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In inverted atomic ensembles, photon-mediated interactions give rise to Dicke superradiance, a form
of many-body decay that results in a rapid release of energy as a photon burst. While originally stud-
ied in pointlike ensembles, this phenomenon persists in extended ordered systems if the interparticle
distance is below a certain bound. Here, we investigate Dicke superradiance in a realistic experimen-
tal setting using ordered arrays of alkaline-earth(-like) atoms, such as strontium and ytterbium. Such
atoms offer exciting new opportunities for light-matter interactions, as their internal structure allows
for trapping at short interatomic distances compared to their long-wavelength transitions, providing the
potential for collectively enhanced dissipative interactions. Despite their intricate electronic structure,
we show that two-dimensional arrays of these atomic species should exhibit many-body superradiance
for achievable lattice constants. Moreover, superradiance effectively “closes” transitions, such that mul-
tilevel atoms become more two-level like. This occurs because the avalanchelike decay funnels the
emission of most photons into the dominant transition, overcoming the single-atom decay ratios dic-
tated by their fine structure and Zeeman branching. Our work represents an important step in harnessing
alkaline-earth atoms as quantum optical sources and as platforms to explore many-body dissipative

dynamics.
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I. INTRODUCTION

Atoms in a cavity emit into the same electromagnetic
mode, leading to interactions between them and a collec-
tive interaction between light and matter. Interactions are
well understood within the paradigm of cavity quantum
electrodynamics (QED), as the indistinguishability of the
atoms enables their description as a large spin coupled to a
single radiative channel. An emblematic example of many-
body physics in cavity QED is Dicke superradiance [1-5],
where fully inverted atoms decay by radiating light in a
short bright pulse with a peak emission rate that scales
quadratically with the atom number [see Fig. 1(a)]. Dicke
superradiance has also been observed in Bose-Einstein
condensates [6—8], where a macroscopically occupied state
couples to light. In these scenarios, superradiance is well
understood because the permutational symmetry arising
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from indistinguishability restricts the dynamics to a small
subspace of the full Hilbert space.

An understanding of collective light-matter interactions
beyond the cavity QED regime is critical not only from
a fundamental point of view but also to realize applica-
tions in quantum nonlinear optics, quantum simulation,
and metrology. Potentially, one could translate concepts
such as the superradiant laser [9,10], driven-dissipative
phase transitions [11,12], and quantum enhanced sensing
[13—15] into a much larger class of systems. For instance,
atomic arrays in the single-excitation regime have been
proposed as promising platforms for generating novel light
sources and optical components, with the recent realiza-
tion of an atomically thin mirror [16-20] as an example.
The many-body landscape offers a far greater toolbox
and could open up possibilities to create sources of light
with unusual statistical properties [21-26] or to generate
entangled atomic states via dissipation [27-35].

In extended systems in free space, interactions between
atoms depend on their relative positions. Theoretical stud-
ies of Dicke superradiance in this regime have been
greatly limited, as the broken permutational symmetry
increases the complexity of the problem, which in princi-
ple scales exponentially with the atom number. However,
experiments have confirmed that superradiant bursts can
still occur. The first demonstrations were performed with

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PRXQuantum.5.010344&domain=pdf&date_stamp=2024-03-14
http://dx.doi.org/10.1103/PRXQuantum.5.010344
https://creativecommons.org/licenses/by/4.0/

MASSON, COVEY, WILL, and ASENJO-GARCIA

PRX QUANTUM 5, 010344 (2024)

(b)

—

o

S—
:

superradiant
burst

exponential
decay

emitted intensity

Y

time

FIG. 1.

(c) D
long 3D,
wavelength
3P2
.-.‘.. 3p,
8‘ short “ 3
wavelength y Py

150

(a) Atoms at a point emit a superradiant burst, with a peak emission rate that scales as the square of the number of atoms,

in contrast to uncorrelated atoms, which emit an exponentially decaying pulse. (b) The schematics of the proposed setup: a two-
dimensional (2D) array of N atoms with lattice constant d is held in the x-y plane, with the quantization axis set by a magnetic field
along the z axis. Light is measured in the far field, at a location described by spherical coordinates {r, 6, ¢}, where r > +/Nd. (c) The
relevant level structure of bosonic AEAs. The atoms are optically trapped via strong transitions at short wavelengths (dashed line). The
atoms are then prepared in a 3D; state, where they decay to >P; states emitting light with a (relatively long) infrared wavelength, and
then potentially decay further to the 'Sy state. Possible decay paths are indicated by the solid lines. Due to the difference in wavelengths,

the decay dynamics from >D; will be dictated by many-body effects.

thermal molecular and atomic vapors [36—40] but obser-
vations have since been made in several other systems
[41-44].

Ordered atomic arrays [45-50] have been recently sug-
gested as a promising platform to study many-body decay
[30,51-54]. In contrast to other setups that typically suffer
from dephasing arising from thermal motion or coher-
ent (i.e., Hamiltonian) dipole-dipole interactions, atomic
arrays are supposed to experience less dephasing, as the
role of Hamiltonian dipole-dipole interactions in the burst
is significantly reduced due to the spatial order. In these
systems, atoms can decay into many radiative channels.
Nevertheless, it has been shown that signatures of super-
radiance should persist in very extended two-dimensional
(2D) systems, of size much larger than the transition
wavelength [51-53].

Here, we propose the use of alkaline-earth(-like) atoms
(AEAs) in atomic arrays to observe and control Dicke
superradiance. These atoms have favorable transitions that
enable their trapping at relatively small distances in com-
parison to the wavelength of the emitted photons. While
the atoms are intrinsically multilevel in nature, we demon-
strate that the internal competition presented by the dif-
ferent transitions does not prohibit Dicke superradiance.
Via a cumulant expansion, we approximate the dynamics
and compute the superradiant bursts that would be emit-
ted by arrays of lattice constants that can be achieved in
state-of-the-art experimental setups. The emitted light is
nontrivially dependent on the geometry of the array and
detector location [as shown in Fig. 1(b)]. For example,
as the interatomic distance is increased, the superradiant
burst is lost but then reappears. We show that this depen-
dence can be easily predicted by the use of conditional
two-photon correlation functions. Finally, we show how to
use Dicke superradiance to inhibit or enhance decay into a

particular state, overcoming limits set by fine structure and
Zeeman branching.

Our results show that AEAs offer significant advan-
tages to explore and harness superradiance in atom arrays.
Such a proof-of-concept experiment would take the first
step in the exploration of atomic arrays as a platform for
many-body quantum optics in general. In contrast to other
phenomena (such as subradiance), superradiance is attrac-
tive from an experimental point of view, as it is robust
under many imperfections and does not require single-
photon detection. The fast and transient nature of the
superradiant burst is particularly well suited to these types
of experiments, as steady-state phenomena, such as driven
superradiance, require long experimental times at which
the atoms can explore the full complexity of the AEA
electronic structure.

The paper is structured as follows. In Sec. II, we intro-
duce the full relevant structure of AEAs. In Sec. III, we
consider toy models of multilevel atoms at a single spatial
location. We show that Dicke superradiance occurs both
for decay to multiple ground states and for cascaded decay
(i.e., where the excited state decays to intermediate states
before decaying to the final ground state). This allows us
to simplify the full level structure of AEAs, keeping only
relevant transitions. In Sec. IV, we introduce the meth-
ods necessary to treat these simplified AEAs in ordered
arrays with finite separation. In Sec. V, we show that sig-
nificant bursts can be achieved in reasonably sized arrays
of AEAs and that this decay can be tailored via the lattice
constant.

II. TRANSITIONS OF ALKALINE-EARTH ATOMS

Here, we discuss the relevant atomic transitions of
AEAs. These bielectron species have different wavelength
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TABLE 1. Wavelengths and decay rates for relevant transitions TABLE II. Wavelengths and decay rates for relevant transi-
in '"Yb. tions in %8Sr.

Transition Wavelength (nm) Decay rate (x10° s~ 1) Transition Wavelength (nm) Decay rate (x10° s—1)
3P - 185 556 [81] 1[82] ipp 15, 689 [83] 0.47 [83]

3D — 3Py 1389 [81] 2[82] 3D, - 3Py 2600 [84] 2.8 [85]

3D, — P 1540 [81] 1[82] D, - 3P 2740 [84] 1.8 [85]

3D - P, 2090 [81] 0.03 [82] D) - *py 3070 [84] 0.088 [85]

3D, —» P 1480 [81] 2[82] 3D, — 3P 2690 [84] 3.3[83]

3D, —» 3P, 1980 [81] 0.3 [82] D, - 3Py 3010 [84] 0.79 [83]

3D; - 3P, 1800 [81] 2[82] Dy —» Py 2920 [84] 5.9 [86]

transitions that, in theory, allow for trapping and cooling
on a short wavelength and for realizing quantum optics
experiments on a much longer wavelength [55] [see Fig.
I(c)]. In particular, the 1S, and metastable 3P{g,g} states
can be trapped at an optical wavelength. If the atoms are
excited into a state in the *D; manifold, decay occurs at
infrared wavelengths, relative to which the atoms have sig-
nificantly subwavelength spacing. We consider the bosonic
isotopes 38Sr and !"*Yb, where there is no nuclear spin
and thus no hyperfine splitting, for the sake of simplicity.
The results can be extended to fermionic isotopes, where
similar physics should be observable.

The internal structure of AEAs is well characterized due
to their excellent performance as optical atomic clocks
[56—64]. In recent years, AEA arrays have also attracted
much attention as candidates for quantum computing
[65—68], with significant advancements with both stron-
tium [69—71] and ytterbium [72—75]. Current tweezer-
array implementations use Rydberg states to mediate
interactions and do not require subwavelength spacing.
Nevertheless, quantum gas microscopes of !Yb have
been demonstrated, with interatomic spacings of 266 nm
[76,77].

174Yb can be operated as an optical source at telecom
wavelengths, as the Dy — 3P{0,“ and 3D, — 3P, tran-
sitions have wavelengths of around 1.4—1.5 pm. Therefore,
the light emitted on these transitions is compatible with
low-loss fiber-optic cables and devices built with these
atoms can be integrated into distributed photonic net-
works without the need for quantum frequency conversion
[78—80]. Alternatively, two-level systems can be found on
the 3D3 — 3P; line. In addition, lasers and optical com-
ponents are readily available for all these transitions. Full
details of the transition wavelengths and decay rates for
ytterbium are given in Table .

In ¥Sr, the ratio between trapping and science wave-
lengths is even more beneficial to realize closely packed
arrays. In particular, atoms initialized in the 3Dj state
decay at a wavelength of 2.9 pm. However, these transi-
tions are in the midinfrared, where sources, detectors, and
other components are less readily available. Full details of
the transition wavelengths and decay rates for strontium
are given in Table II.

Longer-wavelength transitions also exist in alkali atoms,
including at telecom frequencies [87-90]. However, the
lack of metastable states means that the required initial
state is more difficult to prepare. Furthermore, intermedi-
ate states have significantly larger linewidths, such that the
simplifications we make to the level structure for AEAs
are not necessarily valid for alkalis. Additionally, the rel-
atively small fine and hyperfine splitting combined with
large multiplicity yields a cluttered spectrum.

III. MULTILEVEL ATOMS AT A POINT

We first consider a toy model where atoms are all at the
same spatial location and are initially in the excited state.
This endows the system with enough symmetry that exact
dynamics can be calculated for large atom number. It is
well established that superradiance can still occur if there
are multiple ground states [33,91,92]. Here, we show how
the properties of the decay change with the atom number,
allowing us to simplify the level structure of the considered
AEAs in Sec. V.

Atoms at a point are indistinguishable to the field. There-
fore, the dynamics must respect permutational symmetry
and the action of the Hamiltonian is limited to a trivial
global frequency shift that can be ignored. This setup is
equivalent to atoms identically and resonantly coupled to
a “bad” cavity, where cavity loss dominates over reab-
sorption of cavity photons. Decay is diagonalized into
the action of symmetric spin-lowering operators of the
form S, = Z}i] Ge, Where Gy, = [g); (el; is the lower-
ing operator between states |e) and |g) for atom j. The
complexity of this problem scales as O(N™~!) for m-level
atoms, making use of the permutational symmetry and the
conserved total atom number. The photon emission rate on
the transition |e} — |g) is calculated as

R =TgF (SeSge) - (1)

A. Multiple ground states: A systems

We now consider a A system in which the excited state
can decay to two different ground states. This toy model is
broadly relevant for collective decay in AEAs, where most
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FIG. 2. Superradiant decay from A atoms at a point. Each atom decays at a total rate I'p = I'y® + l"ﬁ}' split between two levels. (a)
Superradiant bursts emitted by 40 A atoms. The solid lines indicate emission on the brighter transition |e) — |g), while the dashed
lines indicate emission on the less bright transition |e¢) — |k). (b) The scaling of the peak emission on each transition. The solid lines
are power-law best fits of data from N = 20. The solid fit lines indicate a brighter transition, while the dashed fit lines indicate a less
bright transition. The scalings are ~N>%! and ~N2% for the brighter transitions with Iy = ZFSh and g = 1.51"5"‘, respectively,
while the less bright transitions scale as N'*¢ and N2, In the balanced case, the scaling is N'* for both pathways. (c) The fraction
of photons emitted on the brighter transition. The solid lines are lines of best fit of data from N > 20 of the form 1 — 4/N? with
A =0.541(0.513) and B = 0.31(0.16) for l"gg = 2(1.5)1"3}', respectively.

states can decay to multiple ground states at different fre-
quencies. For our toy model, we assume the frequencies
of these transitions to be far separated such that the chan-
nels are independent. In the limit of atoms at a point, the
dynamics follow the master equation

p = T5¥[Seel(0) 4 TE[Shel(p)s )

where the decay is diagonalized into collective lowering
operators Sge e = Z?;l G pe and

. A DV
[Al(p) = ApAT—EATAp — EpA'fA. (3)

Superradiant bursts can be emitted on multiple channels
at the same time, as shown in Fig. 2. Both the height
of the burst and its scaling with N depend on the rela-
tive strength of the decay channels. For channels of equal
decay rate, I'g° = I'¢h, the best fit for the scaling of the
peaks is N2, instead of the N scaling for two-level sys-
tems at a point. For imbalanced channels, T'gS > g, the
larger burst scales faster than for balanced channels. For
the relative rates of decay of 2 : 1 and 1.5 : 1, the best-fit
scalings of the peak photon emission rate on the stronger
transition are N2%! and N*%, respectively. This implies
that in such configurations, as long as there is some bias
toward one transition, for large enough N, the peak on
that transition will always scale as the ideal two-level case
with N2. In the case of balanced channels, neither channel
gains any advantage and so the scaling is reduced. Further-
more, the superradiant burst on the weaker transition has
a peak that scales more slowly than the balanced case. For
1“313?; 2T¢k, the scaling is N1 and for I'y" = 1.5T¢" it is
N*--.

The percentage of photons emitted on the bright channel
increases with the atom number, with the approximation
of the light emitted on the weaker transition scaling as
a power-law fitting well, as shown in Fig. 2(c). Signifi-
cant population accumulates in |g) faster than in |#) and so
the collective enhancement of Dicke superradiance occurs
earlier, “stealing” photons from the weaker transition. For
large atom number, if the ratio between decay rates is
strongly biased toward the brighter transition, the impact of
the weaker transition is minimal. The bias of the imbalance

of photons emitted on each transition has been reported in
Refs. [33,92].

B. Cascaded decay: Ladder systems

We now consider a ladder system in which the excited
state, |e), decays to an intermediate state |f), that itself
decays again to the ground state |g). This toy model is rel-
evant to collective decay in AEAs from states that decay
to the 3P; manifold, as those states can themselves decay
to the 1Sy state at similar rates to the initial decay. In the
limit of all atoms at a point, the dynamics follow the master
equation

p =T [51(0) + TE[S1(0). )

where the decay is diagonalized into the collective lower-
ing operators Sy = Y1) e

A superradiant burst is emitted on both transitions con-
secutively, as shown in Fig. 3(a). This occurs because the
excited state decay is extremely fast due to large popula-
tion inversion, while the decay of the intermediate state is
very slow due to small inversion. By the time that the popu-
lation in the intermediate state is large enough to drive fast
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FIG. 3. Superradiant decay from ladder atoms at a point. Each
atom decays initially at a rate l"gf to an intermediate state that
itself decays at a rate l"fog . (a) Superradiant bursts emitted by 40
ladder atoms. The solid (dashed) lines indicate emission on the
initial (secondary) transition. (b) The scaling of the peak emis-
sion by N ladder atoms. The lines are power-law best fits of data
from N > 20. In all three cases, the fit scales as ~NZ.

collective decay, the superradiant burst from the first tran-
sition is mostly finished. In the regime NFSf > ng, the
scaling of the first superradiant peak goes approximately
as N? regardless of the relative ratio of decays and the
two-level case is retrieved [see Fig. 3(b)].

IV. THEORETICAL METHODS FOR ORDERED
EXTENDED ARRAYS

A. Spin model for multilevel atoms

Here, we introduce the theoretical framework to investi-
gate an array of N multilevel atoms that interact with each
other via free space beyond the point approximation. With-
out permutational symmetry, atoms interact both coher-
ently and dissipatively. Under a Born-Markov approxima-
tion, the atomic density matrix evolves according to the
master equation [93,94]

.pé = Z_%[Hasp]_i'ﬁa(p)a (5}

a

where an excited state |e) decays to a set of ground states
|ga). Each Hamiltonian and Lindbladian read

N N
— 9] asj sl
Ha - ﬁwa Z Jgaga + Z‘)}IUEgaO-gae’ (6}
=1

=1

N e
Lop) =Y (26! p6/ —6) 6! p— pél 6!
a\p) = 2 2aePTeg, egaTgae? — POeg,Tgue ) »
pi=1

(7)

where @, is the frequency of the transition from |e) —

|ga), 6'g’ae = |ga); (el; is the lowering operator from state
le) — |ga) for the jth atom, and interactions between
atoms j and [ are characterized by

IFt} .I.L(}Ct)g
-3 =5 G ) e )

Here, g, is the normalized dipole-matrix element of the
transition and Go(rj,r;, @,) is the electromagnetic field
propagator between atoms at positions r; and r; [95]. The
dissipator of Eq. (7) can be expressed in terms of a set of
collective lowering operators,

N ra
‘Ca(p) = Z % (2@v,aio @I,a - @I,a@v,ap - P @I,a@v,a)-

=1
)

These operators are generically superpositions of lowering
operators with coefficients found as the eigenstates of the
dissipative interaction matrix I'?, with elements T‘j‘.}, with
their rates, {I"2}, given by the corresponding eigenvalues.

Throughout the paper, we consider that the transition
frequencies are all sufficiently distinct such that photons
associated with one transition cannot excite any others and
interactions of the form Géga&g’be are heavily detuned and
can be ignored. This condition is naturally met for transi-
tions from an excited state to states with different angular
momentum. For transitions to different Zeeman levels, we
assume the presence of a magnetic field to break the degen-
eracy. This requires the Zeeman splitting to be much larger
than the linewidth of the emitted light. The spectrum is
maximally broadened for two-level atoms at the same spa-
tial location, as this situation produces the shortest possible
burst. In this case, one requires a magnetic field such that
B > NhI'y/up, where Iy is the bare decay rate of a single
atom. This corresponds to magnetic fields on the order of
~100 G for the atom numbers considered here. For 2D
arrays, the power spectrum is expected to scale sublin-
early with the atom number, thus requiring smaller Zeeman
shifts.

Throughout the paper, we plot the emission rate of pho-
tons by such arrays. The instantaneous total emission rate
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from the array is directly proportional to the derivative of
the population and is calculated as

k=3 G =Y Xr©

j=l =1

f.0ua).  (10)

The emission rate of light on a particular transition |e) —
|ga) is instead

=

d

— (11)
dtj:]

(67 4) = Z e (0] ,0va) -

If light is only measured in a particular direction, we make
use of the directional collective operator [21,96]

A arg
Da(0.9) = \/ ZL[1- (0. RO.0)] 00

N
—ikgR(8,0)1j &)
Z © Ugae ?

(12)
j=1
to find
N
Ra(0,9) = (D}(6,9)Da(0.9)) x T Y kR0t
=1
x (645,67 ) - (13)

In these expressions, kg is the wave vector of the transition
le} — |ga), R (9, ) is a unit vector in a direction (0, ¢),
and df2 is a solid-angle increment.

B. Conditions for many-bedy superradiance
1. Two-level systems

The emission of a superradiant burst can be predicted
using the set of eigenvalues of the dissipative interac-
tion matrix I', with elements I'y, {I",} [51]. The minimal
requirement for a superradiant burst is an initial positive
slope in the emitted photon rate or, equivalently, that the
emission of the first photon on average enhances the emis-
sion rate of the second. In previous work, we have shown
that the necessary criterion for a superradiant burst to
be emitted from an initially fully excited ensemble of N
two-level atoms is [51]

{r,} 1 r?
var (ro)‘ﬁg(r—g“)*"

(14)

2. General case in which not all light is collected

The previous equation is derived under the assumption
that all emitted light is collected. If that is not the case, one

instead has to consider the rate of emission into the optical
modes that are detected. The above condition states that
the emission of a photon at £ = 0 enhances the emission
of a second one. If only a fraction of the light is collected,
a superradiant burst is measured only if the first photon
enhances the emission of a second into the optical modes
that are detected. This is calculated as

3 T (0010,0,)
2?(0) = da . (15)
(rd > <OLOJ)) (ra 5 <0Ioa>)

where {O,} is the set of operators that produces detected
photons at rates I'y and {O,} is the complete set of oper-
ators that produces photons at rates I',. In the following,
we treat two specific cases: emission on multiple transi-
tions and directional decay. Further detail on these derived
bounds are given in Appendix A.

3. Decay to multiple ground states

If there are multiple ground states, a superradiant burst
is emitted by the fully excited state during decay to |g,) if

{Fﬁ}) Iy .
Var( — | > = (16)
g I

where T'o = ), I'§ is the total decay from the excited
state. This is of the same form as Eq. (14) but the enhance-
ment provided by the operators on the particular channel
needs to additionally overcome competition between dif-
ferent “internal” channels. If all atoms are at a point,
then the condition for a superradiant burst on a particular
transition reduces to I'g/I'g > 1/(N — 1).

4. Directional decay

In experiments, light is typically only collected in a
particular direction. Directional superradiance is defined
as the rate of photon emission into a particular direction
having a positive slope and can persist to much larger
interatomic separations than when the entire emitted field
is considered [53]. As shown in Appendix A, directional
superradiance occurs if

Z ekoRO0)-(ri— 5) i L) (17)
Ji=1 FO 0

Here, we map directional photon detection to atomic emis-
sion, where TR.(@, ¢) is a unit vector in the direction of the
detector and kj = 27 /A the wave vector of the transition
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FIG. 4. The considered level structures. Atoms are initial-
ized in the (a) 3Dy |J = 1,m; = 0) or (b) 3D3 |J = 3,my = 0,3)
state. In both m; = 0 cases, the internal structure is simplified
into a toy model with three decay channels: a dominant linear 7 -
polarized channel and two circularly polarized channels. In (a),
the 3P |J = 1,m; = 0) state is not considered, as the transition
is forbidden.

[21,96]. We define the quantity

ei’fﬂﬂiﬂaw)'(rf—ff)rﬁ
1
N (T'§ +T)

M=

_ b

, (18)

such that if § < 1 the photon emission rate will decay
monotonically in time, and if § > 1, the minimal condi-
tions for superradiance are met.

C. Master-equation evolution by cumulant expansion

It would be ideal to calculate the full dynamics to verify
our predictions but the full Hilbert space scales expo-
nentially with the atom number. We approximate the full
dynamics by means of a second-order cumulant expansion
[97-99]. This method involves truncating the hierarchy of
operator expectation values such that

(@dw) = (@d) (W) + (DW) (@1) + (@w) (D) — 2 (@) (D) (W).
(19)

The complexity of this expansion scales as O(N?)
rather than exponentially. Further details are provided
in Appendix B. The accuracy of this approximation is
not well characterized for 2D arrays. We benchmark the
method in Appendix C, showing that, generically, the
accuracy is better for larger lattice constants.

V. SUPERRADIANCE IN 2D ARRAYS OF
ALKALINE-EARTH ATOMS

We now consider AEA arrays in which atoms are
initialized in either one of the 3D |/ =1,my=0) or
3D3 |J = 3,my = {0,3}) states and allowed to decay [see
Fig. 4]. Large inversion can be achieved with a short
intense pulse of duration T <« (NT'¢)~! to prevent collec-
tive effects [100].

Decay from 3Dy |J = 1,m; = 0) can be simplified using
information from Tables I and II. First, decay to 3p,

has minimal impact on the dynamics due to the reduced
linewidth. Second, the subsequent decay from 3P; —
1Sy will not impact the initial burst as the decay is not
fast enough; nor, due to the short wavelength, will it
be strongly collectively enhanced. This leads to a four-
level system, as shown in Fig. 4(a), with a bright lin-
early polarized decay channel *D;|J = 1,m; =0) —
3Py |/ = 0,m; = 0) and two dimmer circularly polarized
transitions, °D; |[J = 1,m; = 0) — 3P, |J = 1,m; = £1).
Note that the Clebsch-Gordan coefficient is zero for the
D1 =1,m;y=0) — 3Pi|J =1,m;=0) pathway.
For simplicity, we treat decay to 3P 1T = 1,my = £1) as
split by large enough Zeeman shifts that photons on each
transition are not seen by the other, but not by enough to
significantly alter the wavelength of the transitions. With-
out such Zeeman shifts, photons of one circular polariza-
tion can drive transitions with the other, allowing the atoms
to explore the full Zeeman structure and adding far greater
complexity to the problem [101]. A similar structure of
three decay channels would be obtained for initialization
in 3D, |/ = 1,my = £1) but here the brightest transition
is circularly polarized, which is generically less favorable
than linearly polarized transitions for superradiance [52].

We also consider atoms initialized in the 3Ds |/ =3,
my = 0) state. From here, there are also three decay
channels, as shown in Fig. 4(b). As before, the
brightest decay channel is linearly polarized, that to
3Py |J =2,m; =0), and the two dimmer decay chan-
nels to 3P, [/ = 2,m; = %1) are circularly polarized. As
above, we assume that these channels are independent due
to sufficiently large Zeeman shifts. Alternatively, atoms
initialized in 3Ds [/ =3,m; = 3) are two-level systems
with circularly polarized decay, as the only decay channel
isto 3Py |J =2,m; = 2). To study this situation, we con-
sider a rotated magnetic field such that the dipole moment
of the two-level systems is oriented as p = /T/2 (J + iZ),
so that the detector position is still perpendicular to the
polarization axis, enhancing the signal. Other three- (and
two-) decay-channel systems could also be obtained by
starting in different Zeeman levels in the 3Dj line.

We thus reduce the level structure of both atomic species
to those shown in Fig. 4. Starting from states with m; = 0,
the master equation in Eq. (5) reduces to

b= _%[Hf + Hy + Ha p1 + L1 (p) + Lo (p) + Lalp),
(20)

where |e) is the excited state and |f, g, h) are the three
ground states. For the two-level system, we instead have

p = — g 1+ Lo(p). 1)
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FIG. 5. Predictions of a burst versus lattice constant in 12 x 12 arrays of (a),(b) '*Yb and (c),(d) **Sr. The atoms are prepared in
the 3Dy |J = 1, my = 0) state initially and allowed to decay, with the linear transition polarized perpendicular to the array. Light is
detected along the x axis. (a),(c) The shaded areas indicate a burst on the 3Dy |J = 1,m; = 0) —3 Py|J = 0,m; = 0) transition (red
line), as the quantity S in Eq. (18) is larger than 1 (black dashed line). (b),(d) Approximations of the full dynamics via a second-order
cumulant expansion (on the D) —3 Py transition) at three particular distances. As predicted by the superradiance condition, as the
distance increases, the superradiant burst disappears and then reappears.

A. Many-body decay versus distance

We first investigate atoms initialized in the 3D =1,
my = 0) state. We consider the condition given in Eq. (17)
for the specific case of a square array of 12 x 12 atoms.
The detector is placed along the x axis, which should see
significant emission as it is perpendicular to the dipole
moment. For 1"Yb atoms, this detector would measure a
superradiant burst on the dominant transition for any inter-
atomic separation satisfying d < 0.6 pwm, as shown in Fig.
5(a). This distance would be challenging for tweezer-array
experiments but is achievable in an optical lattice [19,20].

Superradiance can also be observed at particular
“islands,” where the set of decay operators combines to
realize a sudden revival in emission in a particular direc-
tion. For this detector position, this occurs in regions
centered on d = 0.7 pm and d = 1.4 pm, corresponding
to a half and full wavelength of the brightest transition,
respectively. These revivals are due to geometric
resonances, where a mode that emits in this direction

suddenly increases in amplitude due to Umklapp scattering
and thus becomes significantly brighter [102,103]. While
these processes can also revive global superradiance [51,
52], the effect is much more pronounced for directional
superradiance [53]. Indeed, at these distances, no super-
radiant burst would be observed if all light was collected.
Furthermore, this type of superradiance is highly depen-
dent on the detector position, so the predicted distances
change as a function of the detector angle. This is explored
in more detail in Appendix D. The approximated full
dynamics (via second-order cumulant expansion) agree
with our predictions, as shown in Fig. 5(b).

Superradiance can also be observed in 3¥Sr. The domi-
nant decay channel from 3D, |J = 1,m; = 0) has a smaller
branching ratio than that in '7*Yb but due to its much
longer wavelength, the constraints on the interatomic
distance are less tight. Figure 5(c) shows that a
superradiant burst is always observed for d < 1 pm. In
addition, superradiance could be observed at the revivals
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with interatomic spacing 1.3 pm and 2.6 pm. There-
fore, as in !7Yb, as the interatomic spacing is increased,
directional superradiance disappears and reappears. Stron-
tium thus also offers a suitable platform for the direct
observation of Dicke superradiance, despite the less favor-
able branching ratios to each state (see Tables I and II).

B. Collective “closing” of the atomic transition

Once a transition starts to decay superradiantly, it pro-
ceeds quickly, “stealing” photons from the other transition
(as has been discussed for the toy model described in Sec.
IIT A). The effect is stronger for smaller interatomic dis-
tances, because the superradiant burst is much faster in
that regime. The order of the lattice structure limits the
impact of coherent interactions even at small interatomic
distances, in contrast to disordered systems [92]. In Fig.
6, we plot the total photon share scattered on the dom-
inant transition during superradiance. For %3Sr, starting
in the 3D; [/ = 3,m; = 0) state, a single atom scatters
60% of the light on its brightest transition. By contrast,
a 12 x 12 array overcomes the Clebsch-Gordan coefficient
and scatters almost 70% on that transition. We see a similar
improvement at telecom wavelengths for !7*Yb initialized
in3D,; |/ = 1,my = 0). As for the idealized case of atoms
at a point, the light share can be described well by a power
law with the atom number.

The geometry of the array dictates the relative scattering
on each channel and how much one can go beyond the ratio
dictated by the single-atom Clebsch-Gordan coefficients.
As the interatomic distance is increased, generally the tran-
sition is reopened, as shown in Fig. 6(c). However, revivals
due to the geometric resonances can be seen by compari-
son to the variance of the set of decay rates [see Fig. 6(b)].
The revivals appear to be relatively minor but are capa-
ble of strongly impacting the decay dynamics. It should
be noted that the condition for global superradiance is not
met in the arrays of larger lattice constants, yet the clos-
ing of these weaker channels still occurs despite the fact
that the avalanche is relatively weak. As the superradiant
burst allows one to overcome the intrinsic branching ratios
of decay from a state, many-body superradiance could also
be useful to enhance the emission, and thus the collection
efficiency, into a given direction or mode.

The share could be further increased by intentionally
seeding the transition with a small fraction of the atoms
deterministically placed in the desired ground state, or an
incomplete initial excitation from a particular ground state.
Instead of relying on a quantum fluctuation to drive the
start of the superradiant burst, these atoms would provide
an artificial fluctuation. This would accelerate the superra-
diant burst on that seeded transition and generate a large
atomic population in that state [33,104,105]. Nevertheless,
how effectively this fluctuation will trigger the avalanche
depends on its specific spatial profile and phase. We will
thus not explore this avenue here.
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FIG. 6. The manipulation of branching ratios by collective
emission. (a) The scaling of the total share of light emitted
on the brightest linearly polarized transition (polarized per-
pendicular to the array) with the atom number for square
arrays of spacing d = 0.2), obtained by second-order cumulant-
expansion simulations. Simulations for '"*Yb (*¥Sr) are plotted
in red (blue), with atoms initialized in the 3Dy |J = 1,my = 0)
(®D3|J = 3,my; = 0)) state. The horizontal dashed lines rep-
resent the branching ratio for independent atoms. The solid
lines are best fits to data from N > 25 of the form 1 — 4/N2,
with 4 = 0.400 (0.481) and B = 0.093 (0.091) for '*Yb (*8Sr).
(b),(c) 12 x 12 atoms are initialized in the *Ds |J = 3, m; = 0)
state. (b) The condition given by Eq. (16) in the form
Var ({l"ﬁd} / l"gd) —Ty/ l"f)d + 1; a global superradiant burst will
be measured on the transition to >P, |J = 2,m; = 0), where the
solid line is above the dashed line. (c) The total share of the
light emitted on the brightest linearly polarized transition as the
interatomic distance is changed.

C. Scaling of the burst

The largest possible burst occurs for atoms initialized
in the *Dj |J = 3) manifold. The transition wavelength
is 19 = 1.80 pm for '"#Yb and Ao =2.92 pm in 38Sr.
To minimize the interatomic distance, both species are
assumed to be trapped in an optical lattice with 244 nm
lattice spacing, corresponding to a wavelength of 488 nm,
for which Yb and Sr are trapped in the relevant states and
high-power lasers are available. This yields an interatomic
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FIG. 7. The largest superradiant burst in ordered 2D arrays of AEAs. (a) !"Yb and (b) %8Sr atoms are initialized in
3Dy |J = 3,my = 0), with the dominant linear transition polarized perpendicular to the array, or D3 |J = 3,m; = 3), with the
only possible decay having /1/2 (j} —I—iﬁ) polarization. Second-order cumulant-expansion simulations of the superradiant burst
emitted on the (dashed) *D3|J =3,m; =0) —* P;|J =2,m; = 0), with parasitic decays to |J =2,m; = =+1), and (solid)
3Dy |J =3,my =3) =3 Py |J =2,m; = 2) transition. (¢) The scaling of the peak emission rate with the atom number. The lines
are power-law fits of data with N > 25. For the two-level system, the scaling of the peak is N!38 for 17*Yb and N7 for 38Sr, while
the four-level system scales as N'2? for '"#Yb and N'37 for 38Sr. In all plots, the lattice constant is d = 244 nm.

spacing of d = 0.1364¢ for '"Yb and d = 0.084, for
83Sr. We consider two initial states: |[J = 3,m; = 0) and
[/ = 3,m; = 3). In the former case, the decay is to three
states, with a dominant transition that is linearly polarized.
In the latter case, the atoms become two-level systems,
decaying by circular o *-polarized light. This closed two-
level transition can be accessed in all AEAs, including
fermionic isotopes.

The largest possible burst is emitted by the simplest
system operating at the longest wavelength, as shown in
Fig. 7. For the two-level system, the peak emission rate
is more than 3 times greater than the emission rate from
an array of 12 x 12 'Yb atoms and more than 6 times
greater for ®¥Sr. The peak scales as approximately N'!-38
and as approximately N'47 for '74Yb and ®¥Sr, respec-
tively. The smaller peak emitted from the |/ = 3,m; = 0)
state is still significant and scales as approximately N2
for 1"*Yb and approximately N'?7 for 3¥Sr. The exponent
in the power law is dependent on the distance between
atoms, generically decreasing as the interatomic distance
is increased (further details are provided in Appendix E).
A word of caution is needed though, as the validity of the
second-order cumulant expansion is not well characterized
for these large atom numbers at such small distances and
may overestimate the burst due to significant multipartite
correlations [99].

VI. CONCLUSIONS

We have presented results on collective decay in real-
istic arrays of alkaline-earth atoms. Building on previous
work, we have calculated conditional correlation functions
to predict the nature of the collective decay. We have pre-
dicted highly nontrivial many-body decay through control
of the interatomic spacing of the array and position of

the detector. Focusing on the particular cases of ¥ Sr and
174Yb, we have shown that the observation of Dicke super-
radiance should be feasible in such systems. Furthermore,
we have shown that by increasing the interatomic separa-
tion, Dicke superradiance is attenuated and lost, but is then
revived at a larger distance. We have shown that this under-
standing can be used to manipulate how much population
ends up in each possible ground state.

Experiments are critical to understand many-body
decay, as the full dynamics are only obtained via approx-
imations. We have focused on strontium and ytterbium
due to the recent progress in implementing atomic arrays
with these species and the favorable set of transitions
to achieve subwavelength interatomic spacing. However,
similar results should also be possible with other alkaline-
earth elements, which have the same structure, but where
progress in cooling and trapping is less advanced [106—
109]. The relative spacing (and order) of levels is different
in all these atoms. For example, in radium, there is a
two-level linearly polarized transition—as the 3D; state
can only decay to *Py—at a far-infrared wavelength of
approximately 16 pm [110]. Rare-earth elements also have
infrared transitions from the ground state and can be sim-
ilarly trapped in short wavelengths due to strong blue
transitions [111-115].

Our results may be relevant in the context of Rydberg
quantum simulators [116—118]. Excited Rydberg states can
decay via a fast short-wavelength transition (and therefore
not collectively enhanced) or via much slower but very
long-wavelength transitions. Our work implies that the
amount of light scattered on these long Rydberg-Rydberg
transitions could be significantly enhanced by collective
decay [92,119,120]. Furthermore, an understanding of the
collective enhancement of coupling between black body
photons and the 3Py state in atomic optical lattice clocks
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is key to achieving high precision in compact devices
[121-123].

Control of the atoms is translated into control over the
emitted light. For example, initial superposition states will
emit superpositions of different pulses, with the potential
for generation of macroscopic superposition states of light.
In particular, the potential for !7*Yb arrays to produce non-
classical light at telecom frequencies is tantalizing. While
we have focused on the interatomic spacing of the array
and the relative position of the detector to control the
decay, there are additional tuning knobs that could be
harnessed. The dynamics—and, in particular, the direc-
tionality—could be altered by changing the geometry of
the array, either by modifying the lattice or the global
shape. Manipulation of the initial state, adding coherent or
incoherent drives, or manual addition of site-specific inho-
mogeneity [124}—all of this will impact the dynamics and
steady state of the system.

An understanding of the various decay processes—and
the freezing out of coherent dynamics—opens up possibil-
ities to harness them. For instance, the complex dissipative
dynamics provide a method to access highly entangled
dark states that completely decouple from the environ-
ment. The deterministic production of these states and
their potential as resources for quantum computing and
metrology [125,126] remains an exciting open problem.
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APPENDIX A: DERIVATION OF DIRECTIONAL
CONDITION FOR SUPERRADIANCE ON A
PARTICULAR CHANNEL

The condition for superradiance to be detected is that the
emission of a first photon enhances the rate of emission
into the measured channel, meaning that the conditional
second-order correlation function is larger than unity. This
approach corresponds to a positive slope in the measured
emission rate from the fully excited state, as photon emis-
sion is the only possible evolution from such a state. We
can show this correspondence by noting that the require-
ment of positive slope in the measured emission rate is the
same as the requirement that Ry(8f) > R4(0) as &t — 0.
Here, to connect to Eq. (15), we introduce a generic
“detected emission rate” operator,

Ri =) T40}0,, (A1)
d

where {O,} is the set of operators that produces detected
photons at rates I';. For sufficiently small 8z, p(8f) =
p(0) + 8¢p(0), such that

(Rae(80) = (Raa () + Tr (Raadtp(0)) . (A2)

This means that for (fide,(é‘t)) > (fide,(O)), we require
Tr (kdetarp (0)) > 0, which leads to

| I

Y Tl (000,00 > Y
ad ad

x (( 0,010, + (@;@d@;@a)) . (A3
Since the fully excited state is an eigenstate of any possible

@I @a, the right-hand side of this expression factorizes and
we find our conditional second-order correlation-function
condition:

> Tala(0}0}040.) > Y " Ta(010a) Y Tu(O]0u).
ad a d
(A4)

1. MULTIPLE GROUND STATES

The derivative of the photon emission rate on a specified
transition |e) — |g,) is positive if

N N At AF A .
21 ? ; rf{ FE (Ou,bo,u ao,u, Ov,b)
P; — > 1.
(%: Z] Fﬁ (ov bov,b)) (Zl l—‘fc (@L‘aoy,a))
= n=
(A5)
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On a fully excited initial state, this expression reads

N )
Y (re

1+“=‘( ! ! Io 1 A6
N2TgTy N NI‘O} ’ (A6)

which simplifies to

N 2
ra 1 ry Iy
Var| = | = E -1 —

> . I'g is the total excited-state decay rate.

(A7)

where I'y =

2. Directional decay

Detection of a photon from a given transition in the far
field in a direction governed by spherical angles {0, ¢} can
be mapped to the collective lowering operator [21,96],

-~ 3re
Du(0,¢) = ,/ 2 [1 — (9 R(e,qo)f] dQ

(A8)

Za€?

N
x Z —ikgR©O.0)r; 57
j=1

where R.(6, ¢) is a unit vector in the direction of the detec-
tor, d€2 is a solid-angle increment, and kj is the wave vector
of the transition. Using these, the derivative of the pho-
ton emission rate on a specified transition |e) — |g;) in a
direction {0, ¢} is positive if

> Z: (0!, D16, 9)Da(6,9)O, )

>1.  (A9)

2

22

b v=1

(O ,005) (DL(0.0)Da(6. )
On a fully excited state, this expression reads

N .
Z elkﬂR(eew)'(rf_rj )]—‘jf

j I=1 1 I'§
14+= L > 1, (Al0
+ N2Ty N NF(} » (AlD)
where we have employed that
er a0} 4y ar =T, (A11)
This simplifies to
N
. re r
lkgR(ﬂ,qo)-(r;—rj) jl 1 20 Al2
Z © N]"a > + Fg ) ( }

Jil=1 0

APPENDIX B: SECOND-ORDER CUMULANT
EXPANSION FOR FOUR-LEVEL SYSTEMS

We consider four-level atoms that can decay to three
ground states |, g, k) from an excited state |e). Photons
associated with each transition |e) — |f,g,h) are suffi-
ciently distinct in frequency to not excite one another. To
calculate the directional emission rate on a channel |e) —
If), we require the evolution of the expectation values of
the set {6 of fe} meaning that at least a second-order cumu-
lant expansion is necessary. Generically, the evolution of
these expectation values depends on the expectation val-
ues of sets of three of the population operators, e.g., {6}
(the fourth can be related to the other three, as the total
single-atom population is always unity), all six coherence
operators, e.g., {6'.;r }, and all 66 two-operator products,
noting that the complex expectation value of the coherence
operators leads to extra operators such as {&;} 6}’8}.

If the initial state has no coherence, such that initially

{(6:)})=0 Va#b and

(6160} =0 Ya#b|c#d, (B1)
then the equations are greatly simplified. This condition is
met by the fully excited state or any state where all single-
atom states are the ground or excited state. In this case,
the single-atom coherences are never different from zero in
the second-order cumulant expansion and the expectation
values of all two-operator products of the form {g; bo-rlxd}
are always zero, and those of the form aboJ are zero
Vb # d. The two-operator products of the form {6/,6 b-b}

and {&;b&;a} do become nonzero but only those where one
of a or b represents the excited state impact the evolution of
the terms needed to calculate the directional emission rate.
As such, there is a closed set of operators with expectation
values defined as

=(61),b; _(oJ) ¢ = (&f ), (B2a)
et = (61,60,) .Ji = aﬁ) gt = ( eeé‘fg’g) (B2b)
G = (6L 64) it = (61,60 1 = (6464) . (B20)

The expectation values evolve according to

= _Fﬂaj +i Z [ jmq_,rm +Amj 9mj — Bjmpjm
m#f

-+ B:;,jpmj - _,'mr_,rm + C‘* rmj] s (B3a)

by =T & +i Y [~Alyam +Amam],  (B3D)
s

& =Ta +iy I:—B:"jpmj + Bjmpjm] . (B3c)

mj
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where we have defined

ef g eh

; r r
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(B4)

and three-operator product expectation values are approxi-
mated by the second-order cumulant expansion as

— 2 (@) (0) (W)
(BS)

(utw) = (av) (W) + (0w) (&) + (ww) (v)

APPENDIX C: BENCHMARKING
SECOND-ORDER CUMULANT EXPANSION

To benchmark the second-order cumulant expansion, we
compare the approximated dynamics to the exact dynam-
ics for small system sizes, as shown in Fig. 8. Here, we
consider two-level atoms, as calculating the exact dynam-
ics for four-level atoms is not computationally tractable
even for 16 atoms. The exact dynamics are found as the
ensemble average of quantum trajectories [127]. At short
times, and for modest separations, the cumulant expansion
is an excellent approximation of the dynamics. As the dis-
tance decreases, the error becomes more significant. For

64,60 + By

&]AI Am)_i_

— idgfi 44 fy + T +1Y [—A;j (&1,6L6m) —

im (61,6L,60) — By (61,6L,61) — Cin (62,6L.67)
5lem
( {ge ee eg)
(B3d)
6 6) — A%y (61,60.60) — Bm (61,6/61) — Cim (62,6461m)
) Greopom] (B3e)
f( ee A;e A:‘g) Aﬁ" (OJ U Ufe) C}m (OJhU Uhe)
) (G505 (B31)
— A (61,65 61") + ALy (67.6160) + Am (61,6, &ﬁ)]
(B3g)
) ~Bin (6Ly51,50) +By (6,547 +Bm (6154670
(B3h)
€l _f} — &l ) +T Ieﬂ +i Z [ mj ( Oee A.’ie ":D Cim (6-;‘1&;&&}:’;)
m#fi
(B3i)

d = 0.1Xg, the peak is overestimated by 12% for a 4 x 4
array and by 9% for a 3 x 3 array. The relative error is
much larger at later times, as the cumulant expansion is
unable to capture the subradiant tail [98]. This is also true
for d = 0.2X¢, where the burst is captured more accurately
(overestimated by only 1% for a 4 x 4 array) but large
relative errors occur in the tail.

APPENDIX D: DIRECTIONAL DEPENDENCE OF
EMISSION

In the main text, we consider light measured by a detec-
tor placed along the x axis. We show that the presence or
absence of a burst is nontrivially dependent on the distance
between atoms. In reality, the placement of the detec-
tor defines this nontrivial dependence. Figure 9 recreates
Fig. 5 but considering different detection schemes.

If all the light were to be collected, a superradiant
burst would not be detected for the distances and atom
numbers that we consider. As shown in Fig. 9(a), a
global superradiant burst for the 3Dy =1,my =0) —
3Py |/ = 0,my; = 0) transition in My requires distances
of d 5 0.554. Fortunately, the conditions for directional
superradiance are generically less strict than for global
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FIG. 8. The benchmarking of the second-order cumulant expansion against the exact dynamics. Light emitted by a (a) 3 x 3 and (b)
4 x 4 array of two-level systems prepared initially in the excited state, with the polarization axis perpendicular to the array. Light is
detected along the x axis. The cumulant-expansion dynamics (solid lines) are compared to the exact dynamics (dashed lines), which
are obtained from the master equation in (a) and from an ensemble average of 10 000 quantum trajectories in (b).

superradiance, allowing for experimental observation at  if light is detected along the x axis, superradiant bursts
much larger interatomic separations or smaller atom num-  could be observed for arrays with an interatomic spacing
bers [53]. equivalenttod = 0.54¢ and d = Aq butnot ford = 0.75A,.

The measurement of a directional superradiant burst  Conversely, if the detector is rotated by m /4 degrees in the
requires correct placement of the detector. As shown in  plane, then a burst could be observed atd = 0.754¢ but not
the main text and reproduced here in Figs. 9(b) and 9(f),  atd = 0.5A¢, nor at d = Ag [see Figs. 9(c) and 9(g)]. This
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FIG. 9. Predictions of a burst versus the lattice constant in 12 x 12 arrays of "Yb for different detector positions. The atoms are
prepared in the 3Dy |J = 1,m; = 0} state initially and allowed to decay, with the linear transition polarized perpendicular to the array.
(a),(b) All light is collected. (c),(d) Light is detected along the x axis. (e),(f) Light is detected in the diagonal of the plane. (g),(h)
Light is detected tilted up from the x axis. In (a), (c), (e), and (g), the shaded areas indicate a burst on the 3Dy [J = 1,m; = 0) —3
Py |J = 0,my = 0) transition (red line). The superradiance condition plotted in (a) is (I'§/ I'o) Var({I'; }/ I'g) and in (c), (e), and (g) it
is the quantity S given in Eq. (18). In both cases, a burst is predicted if the condition is larger than 1 (black dashed line). In all cases,
the 3Py |J = 1,my; = =+1) transition (orange dashed line) is never superradiant. In (b), (d), (f), and (h), approximations are shown of
the full dynamics via a second-order cumulant expansion (on the >D; —3 Py transition) at three particular distances. The presence or
absence of a superradiant burst is correctly predicted by the superradiance conditions.
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FIG. 10. Scalings of superradiant bursts in ordered 2D arrays of AEAs. 7*Yb or 38Sr atoms are initialized in 3Ds |J = 3,m; = 3),
with the only possible decay having /1/2 ()7 + 12) polarization. (a) The scaling of the peak emission rate with the atom number for
different distances. The lines are power-law fits of data for all N such that the peak time occurs at ¢ > 0. (b) The power-law exponent.
(c) The time of the peak emission rate with the atom number for different distances.

is because the detector lies along the diagonal axis of the
square grid and emission in this direction is enhanced by a
geometric resonance at Ag/ V2.

It is known that disordered samples preferentially emit
along the axis of maximum optical depth [21,128]. This
holds true in 2D arrays, where emission is preferential in
the plane. However, it becomes more complicated due to
interference effects producing preference amongst the in-
plane directions. The effect can be seen by the absence
of superradiant bursts sent to a detector positioned signifi-
cantly out of the plane of the array [see Figs. 9(d) and 9(h)].
To measure superradiance in such a direction requires even
shorter interatomic distances than global superradiance.

APPENDIX E: SUPERRADIANT BURST
SCALINGS WITH THE ATOM NUMBER

In the main text, we find the scaling of the superradiant
burst with the atom number for a specific distance of 244
nm. Here, we consider different distances [see Fig. 10(a)].
We find that generically, as the distance increases, the
power-law exponent reduces. However, as shown in Fig.
10(b), the trend is not purely monotonic, featuring weak
oscillations. This is most likely due to finite-size effects.
As the interatomic distance approaches 0.5, the exponent
suddenly increases again, due to the geometric resonances
discussed in the main text. There seems to be a correlation
between the size of the burst for a given atom number and
the rate of growth as the atom number is increased.

The time of the peak is more complicated, as shown in
Fig. 10(c). One expects, from Dicke’s case of atoms at a
point, that the time of the peak should scale as log(N)/N,
reducing as the number of atoms increases and the peak
grows. This is because the peak occurs as the mean num-
ber of excited atoms is N /2, which is reached faster as the
number of atoms increases. This can be seen ford = 0.1,
where for N = 9 we see a monotonic decrease in the time
of the peak emission rate. However, for other distances

this is not the pattern, due to a competing factor: induced
dephasing. Dephasing causes the peak to occur above half
excitation. As the relative level of dephasing decreases, the
fraction of excited atoms at the peak emission rate tends
toward half. Since increasing the number of atoms makes
superradiance overcome dephasing, the time of the peak
can increase with the atom number. This is shown clearly
for d = 0.41 in Fig.10(c). However, eventually this effect
saturates and the time of the peak emission rate begins to
decrease again, as shown ford = 0.15A¢.

[1] R. H. Dicke, Coherence in spontaneous radiation pro-
cesses, Phys. Rev. 93, 99 (1954).

[2] M. Gross and S. Haroche, Superradiance: An essay on the
theory of collective spontaneous emission, Phys. Rep. 93,
301 (1982).

[3] M. G. Benedict, A. M. Ermolaev, V. A. Malyshev, L.
V. Sokolov, and E. D. Trifonov, Super-Radiance: Mul-
tiatomic Coherent Emission (CRC Press, Boca Raton, FL,
1996).

[4] J. M. Raimond, P. Goy, M. Gross, C. Fabre, and S.
Haroche, Collective absorption of blackbody radiation
by Rydberg atoms in a cavity: An experiment on Bose
statistics and Brownian motion, Phys. Rev. Lett. 49, 117
(1982).

[5] S. Slama, S. Bux, G. Krenz, C. Zimmermann, and P. W.
Courteille, Superradiant Rayleigh scattering and collec-
tive atomic recoil lasing in a ring cavity, Phys. Rev. Lett.
98, 053603 (2007).

[6] S. Inouye, A. P. Chikkatur, D. M. Stamper-Kurn, J.
Stenger, D. E. Pritchard, and W. Ketterle, Superradi-
ant Rayleigh scattering from a Bose-Einstein condensate,
Science 285, 571 (1999).

[7] D. Schneble, Y. Torii, M. Boyd, E. W. Streed, D. E.
Pritchard, and W. Ketterle, The onset of matter-wave
amplification in a superradiant Bose-Einstein condensate,
Science 300, 475 (2003).

[8] Y. Yoshikawa, Y. Torii, and T. Kuga, Superradiant light
scattering from thermal atomic vapors, Phys. Rev. Lett.

94, 083602 (2005).

010344-15


https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1016/0370-1573(82)90102-8
https://doi.org/10.1103/PhysRevLett.49.117
https://doi.org/10.1103/PhysRevLett.98.053603
https://doi.org/10.1126/science.285.5427.571
https://doi.org/10.1126/science.1083171
https://doi.org/10.1103/PhysRevLett.94.083602

MASSON, COVEY, WILL, and ASENJO-GARCIA

PRX QUANTUM 5, 010344 (2024)

[9] D. Meiser, J. Ye, D. R. Carlson, and M. J. Holland,
Prospects for a millihertz-linewidth laser, Phys. Rev. Lett.
102, 163601 (2009).

[10] J. G. Bohnet, Z. Chen, J. M. Weiner, D. Meiser, M. J.
Holland, and J. K. Thompson, A steady-state superradiant
laser with less than one intracavity photon, Nature 484, 78
(2012).

[11] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger,
Dicke quantum phase transition with a superfluid gas in an
optical cavity, Nature 464, 1301 (2010).

[12] Z. Zhang, C. H. Lee, R. Kumar, K. J. Arnold, S. J. Masson,
A. L. Grimsmo, A. S. Parkins, and M. D. Barrett, Dicke-
model simulation via cavity-assisted Raman transitions,
Phys. Rev. A 97, 043858 (2018).

[13] O. Hosten, N. J. Engelsen, R. Krishnakumar, and M. A.
Kasevich, Measurement noise 100 times lower than the
quantum-projection limit using entangled atoms, Nature
529, 505 (2016).

[14] K. C. Cox, G. P. Greve, J. M. Weiner, and J. K. Thomp-
son, Deterministic squeezed states with collective mea-
surements and feedback, Phys. Rev. Lett. 116, 093602
(2016).

[15] S. Colombo, E. Pedrozo-Penafiel, A. F. Adiyatullin, Z. Li,
E. Mendez, C. Shu, and V. Vuleti¢, Time-reversal-based
quantum metrology with many-body entangled states,
Nat. Phys. 18, 925 (2022).

[16] R. J. Bettles, S. A. Gardiner, and C. S. Adams, Enhanced
optical cross section via collective coupling of atomic
dipoles in a 2D array, Phys. Rev. Lett. 116, 103602 (2016).

[17] E. Shahmoon, D. S. Wild, M. D. Lukin, and S. F. Yelin,
Cooperative resonances in light scattering from two-
dimensional atomic arrays, Phys. Rev. Lett. 118, 113601
(2017).

[18] M. T. Manzoni, M. Moreno-Cardoner, A. Asenjo-Garcia,
J. V. Porto, A. V. Gorshkov, and D. E. Chang, Optimiza-
tion of photon storage fidelity in ordered atomic arrays,
New J. Phys. 20, 083048 (2018).

[19] J. Rui, D. Wei, A. Rubio-Abadal, S. Hollerith, J. Zeiher,
D. M. Stamper-Kurn, C. Gross, and 1. Bloch, A subradiant
optical mirror formed by a single structured atomic layer,
Nature 583, 369 (2020).

[20] K. Srakaew, P. Weckesser, S. Hollerith, D. Wei, D. Adler,
I. Bloch, and J. Zeiher, A subwavelength atomic array
switched by a single Rydberg atom, Nat. Phys. 19, 714
(2023).

[21] J. P. Clemens, L. Horvath, B. C. Sanders, and H. J.
Carmichael, Collective spontaneous emission from a line
of atoms, Phys. Rev. A 68, 023809 (2003).

[22] M. O. Scully, E. S. Fry, C. H. Raymond Ooi, and K. Waéd-
kiewicz, Directed spontaneous emission from an extended
ensemble of N atoms: Timing is everything, Phys. Rev.
Lett. 96, 010501 (2006).

[23] D. Bhatti, J. von Zanthier, and G. S. Agarwal, Super-
bunching and nonclassicality as new hallmarks of super-
radiance, Sci. Rep. 5, 17335 (2015).

[24] Q.-U.-A. Gulfam and Z. Ficek, Highly directional photon
superbunching from a few-atom chain of emitters, Phys.
Rev. A 98, 063824 (2018).

[25] L Liberal, I. Ederra, and R. W. Ziolkowski, Grating lobes
in higher-order correlation functions of arrays of quantum

emitters: Directional photon bunching versus correlated
directions, Photonics 6, 14 (2019).

[26] R. Holzinger, M. Moreno-Cardoner, and H. Ritsch,
Nanoscale continuous quantum light sources based on
driven dipole emitter arrays, Appl. Phys. Lett. 119,
024002 (2021).

[27]1 W. Guerin, M. O. Aratijo, and R. Kaiser, Subradiance in
a large cloud of cold atoms, Phys. Rev. Lett. 116, 083601
(2016).

[28] P. Solano, P. Barberis-Blostein, F. K. Fatemi, L. A.
Orozco, and S. L. Rolston, Super-radiance reveals infinite-
range dipole interactions through a nanofiber, Nat. Com-
mun. 8, 1857 (2017).

[29] M. Hebenstreit, B. Kraus, L. Ostermann, and H. Ritsch,
Subradiance via entanglement in atoms with several inde-
pendent decay channels, Phys. Rev. Lett. 118, 143602
(2017).

[30] S. J. Masson, I. Ferrier-Barbut, L. A. Orozco, A.
Browaeys, and A. Asenjo-Garcia, Many-body signatures
of collective decay in atomic chains, Phys. Rev. Lett. 125,
263601 (2020).

[31] A. Cipris, N. A. Moreira, T. S. do Espirito Santo, P. Weiss,
C. J. Villas-Boas, R. Kaiser, W. Guerin, and R. Bachelard,
Subradiance with saturated atoms: Population enhance-
ment of the long-lived states, Phys. Rev. Lett. 126, 103604
(2021).

[32] G. Ferioli, A. Glicenstein, L. Henriet, 1. Ferrier-Barbut,
and A. Browaeys, Storage and release of subradiant exci-
tations in a dense atomic cloud, Phys. Rev. X 11, 021031
(2021).

[33] A. Pineiro Orioli, J. K. Thompson, and A. M. Rey, Emer-
gent dark states from superradiant dynamics in multilevel
atoms in a cavity, Phys. Rev. X 12, 011054 (2022).

[34] A. C. Santos, A. Cidrim, C. J. Villas-Boas, R. Kaiser, and
R. Bachelard, Generating long-lived entangled states with
free-space collective spontaneous emission, Phys. Rev. A
105, 053715 (2022).

[35] O. Rubies-Bigorda, S. Ostermann, and S. F. Yelin,
Dynamic population of multiexcitation subradiant states
in incoherently excited atomic arrays, Phys. Rev. A 107,
L051701 (2023).

[36] N. Skribanowitz, I. P. Herman, J. C. MacGillivray, and M.
S. Feld, Observation of Dicke superradiance in optically
pumped HF gas, Phys. Rev. Lett. 30, 309 (1973).

[37] A. Flusberg, T. Mossberg, and S. Hartmann, Observation
of Dicke superradiance at 1.30 pum in atomic Tl vapor,
Phys. Lett. A 58,373 (1976).

[38] M. Gross, C. Fabre, P. Pillet, and S. Haroche, Observa-
tion of near-infrared Dicke superradiance on cascading
transitions in atomic sodium, Phys. Rev. Lett. 36, 1035
(1976).

[39] Q. H. F. Vrehen, H. M. J. Hikspoors, and H. M. Gibbs,
Quantum beats in superfluorescence in atomic cesium,
Phys. Rev. Lett. 38, 764 (1977).

[40] F. Gounand, M. Hugon, P. R. Fournier, and J. Berlande,
Superradiant cascading effects in rubidium Rydberg lev-
els, J. Phys. B 12, 547 (1979).

[41] F. Meinardi, M. Cerminara, A. Sassella, R. Bonifacio,
and R. Tubino, Superradiance in molecular H aggregates,
Phys. Rev. Lett. 91, 247401 (2003).

010344-16


https://doi.org/10.1103/PhysRevLett.102.163601
https://doi.org/10.1038/nature10920
https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRevA.97.043858
https://doi.org/10.1038/nature16176
https://doi.org/10.1103/PhysRevLett.116.093602
https://doi.org/10.1038/s41567-022-01653-5
https://doi.org/10.1103/PhysRevLett.116.103602
https://doi.org/10.1103/PhysRevLett.118.113601
https://doi.org/10.1088/1367-2630/aadb74
https://doi.org/10.1038/s41586-020-2463-x
https://doi.org/10.1038/s41567-023-01959-y
https://doi.org/10.1103/PhysRevA.68.023809
https://doi.org/10.1103/PhysRevLett.96.010501
https://doi.org/10.1038/srep17335
https://doi.org/10.1103/PhysRevA.98.063824
https://doi.org/10.3390/photonics6010014
https://doi.org/10.1063/5.0049270
https://doi.org/10.1103/PhysRevLett.116.083601
https://doi.org/10.1038/s41467-017-01994-3
https://doi.org/10.1103/PhysRevLett.118.143602
https://doi.org/10.1103/PhysRevLett.125.263601
https://doi.org/10.1103/PhysRevLett.126.103604
https://doi.org/10.1103/PhysRevX.11.021031
https://doi.org/10.1103/PhysRevX.12.011054
https://doi.org/10.1103/PhysRevA.105.053715
https://doi.org/10.1103/PhysRevA.107.L051701
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1016/0375-9601(76)90667-8
https://doi.org/10.1103/PhysRevLett.36.1035
https://doi.org/10.1103/PhysRevLett.38.764
https://doi.org/10.1088/0022-3700/12/4/006
https://doi.org/10.1103/PhysRevLett.91.247401

DICKE SUPERRADIANCE IN ORDERED ARRAYS. ..

PRX QUANTUM 5, 010344 (2024)

[42] M. Scheibner, T. Schmidt, L. Worschech, A. Forchel, G.
Bacher, T. Passow, and D. Hommel, Superradiance of
quantum dots, Nat. Phys. 3, 106 (2007).

[43] G. Raino, M. A. Becker, M. 1. Bodnarchuk, R. F. Mahrt,
M. V. Kovalenko, and T. Stéferle, Superfluorescence from
lead halide perovskite quantum dot superlattices, Nature
563, 671 (2018).

[44] G. Ferioli, A. Glicenstein, F. Robicheaux, R. T. Suther-
land, A. Browaeys, and 1. Ferrier-Barbut, Laser-driven
superradiant ensembles of two-level atoms near Dicke
regime, Phys. Rev. Lett. 127, 243602 (2021).

[45] W. S. Bakr, A. Peng, M. E. Tai, R. Ma, J. Simon, J. L.
Gillen, S. Félling, L. Pollet, and M. Greiner, Probing the
superfluid-to-Mott insulator transition at the single-atom
level, Science 329, 547 (2010).

[46] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau,
I. Bloch, and S. Kuhr, Single-atom-resolved fluorescence
imaging of an atomic Mott insulator, Nature 467, 68
(2010).

[47]1 H. Kim, W. Lee, H.-G. Lee, H. Jo, Y. Song, and J.
Ahn, In situ single-atom array synthesis using dynamic
holographic optical tweezers, Nat. Commun. 7, 13317
(2016).

[48] M. Endres, H. Bernien, A. Keesling, H. Levine, E. R.
Anschuetz, A. Krajenbrink, C. Senko, V. Vuletic, M.
Greiner, and M. D. Lukin, Atom-by-atom assembly of
defect-free one-dimensional cold atom arrays, Science
354, 1024 (2016).

[49] D. Barredo, S. de Léséleuc, V. Lienhard, T. Lahaye, and
A. Browaeys, An atom-by-atom assembler of defect-free
arbitrary two-dimensional atomic arrays, Science 354,
1021 (2016).

[50] A. Kumar, T.-Y. Wuy, F. Giraldo, and D. S. Weiss, Sorting
ultracold atoms in a three-dimensional optical lattice in a
realization of Maxwell’s demon, Nature 561, 83 (2018).

[51] S.J. Masson and A. Asenjo-Garcia, Universality of Dicke
superradiance in arrays of quantum emitters, Nat. Com-
mun. 13, 2285 (2022).

[52] E. Sierra, S. J. Masson, and A. Asenjo-Garcia, Dicke
superradiance in ordered lattices: Dimensionality matters,
Phys. Rev. Res. 4, 023207 (2022).

[53] F. Robicheaux, Theoretical study of early-time superradi-
ance for atom clouds and arrays, Phys. Rev. A 104, 063706
(2021).

[54] O. Rubies-Bigorda and S. F. Yelin, Superradiance and
subradiance in inverted atomic arrays, Phys. Rev. A 106,
053717 (2022).

[55] B. Olmos, D. Yu, Y. Singh, F. Schreck, K. Bongs, and 1.
Lesanovsky, Long-range interacting many-body systems
with alkaline-earth-metal atoms, Phys. Rev. Lett. 110,
143602 (2013).

[56] A. D. Ludlow, T. Zelevinsky, G. K. Campbell, S. Blatt,
M. M. Boyd, M. H. G. de Miranda, M. J. Martin, J. W.
Thomsen, S. M. Foreman, J. Ye, T. M. Fortier, J. E. Stal-
naker, S. A. Diddams, Y. Le Coq, Z. W. Barber, N. Poli,
N. D. Lemke, K. M. Beck, and C. W. Oates, Sr lattice
clockat 1 x 10~ fractional uncertainty by remote optical
evaluation with a Ca clock, Science 319, 1805 (2008).

[57] N. Hinkley, J. A. Sherman, N. B. Phillips, M. Schioppo, N.
D. Lemke, K. Beloy, M. Pizzocaro, C. W. Oates, and A. D.

Ludlow, An atomic clock with 10~!8 instability, Science
341, 1215 (2013).

[58] B.J. Bloom, T. L. Nicholson, J. R. Williams, S. L. Camp-
bell, M. Bishof, X. Zhang, W. Zhang, S. L. Bromley, and
J. Ye, An optical lattice clock with accuracy and stability
at the 10™'® level, Nature 506, 71 (2014).

[59] L. Ushijima, M. Takamoto, M. Das, T. Ohkubo, and H.
Katori, Cryogenic optical lattice clocks, Nat. Photonics 9,
185 (2015).

[60] N. Nemitz, T. Ohkubo, M. Takamoto, I. Ushijima, M.
Das, N. Ohmae, and H. Katori, Frequency ratio of Yb
and Sr clocks with 5 x 10~ uncertainty at 150 seconds
averaging time, Nat. Photonics 10, 258 (2016).

[61] M. Schioppo, R. C. Brown, W. F. McGrew, N. Hink-
ley, R. J. Fasano, K. Beloy, T. H. Yoon, G. Milani, D.
Nicolodi, J. A. Sherman, N. B. Phillips, C. W. Oates,
and A. D. Ludlow, Ultrastable optical clock with two
cold-atom ensembles, Nat. Photonics 11, 48 (2017).

[62] S. B. Koller, J. Grotti, S. Vogt, A. Al-Masoudi, S.
Dérscher, S. Hafner, U. Sterr, and C. Lisdat, Transportable
optical lattice clock with 7 x 1077 uncertainty, Phys.
Rev. Lett. 118, 073601 (2017).

[63] 1. S. Madjarov, A. Cooper, A. L. Shaw, J. P. Covey, V.
Schkolnik, T. H. Yoon, J. R. Williams, and M. Endres, An
atomic-array optical clock with single-atom readout, Phys.
Rev. X 9, 041052 (2019).

[64] A. W. Young, W. J. Eckner, W. R. Milner, D. Kedar,
M. A. Norcia, E. Oelker, N. Schine, J. Ye, and A. M.
Kaufman, Half-minute-scale atomic coherence and high
relative stability in a tweezer clock, Nature 588, 408
(2020).

[65] A. J. Daley, M. M. Boyd, J. Ye, and P. Zoller, Quantum
computing with alkaline-earth-metal atoms, Phys. Rev.
Lett. 101, 170504 (2008).

[66] A. V. Gorshkov, A. M. Rey, A. J. Daley, M. M. Boyd,
J. Ye, P. Zoller, and M. D. Lukin, Alkaline-earth-metal
atoms as few-qubit quantum registers, Phys. Rev. Lett.
102, 110503 (2009).

[67] N. Chen, L. Li, W. Huie, M. Zhao, 1. Vetter, C. H. Greene,
and J. P. Covey, Analyzing the Rydberg-based optical-
metastable-ground architecture for '7'Yb nuclear spins,
Phys. Rev. A 105, 052438 (2022).

[68] Y. Wu, S. Kolkowitz, S. Puri, and J. D. Thompson, Erasure
conversion for fault-tolerant quantum computing in alka-
line earth Rydberg atom arrays, Nat. Commun. 13, 4657
(2022).

[69] A. Cooper,J. P. Covey, L. S. Madjarov, S. G. Porsev, M. S.
Safronova, and M. Endres, Alkaline-earth atoms in optical
tweezers, Phys. Rev. X 8, 041055 (2018).

[70] M. A. Norcia, A. W. Young, and A. M. Kaufman,
Microscopic control and detection of ultracold stron-
tium in optical-tweezer arrays, Phys. Rev. X 8, 041054
(2018).

[71] K. Barmnes, et al., Assembly and coherent control of a
register of nuclear spin qubits, Nat. Commun. 13, 2779
(2022).

[72] S. Saskin, J. T. Wilson, B. Grinkemeyer, and J. D. Thomp-
son, Narrow-line cooling and imaging of ytterbium atoms
in an optical tweezer array, Phys. Rev. Lett. 122, 143002
(2019).

010344-17


https://doi.org/10.1038/nphys494
https://doi.org/10.1038/s41586-018-0683-0
https://doi.org/10.1103/PhysRevLett.127.243602
https://doi.org/10.1126/science.1192368
https://doi.org/10.1038/nature09378
https://doi.org/10.1038/ncomms13317
https://doi.org/10.1126/science.aah3752
https://doi.org/10.1126/science.aah3778
https://doi.org/10.1038/s41586-018-0458-7
https://doi.org/10.1038/s41467-022-29805-4
https://doi.org/10.1103/PhysRevResearch.4.023207
https://doi.org/10.1103/PhysRevA.104.063706
https://doi.org/10.1103/PhysRevA.106.053717
https://doi.org/10.1103/PhysRevLett.110.143602
https://doi.org/10.1126/science.1153341
https://doi.org/10.1126/science.1240420
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nphoton.2015.5
https://doi.org/10.1038/nphoton.2016.20
https://doi.org/10.1038/nphoton.2016.231
https://doi.org/10.1103/PhysRevLett.118.073601
https://doi.org/10.1103/PhysRevX.9.041052
https://doi.org/10.1038/s41586-020-3009-y
https://doi.org/10.1103/PhysRevLett.101.170504
https://doi.org/10.1103/PhysRevLett.102.110503
https://doi.org/10.1103/PhysRevA.105.052438
https://doi.org/10.1038/s41467-022-32094-6
https://doi.org/10.1103/PhysRevX.8.041055
https://doi.org/10.1103/PhysRevX.8.041054
https://doi.org/10.1038/s41467-022-29977-z
https://doi.org/10.1103/PhysRevLett.122.143002

MASSON, COVEY, WILL, and ASENJO-GARCIA

PRX QUANTUM 5, 010344 (2024)

[73] A. Jenkins, J. Lis, A. Senoo, W. McGrew, and A. Kauf-
man, Ytterbium nuclear-spin qubits in an optical tweezer
array, Phys. Rev. X 12, 021027 (2022).

[74] D. Okuno, Y. Nakamura, T. Kusano, Y. Takasu, N.
Takei, H. Konishi, and Y. Takahashi, High-resolution
spectroscopy and single-photon Rydberg excitation of
reconfigurable ytterbium atom tweezer arrays utilizing a
metastable state, J. Phys. Soc. Jpn. 91, 084301 (2022).

[75] S. Ma, A. P. Burgers, G. Liu, J. Wilson, B. Zhang, and J.
D. Thompson, Universal gate operations on nuclear spin
qubits in an optical tweezer array of 7' Yb atoms, Phys.
Rev. X 12, 021028 (2022).

[76] M. Miranda, R. Inoue, Y. Okuyama, A. Nakamoto, and
M. Kozuma, Site-resolved imaging of ytterbium atoms in
atwo-dimensional optical lattice, Phys. Rev. A 91, 063414
(2015).

[771 R. Yamamoto, J. Kobayashi, T. Kuno, K. Kato, and Y.
Takahashi, An ytterbium quantum gas microscope with
narrow-line laser cooling, Newl. Phys. 18, 023016 (2016).

[78] J. P. Covey, A. Sipahigil, S. Szoke, N. Sinclair, M. Endres,
and O. Painter, Telecom-band quantum optics with ytter-
bium atoms and silicon nanophotonics, Phys. Rev. Appl.
11, 034044 (2019).

[79] J. P. Covey, A. Sipahigil, and M. Saffman, Microwave-
to-optical conversion via four-wave mixing in a cold
ytterbium ensemble, Phys. Rev. A 100, 012307 (2019).

[80] W. Huie, S. G. Menon, H. Bernien, and J. P. Covey,
Multiplexed telecommunication-band quantum network-
ing with atom arrays in optical cavities, Phys. Rev. Res. 3,
043154 (2021).

[81] W. F. Meggers and J. L. Tech, The first spectrum of
ytterbium (Yb I), J. Res. Natl. Bur. Stand. 83, 13 (1978).

[82] S. G. Porsev, Y. G. Rakhlina, and M. G. Kozlov, Electric-
dipole amplitudes, lifetimes, and polarizabilities of the
low-lying levels of atomic ytterbium, Phys. Rev. A 60,
2781 (1999).

[83] P. G. Mickelson, Y. N. Martinez de Escobar, P. Anzel, B.
J. DeSalvo, S. B. Nagel, A. J. Traverso, M. Yan, and T. C.
Killian, Repumping and spectroscopy of laser-cooled Sr
atoms using the (5s5p)*P,-(5s4d)’D; transition, J. Phys.
B 42, 235001 (2009).

[84] J. E. Sansonetti and G. Nave, Wavelengths, transition
probabilities, and energy levels for the spectrum of neu-
tral strontium (Sr I), J. Phys. Chem. Ref. Data 39, 033103
(2010).

[85] S. Zhang, P. Ramchurn, M. Menchetti, Q. Ubaid, J. Jones,
K. Bongs, and Y. Singh, Novel repumping on *°Py — 3D,
for Sr magneto-optical trap and Landé g factor measure-
ment of °Dy, J. Phys. B 53, 235301 (2020).

[86] W. Bowden, R. Hobson, I. R. Hill, A. Vianello, M.
Schioppo, A. Silva, H. S. Margolis, P. E. G. Baird, and
P. Gill, A pyramid MOT with integrated optical cavities
as a cold atom platform for an optical lattice clock, Sci.
Rep. 9, 11704 (2019).

[87] D. P. Fahey and M. W. Noel, Excitation of Rydberg states
in rubidium with near infrared diode lasers, Opt. Express
19, 17002 (2011).

[88] P. J. Moran, R. M. Richards, C. A. Rice, and G. P. Per-
ram, Near infrared rubidium 62P; /212 = 625, /2 laser,
Opt. Commun. 374, 51 (2016).

[89] M. Uphoft, M. Brekenfeld, G. Rempe, and S. Ritter, An
integrated quantum repeater at telecom wavelength with
single atoms in optical fiber cavities, Appl. Phys. B 122,
46 (2016).

[90] S. G. Menon, K. Singh, J. Borregaard, and H. Bernien,
Nanophotonic quantum network node with neutral atoms
and an integrated telecom interface, New J. Phys. 22,
073033 (2020).

[91] G.-D. Lin and S. F. Yelin, Superradiance in spin-j parti-
cles: Effects of multiple levels, Phys. Rev. A 85, 033831
(2012).

[92] R. T. Sutherland and F. Robicheaux, Superradiance in
inverted multilevel atomic clouds, Phys. Rev. A 95,
033839 (2017).

[93] T. Gruner and D.-G. Welsch, Green-function approach
to the radiation-field quantization for homogeneous and
inhomogeneous Kramers-Kronig dielectrics, Phys. Rev. A
53, 1818 (1996).

[94] H. T. Dung, L. Kndll, and D.-G. Welsch, Resonant
dipole-dipole interaction in the presence of dispersing
and absorbing surroundings, Phys. Rev. A 66, 063810
(2002).

[95] A. Asenjo-Garcia, J. D. Hood, D. E. Chang, and H. J.
Kimble, Atom-light interactions in quasi-one-dimensional
nanostructures: A Green’s-function perspective, Phys.
Rev. A 95, 033818 (2017).

[96] H.J.Carmichael and K. Kim, A quantum trajectory unrav-
eling of the superradiance master equation, Opt. Commun.
179, 417 (2000).

[97] S. Krimer and H. Ritsch, Generalized mean-field
approach to simulate the dynamics of large open spin
ensembles with long range interactions, Eur. Phys. J. D
69, 282 (2015).

[98] F. Robicheaux and D. A. Suresh, Beyond lowest order
mean-field theory for light interacting with atom arrays,
Phys. Rev. A 104, 023702 (2021).

[99] O. Rubies-Bigorda, S. Ostermann, and S. F. Yelin, Char-
acterizing superradiant dynamics in atomic arrays via a
cumulant expansion approach, Phys. Rev. Res. 5, 013091
(2023).

[100] Y. Ma, R. Liu, L. Ji, L. Qiu, D. Su, Y. Zhao, N. Yao, W.
Fang, and S. Wu, Composite picosecond control of atomic
states through a nanofiber interface, Phys. Rev. Appl. 20,
024041 (2023).

[101] A. Asenjo-Garcia, H. J. Kimble, and D. E. Chang, Optical
waveguiding by atomic entanglement in multilevel atom
arrays, Proc. Natl. Acad. Sci. USA 116, 25503 (2019).

[102] G. Nienhuis and F. Schuller, Spontaneous emission and
light scattering by atomic lattice models, J. Phys. B 20, 23
(1987).

[103] R.J. Bettles, S. A. Gardiner, and C. S. Adams, Coopera-
tive eigenmodes and scattering in one-dimensional atomic
arrays, Phys. Rev. A 94, 043844 (2016).

[104] R. Asaoka, J. Gea-Banacloche, Y. Tokunaga, and K.
Koshino, Stimulated emission of superradiant atoms in
waveguide quantum electrodynamics, Phys. Rev. Appl.
18, 064006 (2022).

[105] W. Kersten, N. de Zordo, O. Diekmann, T. Reiter, M.
Zens, A. N. Kanagin, S. Rotter, J. Schmiedmayer, and
A. Angerer, Triggered superradiance and spin inversion

010344-18


https://doi.org/10.1103/PhysRevX.12.021027
https://doi.org/10.7566/JPSJ.91.084301
https://doi.org/10.1103/PhysRevX.12.021028
https://doi.org/10.1103/PhysRevA.91.063414
https://doi.org/10.1088/1367-2630/18/2/023016
https://doi.org/10.1103/PhysRevApplied.11.034044
https://doi.org/10.1103/PhysRevA.100.012307
https://doi.org/10.1103/PhysRevResearch.3.043154
https://doi.org/10.6028/jres.083.003
https://doi.org/10.1103/PhysRevA.60.2781
https://doi.org/10.1088/0953-4075/42/23/235001
https://doi.org/10.1063/1.3449176
https://doi.org/10.1088/1361-6455/abbe2c
https://doi.org/10.1038/s41598-019-48168-3
https://doi.org/10.1364/OE.19.017002
https://doi.org/10.1016/j.optcom.2016.03.090
https://doi.org/10.1007/s00340-015-6299-2
https://doi.org/10.1088/1367-2630/ab98d4
https://doi.org/10.1103/PhysRevA.85.033831
https://doi.org/10.1103/PhysRevA.95.033839
https://doi.org/10.1103/PhysRevA.53.1818
https://doi.org/10.1103/PhysRevA.66.063810
https://doi.org/10.1103/PhysRevA.95.033818
https://doi.org/10.1016/S0030-4018(99)00694-X
https://doi.org/10.1140/epjd/e2015-60266-5
https://doi.org/10.1103/PhysRevA.104.023702
https://doi.org/10.1103/PhysRevResearch.5.013091
https://doi.org/10.1103/PhysRevApplied.20.024041
https://doi.org/10.1073/pnas.1911467116
https://doi.org/10.1088/0022-3700/20/1/008
https://doi.org/10.1103/PhysRevA.94.043844
https://doi.org/10.1103/PhysRevApplied.18.064006

DICKE SUPERRADIANCE IN ORDERED ARRAYS. ..

PRX QUANTUM 5, 010344 (2024)

storage in a hybrid quantum system, Phys. Rev. Lett. 131,
043601 (2023).

[106] S. Kraft, F. Vogt, O. Appel, F. Riehle, and U. Sterr, Bose-
Einstein condensation of alkaline earth atoms: *°Ca, Phys.
Rev. Lett. 103, 130401 (2009).

[107] S. De, U. Dammalapati, K. Jungmann, and L. Willmann,
Magneto-optical trapping of barium, Phys. Rev. A 79,
041402 (2009).

[108] R. H. Parker, M. R. Dietrich, K. Bailey, J. P. Greene, R. J.
Holt, M. R. Kalita, W. Korsch, Z.-T. Lu, P. Mueller, T. P.
O’Connor, J. Singh, I. A. Sulai, and W. L. Trimble, Effi-
cient, tightly-confined trapping of 226Ra, Phys. Rev. C 86,
065503 (2012).

[109] A. P. Kulosa, D. Fim, K. H. Zipfel, S. Rithmann, S.
Sauer, N. Jha, K. Gibble, W. Ertmer, E. M. Rasel, M. S.
Safronova, U. . Safronova, and S. G. Porsev, Towards
a Mg lattice clock: Observation of the 'Sy—*P; transition
and determination of the magic wavelength, Phys. Rev.
Lett. 115, 240801 (2015).

[110] J. R. Guest, N. D. Scielzo, I. Ahmad, K. Bailey, J.
P. Greene, R. J. Holt, Z.-T. Lu, T. P. O’Connor, and
D. H. Potterveld, Laser trapping of 22Ra and 22Ra
with repumping by room-temperature blackbody radia-
tion, Phys. Rev. Lett. 98, 093001 (2007).

[111] M. Lu, N. Q. Burdick, S. H. Youn, and B. L. Lev, Strongly
dipolar Bose-Einstein condensate of dysprosium, Phys.
Rev. Lett. 107, 190401 (2011).

[112] K. Aikawa, A. Frisch, M. Mark, S. Baier, A. Rietzler, R.
Grimm, and F. Ferlaino, Bose-Einstein condensation of
erbium, Phys. Rev. Lett. 108, 210401 (2012).

[113] B. Hemmerling, G. K. Drayna, E. Chae, A. Ravi, and J.
M. Doyle, Buffer gas loaded magneto-optical traps for Yb,
Tm, Er and Ho, New J. Phys. 16, 063070 (2014).

[114] J. Miao, J. Hostetter, G. Stratis, and M. Saffman, Magneto-
optical trapping of holmium atoms, Phys. Rev. A 89,
041401 (2014).

[115] D. Bloch, B. Hofer, S. R. Cohen, A. Browaeys, and L.
Ferrier-Barbut, Trapping and imaging single dysprosium
atoms in optical tweezer arrays, Phys. Rev. Lett. 131,
203401 (2023).

[116] H. Labuhn, D. Barredo, S. Ravets, S. de Léséleuc,
T. Macri, T. Lahaye, and A. Browaeys, Tunable two-
dimensional arrays of single Rydberg atoms for realizing
quantum Ising models, Nature 534, 667 (2016).

[117] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A.
Omran, H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M.
Greiner, V. Vuleti¢, and M. D. Lukin, Probing many-body
dynamics on a 51-atom quantum simulator, Nature 551,
579 (2017).

[118] A. Browaeys and T. Lahaye, Many-body physics with
individually controlled Rydberg atoms, Nat. Phys. 16, 132
(2020).

[119] T. Wang, S. F. Yelin, R. Cété, E. E. Eyler, S. M. Farooqi,
P. L. Gould, M. Kostrun, D. Tong, and D. Vrinceanu,
Superradiance in ultracold Rydberg gases, Phys. Rev. A
75, 033802 (2007).

[120] E. A. Goldschmidt, T. Boulier, R. C. Brown, S. B. Koller,
J. T. Young, A. V. Gorshkov, S. L. Rolston, and J. V. Porto,
Anomalous broadening in driven dissipative Rydberg sys-

tems, Phys. Rev. Lett. 116, 113001 (2016).
[121] K. Beloy, J. A. Sherman, N. D. Lemke, N. Hinkley, C. W.

Qates, and A. D. Ludlow, Determination of the 5d6s >D;
state lifetime and blackbody-radiation clock shift in Yb,
Phys. Rev. A 86, 051404 (2012).

[122] T. L. Nicholson, S. L. Campbell, R. B. Hutson, G. E.
Marti, B. J. Bloom, R. L. McNally, W. Zhang, M. D. Bar-
rett, M. S. Safronova, G. F. Strouse, W. L. Tew, and J.
Ye, Systematic evaluation of an atomic clock at 2 x 1018
total uncertainty, Nat. Commun. 6, 6896 (2015).

[123] R. B. Hutson, W. R. Milner, L. Yan, J. Ye, and C. Sanner,
Observation of mHz-level cooperative Lamb shifts in an
optical atomic clock, Science 383, 384 (2024).

[124] O. Rubies-Bigorda, V. Walther, T. L. Patti, and S. F.
Yelin, Photon control and coherent interactions via lattice
dark states in atomic arrays, Phys. Rev. Res. 4, 013110
(2022).

[125] V. Paulisch, H. J. Kimble, and A. Gonzalez-Tudela, Uni-
versal quantum computation in waveguide QED using
decoherence free subspaces, New J. Phys. 18, 043041
(2016).

[126] L. Henriet, J. S. Douglas, D. E. Chang, and A. Albrecht,
Critical open-system dynamics in a one-dimensional
optical-lattice clock, Phys. Rev. A 99, 023802 (2019).

[127] H. J. Carmichael, An Open Systems Approach to Quan-
tum Optics, Vol. Lecture Notes in Physics (18. Springer-
Verlag, Berlin, 1993).

[128] V. Ernst and P. Stehle, Emission of radiation from a system
of many excited atoms, Phys. Rev. 176, 1456 (1968).

010344-19


https://doi.org/10.1103/PhysRevLett.131.043601
https://doi.org/10.1103/PhysRevLett.103.130401
https://doi.org/10.1103/PhysRevA.79.041402
https://doi.org/10.1103/PhysRevC.86.065503
https://doi.org/10.1103/PhysRevLett.115.240801
https://doi.org/10.1103/PhysRevLett.98.093001
https://doi.org/10.1103/PhysRevLett.107.190401
https://doi.org/10.1103/PhysRevLett.108.210401
https://doi.org/10.1088/1367-2630/16/6/063070
https://doi.org/10.1103/PhysRevA.89.041401
https://doi.org/10.1103/PhysRevLett.131.203401
https://doi.org/10.1038/nature18274
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1103/PhysRevA.75.033802
https://doi.org/10.1103/PhysRevLett.116.113001
https://doi.org/10.1103/PhysRevA.86.051404
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1126/science.adh4477
https://doi.org/10.1103/PhysRevResearch.4.013110
https://doi.org/10.1088/1367-2630/18/4/043041
https://doi.org/10.1103/PhysRevA.99.023802
https://doi.org/10.1103/PhysRev.176.1456

	I.. INTRODUCTION
	II.. TRANSITIONS OF ALKALINE-EARTH ATOMS
	III.. MULTILEVEL ATOMS AT A POINT
	A.. Multiple ground states:  systems
	B.. Cascaded decay: Ladder systems

	IV.. THEORETICAL METHODS FOR ORDERED EXTENDED ARRAYS
	A.. Spin model for multilevel atoms
	B.. Conditions for many-body superradiance
	1.. Two-level systems
	2.. General case in which not all light is collected
	3.. Decay to multiple ground states
	4.. Directional decay

	C.. Master-equation evolution by cumulant expansion

	V.. SUPERRADIANCE IN 2D ARRAYS OF ALKALINE-EARTH ATOMS
	A.. Many-body decay versus distance
	B.. Collective “closing” of the atomic transition
	C.. Scaling of the burst

	VI.. CONCLUSIONS
	. ACKNOWLEDGMENTS
	. APPENDIX A: DERIVATION OF DIRECTIONAL CONDITION FOR SUPERRADIANCE ON A PARTICULAR CHANNEL
	1.. MULTIPLE GROUND STATES
	2.. Directional decay

	. APPENDIX B: SECOND-ORDER CUMULANT EXPANSION FOR FOUR-LEVEL SYSTEMS
	. APPENDIX C: BENCHMARKING SECOND-ORDER CUMULANT EXPANSION
	. APPENDIX D: DIRECTIONAL DEPENDENCE OF EMISSION
	. APPENDIX E: SUPERRADIANT BURST SCALINGS WITH THE ATOM NUMBER
	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


