8) we find

p(t+ot) = p(t)—idt [ff.r,p(t)]

+ N (~ACLCap (1) ~ 5o (1) CLCa + Cap (1) CY) >

For a small time step dt, this is simply the master equation with the time derivative written
as a difference quotient,

otp (1) = (p 10t —p (t)) /ot = — [Hm] Y c(ca) [m] (B.10)

where we averaged over the density matrix at time ¢ as well. If the initial conditions of
master equation and the quantum jump approach coincide, the exact density matrix and
the one obtained by averaging, Eq. (B.10), coincide as well, at any time ¢ [115].

We finally compare the result of monte Carlo wave function and density matrix
master equation. We consider the case of two interacting atoms, each with a ground state
|g) and an excited state |e). A pair of excited atoms at sites o and /3 experiences the
repulsive van der Waals (vdW) interaction Vp/|a — 8|® with Vy = Cg/a® and Cs > 0.
Resonant transitions between the two states are driven by a laser with Rabi frequency
), which cause the spontaneous decay from the excited state |e) with the decay rate
7. Fig. B.1 shows the fraction of Rydberg atoms, f. = N../N, as the function of time
calculated by monte carlo wave function and density matrix master equation for the case
of a single atom B.1 (a) and two interacting atoms B.1 (b). The results produced by monte
Carlo wave functions are in well agreement with the density matrix one for large number
of realisations M.
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Figure B.1: The fraction of Rydberg atoms as the function of time for a single atom (a) and two
interacting atoms with Vy = 1€ (b). The fraction of Rydberg atoms from density matrix master
equation (DM) is compared to the result of monte carlo wave equation (MCWF). The rest parame-
ters are 7, = 0.1€) (see the legend for details).

B.2 Dynamic and Steady-state Monte Carlo

In this section, we describe the algorithms of dynamic and steady-state Monte Carlo. For
dynamic Monte Carlo, we use kinetic Monte Carlo (KMC) [195, 196] algorithm, while
for the steady-state evolution we use steady-state Monte Carlo (ssMC) [128]. KMC is the
developed monte Carlo algorithm which is intended to overcome the time scale problem in
the metropolis algorithm [197]. It is widely used in the variety of subjects, such as, surface
adsorption, diffusion and growth [198-200] as well as statistical physics [201, 202]. Here,
KMC is used to efficiently solve the time-dependent rate equation (4.25), which is given

by,

pssn=| (1= Sa)T(8a) + Sal$(80) |11

%

0= 5P (0) + SaT P 00) s (B11)

where effective rate equation for the joint probabilities pg, . s, of Rydberg excitations
being present (S, = 1) or not present (S, = 0) at the ath site and the corresponding
many-body states are connected by the single-atom excitation [F@ (0o)] and de-excitation
[Fi?))(da)] rates [47, 106, 127, 128]. In the many-body basis B —{(S1, ...., Sn) |S € {0, 1}},
we can rewrite the rate equation (B.11) as [195]

do,
dt

= 2 (FVV’UV’ - FI/VUV) (Blz)

l/,

with 0, € B, which denoting the probability for configuration v, I,/ the respective
excitation rates to the many-body state o, and I',/, the respective rates of being escape
from the many-body state 0,. As the master equation is loss-gain equation, I',, = 0.

Defining the matrices (T), , = I',,s, (U),, = > . 'y for v = v/ and zero otherwise, we

127
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find Eq. (B.12) can be written as the matrix notation given by

do

—=—(U-T)o. B.13
We define the matrix R (¢) = exp [—Ut] to determine the probability that the system has
not yet escaped from the configuration v:

pv (t) = (R),, (t) = exp [ (U),, t]. (B.14)

Hence, the probability that the system has escaped from the configuration v p; (1) =
1 — py (t), which has the probability distribution d;p; = (U),, exp [— (U),, t]. The
average time for escape 7 is only the first moment of the probability distribution,

e @]
1
= | tppdt = —. B.15
r= [t = .19
0

We can thus draw the time of the first change of the system by solving p;_,, where r is a
uniform random number on the unit interval [195], which gives simply exp [— (U),, t] =
r, or, solved for t,

t=—In[r]/(U),,- (B.16)

In our simulation, with respect to our rate equation (B.11), the change of state depends of
to the total rate I'y |, where the I'; denotes the excitation rate and I'| denotes de-excitation
rate. The time for the next change of the system is then calculated viat = —in [r] / Tt ytot-
The algorithm of numerical implementation is shown in algorithm 2. For M number of
realisations, the observables converge. The typical number of realisations to produce the
reasonable data is in the order of thousands.

When we solve the Eq. (B.11) by means of KMC, non-physical negative rates
frequently occur [129]. Although modifying the rates in such a way that the correct steady
state is preserved [127], this technique is rather expensive and impractical for general
systems. Therefore, we use another approach that has been developed in [128]. There,
the calculation of the dynamics of the system was neglected in favour of the steady-state
calculation. In this technique, we use the steady-state of Rydberg state instead of the
single-atom rates in Eq. (4.21). The detail of ssMC method including its algorithm is given
in Ref. [128].

B.3 Mean field

In the chapter 4, we identify the advantages of rate equations over the mean field method.
Here, we briefly describe the mean field method that we used in Fig. 4.8 and Fig. 4.9.
The essence of this method is the neglect of any correlation to simplify the complexity
of full quantum problem. This method is relevant for high dimensional problems, but
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for many realisations do
Initialise the system in the ground state;
while ¢ < t,,4, do
for o < N do
Calculate A.g based on the current configuration;
if state, is in excited state then
‘ Calculate F‘f‘;
else
‘ Calculate F‘T";

end

end

Draw random numbers 1, r9 € [0, 1];
Determine 6t = In [r1] /Tt 101, update time;
Determine atom /3 that changes its state via

a=1 a=1

Change state of atom [3;

end

end

Average over the quantum trajectories
Algorithm 2: Kinetic Monte Carlo algorithm for the rate equation

not an accurate method for low dimensional problem. For equilibrium spin models, mean
field method can efficiently predict the existence of various phases [203]. For the current
nonequilibrium case, we use the approach of [113, 204]: factorise the density matrix by
site, p = (X) ;i Pi> and work with the reduced density matrices, p; = T'r;p. This accounts
for on-site quantum fluctuations but not inter-site fluctuations: for atom j, the interaction
eXel; ® X, eXe

this is a good approximation since fluctuations of the neighbours average out. Then the

k> is replaced with the mean field, |e){e|; >, pk ce. In high dimensions,

evolution of each p; is given by

. RO

Pig9 = Z? (ng - ppg) + YpPpp

. RO Sy

Pipp = _17 (ng - Ppg) - Z? (Pep - Ppe) — TpPpp

) RO

Pice = 1= (Pep = Ppe)

. R B9 o B.17

Pjgp = —1 7 (Ppp - ng) + 1" Pge — lpgp ( )
2 2 2

) oA s )

Pjge = _Z?ppe + 27/’91: — 10eftPge

. R Ry . Y

Pipe = ~175 Pge + Yy (Ppp = Pec) — i0esiPpe — Epppe

Pap = (Ppa)”

where df = A — 1} Zk Pk.cc denotes the effective two-photon detuning. The rest of
the symbols have been described in chapter 4. The equations above have a steady-state
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solution and its stability. The stability analysis of steady-state solution has been studied
in [33, 36]. We use the order parameter q [see Eq. (4.9)] to characterise the phase transi-
tions. As mentioned in Sec. 4.2, the lattice is divided into two sublattices, i.e., sublattice A
and B. We thus have

) kA
PAgg = 175 (Pap — Ppg) + YoPpp
) ) 0y
PApp = 717" (Pgp — Ppg) — Y (Pep — Ppe) — VpPpp
. Qs
PAee = 175" (Pep — Ppe)
. ) 0y 5
page = —i— (Pop = Pgg) + i3 Pge = = Py
2 2 2
PAge = _Zéppe + Z?Zpgp —1 (A — %pB,ee) Pge
) . Q _ ~y
PApe = —Zépge + 272 (ppp - pee) —1 (A - V()PB,ee> Ppe — ?pppe
; <4 B.18
PB.gg = Z? (Pgp = Ppg) + YoPpp ( )
) ) 0y
PB.pp = _17 (Pgp — Ppg) — 17 (Pep — Ppe) — VoPpp
) Qs
PBiee = 175" (Pep — Ppe)
) ) 0y 5
vagp = 15 (ppp - pgg) + Zipge - ipgp
2 2 2
PB,ge = _Zéppe + Z%ng —1 (A — %pA,ee) Pge
. . Q _ 5
PBpe = _Zépge + Z72 <pPP - pee) - (A - VOPA,ee) Ppe — ?pppe

Pap = (pga)” -

As illustrated in Fig. 4.1 (a), the order parameter ¢ characterise the population imbalance
on the two sublattices, with ¢ > 0 in the ordered phase and q = 0 in the disordered phase.
Here, due to the conservation probability [see Eq. (4.14)], the q is defined as ¢ = |p?} —pZ|.
Following the parameters scaling in the chapter 4, we use the following parameters :

Qo =y ) (B.19)

and

N, = Loz 4022 - 202, (B.20)
p 1 2 1

For the mean field results in Fig. 4.8, the parameters that we use are pg = 0.96, {2} ~ 3w,
and Vp = Sw. For Fig. 4.9, we fix (2; and vary py and V.






Appendix

The population inversion due to the
presence of dark state

Here we briefly discuss a concise way of expressing the single-atom eigenstates of Hamil-
tonian 4.11 is in terms of the "mixing angles" f and ¢ that are dependent in a simple way
upon the Rabi couplings. For multi-photon resonance, the mixing angles are given by

tanf = Ql/QQ (Cl)

tan2¢ = /2 1 Q2 / A (C.2)

The eigenstates can then be written in terms of the bare atom states:

la™) =sin 6 cos d|g) + cos d|p) + cos O sin ¢le) (C.3)
la™) =sinf cos ¢|g) — sin @|p) + cos O cos ¢le) (C.4)
|a®y = cos|g) — sinf]e). (C.5)

When |a”) remains at zero energy, the pair states |a*) and |a~) are splitted by an amount
Aot

h
2

The states |a* ) pertain an element of all of the bare atomic states. In contrast to a states

Bt = (A + /A2 07 Qg) . (C.6)

la*), state |a’) has no contribution from |p) and is therefore the dark state. Due to this
state, there is no possibility of excitation to a state |p) and subsequent spontaneous de-
cay.

Evolution into the dark state via optical pumping (through spontaneous decay
from |p)) can be a means to trap population in this state that is well known in laser spec-
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troscopy and laser-atom manipulation. Electronically induced transparency (EIT) offers
an alternative, adiabatic, and much more rapid passage to evolve into this state. For the
population inversion, the system starts with all the amplitude in the ground state |g)
via 23 « 9. Furthermore, €2, is gradually increased while €25 is gradually decreased
and hence ; » (5. When the probe is on resonance (A = 0), the dark state becomes
[a®) = —|e) and [a*) = (1/v/2) (|p) + |e)) becomes a ground state. Consequently, the
system becomes the effective two-level driving scheme [see Fig. 4.1(d)] and the population
is now fully pumped to the state [a°) = —|e).



Appendix

State truncation

|sp) |ps) 1pg)
l9p) '|\/>' pg)
;( First decay ’ sg>
|g) |g5)
199) 199)

Figure D.1: The truncation of states due to the absence of driving force between the state |¢g) and

|5)-

In this appendix, we describe the truncation of the states due to the absence of
the driving force between the ground state |g) and the state |s). For the sake of simplicity,
we consider two-atom case. Suppose the initial condition of the system is |ss) = 1 and
the total number of states before the atom loss processes is N5 = 8 (see Fig. D.1). When
the first event of spontaneous decay occurs, e.g., state |ss) to state |sg). The state |sg)
subsequently couples to the state |pg). Consequently, the rest of the states, excepts |sg)
and |pg), can be truncated. In numerical implementation, this can be performed by trun-
cating the state during dynamical process. As shown in Fig. D.1, the truncation of states
leads to the 5 states reduction.
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