N
N

N

HAL

open science

Quantum statistics of light transmitted through an
intracavity Rydberg medium

Andrey Grankin, E. Brion, Erwan Bimbard, Rajiv Boddeda, Imam Usmani,

Alexei Ourjoumtsev, Philippe Grangier

» To cite this version:

Andrey Grankin, E. Brion, Erwan Bimbard, Rajiv Boddeda, Imam Usmani, et al.. Quantum statistics
of light transmitted through an intracavity Rydberg medium. New Journal of Physics, 2014, 16,
pp.043020. 10.1088/1367-2630/16,/4,/043020 .

hal-01011354

HAL Id: hal-01011354
https://hal-iogs.archives-ouvertes.fr/hal-01011354

Submitted on 23 Jun 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal-iogs.archives-ouvertes.fr/hal-01011354
https://hal.archives-ouvertes.fr

Quantum statistics of light transmitted through an intracavity

Rydberg medium

A. Grankin!, E. Brion?, E. Bimbard!, R. Boddeda!,
I. Usmani!, A. Ourjoumtsev!', P. Grangier!

! Laboratoire Charles Fabry, Institut d’Optique, CNRS,
Université Paris-Sud, 2 Avenue Fresnel, 91127 Palaiseau, France and
2 Laboratoire Aimé Cotton, CNRS / Univ. Paris-Sud / ENS-Cachan,

Bat. 505, Campus d’Orsay, 91405 Orsay, France.

Abstract

We theoretically investigate the quantum statistical properties of light transmitted through an
atomic medium with strong optical non-linearity induced by Rydberg-Rydberg van der Waals in-
teractions. In our setup, atoms are located in a cavity and non-resonantly driven on a two-photon
transition from their ground state to a Rydberg level via an intermediate state by the combina-
tion of the weak signal field and a strong control beam. To characterize the transmitted light we
compute the second-order correlation function g (7). The simulations we obtained on the specific
case of rubidium atoms suggest that the bunched or antibunched nature of the outgoing beam can

be chosen at will by appropriately tuning the physical parameters.



I. INTRODUCTION

In an optically non-linear atomic medium, dispersion and absorption of a classical light
beam depend on powers of its amplitude [1]. At the quantum level, dispersive optical non-
linearities translate into effective interactions between photons. The ability to achieve such
strong quantum optical non-linearities is of prominent importance in quantum communica-
tion and computation for it would allow to implement photonic conditional two-qubit gates.
The standard Kerr dispersive non linearities obtained in non-interacting atomic ensembles,
either in off-resonant two-level or resonant three-level configurations involving Electromag-
netically Induced Transparency (EIT), are too small to allow for quantum non-linear optical
manipulations. To further enhance such non-linearities, EIT protocols were put forward in
which the upper level of the ladder is a Rydberg level. In such schemes, the strong van
der Waals interactions between Rydberg atoms result in a cooperative Rybderg blockade
phenomenon [2-4], where each Rydberg atom prevents the excitation of its neighbors inside
a "blockade sphere". This Rydberg blockade deeply changes the EIT profile and leads to
magnified non-linear susceptibilities [5-8]. In particular, giant dispersive non-linear effects
were experimentally obtained in an off-resonant Rydberg-EIT scheme using cold rubidium
atoms placed in an optical cavity [9, 10]. In this paper, we theoretically investigate the quan-
tum statistical properties of the light generated in the latter protocol. Note that, contrary
to other theoretical works, e.g. [11, 12|, here, we are interested in the dispersive regime.
Moreover, since we place the atoms in a cavity rather than in free-space, the theoretical
framework and calculations we perform also differ from [11, 12]. In particular, a technical
benefit of our approach is that we are not restricted to considering only photon pairs but
could, in principle, investigate higher-order correlations.

We first write the dynamical equations for the system of interacting three-level atoms
coupled to the strong control field and the non-resonant cavity mode, fed by the probe
beam. We show that, under some assumptions, the system effectively behaves as a large
spin coupled to the cavity mode [13]. We then compute the steady-state second-order
correlation function to characterize the emission of photons out of the cavity. Our numerical
simulations suggest that the bunched or antibunched nature of the outgoing light as well
as its coherence time may be controlled through adjusting the detuning between the cavity

mode and probe field frequencies.



The paper is structured as follows. In Sec. II, we present our setup and the assumptions
we make to compute its dynamics. We also explain the analytical and numerical methods
we employ to calculate the second-order g(® correlation function of the outgoing light beam.
In Sec. III, we present and interpret the results of the simulations we obtained for ¢ (0)
and ¢® (7 > 0) on the specific experimental case considered in [9]. Finally, we conclude
in Sec. IV by evoking open questions and perspectives of our work. Appendices address

supplementary technical details which are omitted in the text for readability.

II. MODEL AND METHODS

The system we consider comprises N atoms which present a three-level ladder structure
with a ground |g), intermediate |e) and Rydberg states |r) (see Fig. II.1). The energy of
the atomic level |k = g, e,r) is denoted by hwy, (by convention w, = 0) and the dipole decay
rates from the intermediate and Rydberg states are denoted by 7. and ~,, respectively.
The transitions |g) <> |e) and |e) <+ |r) are respectively driven by a weak probe field of
frequency w, and a strong control field of frequency w.;. To limit absorption, both fields are
off-resonant, the respective detunings are given by A, = (w, — w,) and A, = (w, + wef — wy).
Moreover, to enhance dispersive effects while keeping a high input-output coupling efficiency,
the atoms are placed in an optical low-finesse cavity. The transition |g) <> |e) is supposed
in the neighbourhood of a cavity resonance. The frequency and annihilation operator of the
corresponding mode are denoted by w,. and a, respectively ; the detuning of this mode with
the probe laser is defined by A. = (w, — w.) and « denotes the feeding rate of the cavity mode
with the probe field, which is supposed real for simplicity. Finally, we introduce g and )¢
which are the single-atom coupling constant of the transition |g) <> |e) with the cavity mode
and the Rabi frequency of the control field on the transition |e) <> |r), respectively. In the
following paragraphs, we study the dynamics of the system which, under some assumptions,
is equivalent to a damped harmonic oscillator, i.e. the cavity mode, coupled to an assembly

of spins 1, i.e. the Rydberg bubbles corresponding to the "super-atoms" delimited by the

27
Rydberg blockade spheres.
Starting from the full Hamiltonian, we perform the Rotating Wave Approximation and
adiabatically eliminate the intermediate state |e) as described in Appendix A. Note that

the result we obtain coincides with the lowest-order of EIT model — the non-linearity of the



a) Cavity mode !

Weak probe ' c_ __ ' Output
laser w, (20.) .;_:_o_:—. ; signal
——_/—— ..o..:.:. —/——-———x‘-—{ij

e i
Strong control f :
laser o, p N-atom cloud |j|

—_—
by I a2

ch O

le)
-y Ae ®,

A,

£ @ Ve

®c

Figure I1.1: a) The setup consists of N cold atoms placed in an optical cavity which is fed by
a weak (classical) laser beam of frequency w, and a strong control laser field of frequency wcy.
b) The atoms present a three-level ladder structure {|g),|e),|r)}. The transitions |g) <> |e) and
le) <> |r) are non-resonantly driven by the injected probe and control laser fields, respectively, with
the respective coupling strength and Rabi frequency ¢ and €.; (see the text for the definitions of

the different detunings represented here).

three-level atoms is neglected, and the leading non-linear effect comes from the Rydberg-
Rydberg collisional effects. The system therefore consists of N effective two-level atoms
{lg) ,|r)}, with an effective power-broadened dipole decay rate from the Rydberg level
02
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coupled to the cavity mode of effective decay rate
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increased by the coupling to the atomic ensemble. The Hamiltonian reads

N N
H = —hA, <Z a}Jﬁ) + D ho ol
n=1

m<n=1
N
—hA.d'a + ha (a + aT) + hgesr {a (Z crf,?) + h.c.}
n=1
In this expression, we introduced the atomic operators 01(97) =IV®.. eIV k(e
I @ ... @I for (k,1) = g,e,r as well as the effective detunings

N szAe
=N, - —F
I Y VAV )
and
2
A gNAe
A=A, —
AZ+72

respectively shifted from A, and A. by the AC Stark shift of the control beam and by
the linear atomic susceptibility. The quantity rp, = Cg/ ||F — 7| is the van der Waals
interaction between atoms (m,n) in their Rydberg level — when atoms are in the ground or

intermediate states, their interactions are neglected, while

gor = 2t
eff 2Ae

is the effective coupling strength of the two-photon transition |g) — |r) driven by the cavity
mode and the control laser.

At this point, following [13], we introduce the Rydberg bubble approximation. In this
approach, the strong Rydberg interactions are assumed to effectively split the sample into
N, bubbles {B,—1.. ., } each of which contains n, = (%) atoms but can only accomodate
a single Rydberg excitation, delocalized over the bubble. Note that the number of atoms

per bubble n, is approximately given by [9]

N — 27“-2pat |Cﬁ‘
b 3 A, — Q2 /(4A,)

where p,; is the atomic density. Each bubble can therefore be viewed as an effective spin %

whose Hilbert space is spanned by

|—a) = |Ga) = ® |Gi)

ia€Ba

o) = |Ra) = %n_b{|rg...g>+...+|g...gr>}



the ground state of the bubble B, and its symmetric singly Rydberg excited state, respec-
tively. Introducing the bubble Spin—% operators s = p |—a) (+a| — the operator s cor-
responds to the lowering operator of the spin and the annihilation of a Rydberg excitation,

one can write the Hamiltonian under the approximate form (see Appendix A)

H ~ —hﬁcaTa + ha (a + aT)

X M Jz
s (2 45)

+geiry/my (a4 +alJ_)

where we introduced the collective angular momentum J_ = ngil st

The system is
therefore equivalent to a large spin, i.e. the assembly of spin—% Rydberg bubbles, coupled to

a harmonic oscillator. Its density matrix satisfies the master equation

05 = Lp (IL1)
171~
:—H~:| ~C2~T_T~_~T
ih[ Pl + e {2apa’ — a'ap — pa’a}
43 3 {3 — 55— )
a=1

One can also write the Heisenberg-Langevin equations for the time-dependent operators

a(t),J_(t)

) J_
da — (iAc _ %) @ —ia + igury/i T + in (I11.2)
8J = <iAr - %) I+ ihges/NNya + Jin (IL3)

where a;,, J in =, nNzl ﬁ’g(f ) are the Langevin forces associated to a and J_, respectively. Note
that we neglected the effect of extra dephasing due to, e.g., collisions or laser fluctuations.

To study the quantum properties of the light transmitted through the cavity, we shall
2

compute the function g,

which characterizes the two-photon correlations. In the input-
output formalism [14], one shows that this function simply equals the function ¢ for the

intra-cavity field (see Appendix B for details) given by

Tr {atael [a ssaT
§® () = 24 [apecl]} (11.4)
Tr [ataps]

where p,s denotes the steady state of the system defined by Lpss = 0, see Eq. (I1.1).
In the regime of small feeding parameter «, one can compute p;s numerically by

propagating in time the initial state py = |N, =0) (N, =0| ® |n. =0) (n. = 0| (here
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IN, =0,1,...,N,) represents the symmetric state in which N, = (% + Jf) bubbles are
excited, and |n. = 0,1, ...) are the Fock states of the cavity mode). To this end, one applies

£t in a truncated basis, restricted to states of low num-

the Liouvillian evolution operator e
bers of excitations (typically with n. + N, < 6). The steady state is reached in the limit
of large times — ideally when ¢ — oco. The denominator of the ratio Eq.(I1.4) is directly
obtained from p,,. To compute its numerator, one first propagates in time aps.al from ¢ = 0
to 7, using the same procedure as above, then applies the operator a'a and takes the trace.

In the regime of weak feeding, it is also possible to get a perturbative expression for
g? (0) by computing the expansion of <aTaTaa>ss and <aTa>88 in powers of a. To this end,
one uses the Heisenberg equations of the system Egs.(I1.2,11.3) to derive the hierarchy of
equations relating the different mean values and correlations (...), up to the fourth order in
a. After straightforward though lengthy algebra, one gets an expression for ¢ (0) which is
too cumbersome to be reproduced here but allows for faster calculations than the numerical
approach. Such a fully analytical treatment, however, cannot, to our knowledge, be extended
to g@ (7 > 0); for 7 > 0 we therefore entirely rely on numerical simulations.

To conclude this section, we consider the regime of large number of bubbles and low

number of excitations, i.e. Ny > 1 and ‘% < N,. As shown in Appendix A, the operator

b= h\i—M is then approximately bosonic, and the term (% + Jf) can be put under the form
(J\_fb N J_) I (JLJ_)?
2 h 2Ny +1)  rA(N, +1)°
Ny Ng

Q

2 pih4+ —t _pihhTh
Nt D) TN 1P

1
bib+ —b'bi v
+ N,

Q

Finally, we get the following approximate expression for the effective Hamiltonian
. - < hi
H ~ ~hA.ala+ o (a+a') = hABS — 6108+ hgee VAV (abf +ad)

where & = 2A, /N. In this regime, the system therefore behaves as two coupled oscillators:
one is harmonic, the cavity field, the other is anharmonic, the Rydberg bubble field.

In the following section, we present and discuss the results we obtained with the specific
system used in [9]. It appears that one can choose the bunched or antibunched behaviour of
the light transmitted through the cavity by adjusting the detuning A.. We also show that

the time behaviour of the function g® (7) depends on the regime considered, and can be
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roughly understood as resulting from the damped exchange of a single excitation between

atoms and field.

III. NUMERICAL RESULTS AND DISCUSSION

We consider the physical setup presented in [9], i.e. an ensemble of 8"Rb atoms, whose
state space is restricted to the levels |g) = ‘55%;F = 2>, le) = ‘Sp%;F = 3> and |r) =
}95d%; F= 4> with the decay rates 7. = 27 x 3 MHz, and v, = 27 x 0.03 MHz. The other
physical parameters must be designed so that strong non-linearities may be observed at the
single-photon level. In the specific system considered here, we find this is achieved for a
cavity decay rate 7. = 2m x 1 MHz, a volume of the sample V = 407 x 15 x 15um?, a
sample density ny, = 0.4um™>, a control laser Rabi frequency .; = 10, a cooperativity
C = 1000, a detuning of the intermediate level A, = —35,, a detuning of the Rydberg level
A, = 0.4~,, a cavity feeding rate @ = 0.017,. For these parameters, the cavity detuning
A = —6.17, corresponds to the maximal average number of photons in the cavity. Note
that these physical parameters are experimentally realistic and feasible.

Let us first focus on the second-order correlation function at zero time g® (0), represented
on Fig. III.1 a) as a function of the reduced detuning 6 = (Ac — A((;O)) /%e. The numerical
and theoretical curves are in such a good agreement for the regime considered that the
corresponding curves cannot be distinguished. One notes a strong bunching peak (B) 0p =
—4.9 and a deep antibunching area centered on (A) 4 = 0. This suggests that around (A),
photons are preferably emitted one by one, while around (B) they are preferably emitted
by pairs. Note, however, that, as a ratio, g® (0) gives only information on the relative
importance of pair and single-photon emissions. Its peaks therefore do not correspond
to maxima of photon pair emission, but to the best compromises between <aTaTaa>ss and
<aTa>§s, as can be checked by comparison of Fig. II1.1 a) and b). Hence, pair emission might
dominate in a regime where the number of photons coming out from the cavity is actually
very small.

We now investigate the behaviour of ¢ (7 > 0) for two different values of the detuning,
i.e. 0 = —4.9 and 04 = 0 which respectively correspond to the peak (B) and minimum
(A) of ¢ (0). The numerical simulations we obtained are given in Fig. II1.2. The plot

relative to (B) exhibits damped oscillations, alternatively showing a bunched (¢® (1) > 1)



or antibunched (¢g® (7) < 1) behaviour. The plot corresponding to (A) always remains on
the antibunched side, though asymptotically tending to 1.

The features observed can be understood and satisfactorily accounted for by a simple
three-level model. Indeed, due to the weakness of «a, the system, in its steady state, is
expected to contain at most two excitations (either photonic or atomic). After a pho-
ton detection at ¢ = 0, it contains at most one excitation which can be exchanged be-
tween the cavity field and atoms, as it has been known for long [15, 16]. In other
words, the operator apsal can be expanded in the space restricted to the three states
{|00) = [N, =0,n.=0),]|01) = |N, =0,n. = 1),|10) = |N, = 1,n. = 0)} and the effective

non-Hermitian Hamiltonian for the system, in this subspace, takes the following form:

0 o 0
H3 =h « _Ac - 15/0 geﬁ\/N
0 gVN —=A, —i7,

The oscillatory dynamical behaviour observed for ¢®(¢) in the specific cases (A,B) is cor-
rectly recovered by this Hamiltonian, which validates the schematic model we used and
suggests it comprises the main physical processes at work.

To conclude this section, it is worth mentioning that the two-boson approximation,
though strictly speaking not applicable here — the parameters considered in this section in-
deed correspond to a number of bubbles A, ~ 2, yields, however, the qualitative behaviour
for g (0). The minimum is correctly located, though slightly higher than in the spin model;
the antibunching peak is slightly shifted towards positive detunings and is weaker than in
the previous treatment. These discrepancies result from too low a value of the non-linearity
parameter % ; they can be corrected through replacing & = 2A /N, by & = 2A/ (N, — 1)
in the two-boson Hamiltonian. We first note that £ and &’ coincide in the regime of large
number of bubbles. Moreover, &' makes sense in the regime of low number of bubbles: in
particular, when Aj, — 1, i.e. when only one bubble is available, the non-linearity, pro-
portional to &', diverges accordingly, therefore forbidding the boson field to contain more
than one excitation. Finally, let us mention that &’ can also be recovered via a perturbative

treatment of the full model which will be presented in a future paper.



IV. CONCLUSION

In this work, we studied how the strong Rydberg-Rydberg van der Waals interactions in
an atomic medium may affect the quantum statistical properties of an incoming light beam.
In our model, atoms are located in a low finesse cavity and subject to a weak signal beam and
a strong control field. These two fields non-resonantly drive the transition from the ground
to a Rydberg level. The system was shown to effectively behave as a large spin coupled to
a damped harmonic oscillator, i.e. the assembly of Rydberg bubbles and the cavity mode,
respectively. The strong anharmonicity of the atomic spin affects the quantum statistics of
the outgoing light beam. To demonstrate this effect, we performed analytical and numerical
calculations of the second-order correlation function g® (7 > 0). The results we obtained
on a specific physical example with rubidium atoms show indeed that the transmitted light
presents either bunched or antibunched characters, depending on the detuning between the
cavity mode and the probe field. This suggests that, in such a setup, one could design light
of arbitrary quantum statistics through appropriately adjusting the physical parameters.

In this work, we performed the Rydberg bubble approximation, which allowed us to de-
rive a tractable effective Hamiltonian. This scheme is, however, questionable: interactions
between bubbles are indeed neglected, and the different spatial arrangements of the bub-
bles in the sample are not considered. Though challenging, it would be interesting to run
full simulations of the system, rejecting those states which are too far off-resonant due to
Rydberg-Rydberg interactions. Besides validating the assumption of the present work, this
would indeed enable us to consider other regimes, such as, for instance, the case of resonant
transition towards the Rydberg level. We also implicitly made the assumption that the
cavity mode and control beam were homogeneous. Spatial variations should be included in
the model and their potential influence studied in a future work. Finally, due to the very
weak probe field regime considered in this paper, we only presented results on the function
g? (7): the production of n = 3,4, ... correlated photons is indeed very unlikely. In princi-
ple, we can, however, numerically compute g™ (7) for any n > 2, which might be relevant

in a future work, if addressing stronger probe fields.
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Appendix A: Derivation of the effective Hamiltonian
1. Rotating Wave Approximation

The full Hamiltonian of the system can be written under the form
H = Ha + Hc + ‘/;L*C
N N
H, = hwe Y o)+ hw, » ol
n=1 1

+hQ.f cos (west) Z ") + a("
n=1

N
+ Z h’{mn@(f?) 07(;})

= 3
\

m<n=1
H, = h|w.a'a+ 2acos (wpt) (a+ al)]
N
Viie = Z hg (a + CLT) (aéz) + aéz))
n=1

where a((l%) =IV®..I"Ve|a) (Bl .. . @IWN) hw, is the energy of the atomic

denotes the van der

level |a) for a = e, r (with the convention w, = 0), and &, =

[[7m rnll
Waals interaction between atoms in the Rydberg level — when atoms are in the ground or

intermediate states, their interactions are neglected.

We switch to the rotating frame defined by [|¢) — ’15> = exp (—%Hj) where

Hy = hwya'a + hw, Zcree + B (wp + wep) o™
n=1

and perform the Rotating Wave Approximation to get the new Hamiltonian H = H, + H.+

11



V.—c, where

N N
H, = —hA. Z o — A, Z ol
hQCf Z re _'_ O' Z h”‘imnarr rr

m<n=1

H, = —hA.a a+h0z(a+a)

N
Vice = ) hg (acly +dlofy))

n=1
with the detunings A, = (w, — we), Ae = (wp — we), and A, = (W, + wWep — wy).

The corresponding Heisenberg-Langevin equations are:

N

d A

50 = (1A, —%)a—ia—igZUé’e) + a, (A.1)
d o _ 0 _ ks i @) _ ) L gl
prid (1Ae — 7e) Oge — 15 O + iga ( gg) + Fye (A.2)
d Qur . .
%o—gg) = (1A, — 7)o —i 2f o' +igact) (A.3)

1O-QT Z Kijo 7"7" _'_ F(Z
J#i

aaér) = {1 (AT - Ae) - 767"} Uér) + 17f (0-7(’7’) - O-ée)) (A4>

+iga' cr — 10(’ Z/{Z (3) +F
J#i

where a;, and FY N denote Langevin forces.

2. Elimination of the intermediate state

Let us now simplify the system. First, one deduces from Eq.(A.4) that o, is of second

(2)

order in the small feeding constant . The term aoe,’ can therefore be neglected in Eq.(A.3).

Moreover, since the ground state population remains dominant during the evolution of the

system we can write ol — a_((,z) ~ —I ; from Eq.(A.2), the steady-state solution for af,? in

the far detuned regime is therefore

) 9] . 1 )
() cf (i) 9 F@
%9 = A+ T et T B i)

12



Finally, substituting this relation into Eqgs.(A.1,A.3) one gets

d ~ .

—a = (iAc - %) a— i+ iges <Z a§§?> + g (A.5)
ia(i) = (iA ) ol +igega — 1a(l Z K ) (A.6)
dt gr - T gr geﬁ Z_] rr .

J#
where
2
- g N
A= A— AT
(A2 +192)
Y et g*N
fYC - fVc 76(A2+/72)
A=A —A—T
4(AZ+2)
;Vr = Yr T+ Ve

4(AZ+12)
9%y 98y
geﬁ — N ~
2 (Ae +1i7e) 2\,

are the parameters for the effective two-level model and a;,, ﬁ’g(f;) are the modified Langevin

noise operators

i, = (Iin—f-(Aegﬁ;F(l Na2n+_z

. Qs Y
FO F(Z) 7}7(2) ~ F(l) cf F(Z)
” e ) A,

Note that, in the absence of collisional terms, one simply recovers the standard three-level

EIT susceptibility in the far-detuned regime

d N
_a: iAc_’Yc_ 2g a—1a + G,
4(’Yr—iAr) €

Finally, we get the effective Hamiltonian

N
= —hA, (Z lopth ) + Z ﬁ/imna,(,:,”)a,(,’;)

m<n=1

N
—hA.ata + ha (a + aT) + hgesr {a (Z af,?) + h.c.}

n=1

13



3. Rybderg bubble approximation

As described in the main text, we introduce the Rydberg bubble approximation. In this
approach, the strong Rydberg interactions are assumed to effectively split the sample into
N, bubbles {B,—1.. ., } each of which contains n, = (%) atoms but can only accomodate
a single Rydberg excitation, delocalized over the bubble. Note that the number of atoms
per bubble n, is approximately given by [9]

N — 27“-2pat |Cﬁ‘
’ 3\ A Q2 /(4A.)

where p,; is the atomic density. Each bubble can therefore be viewed as an effective spin %

whose Hilbert space is spanned by

|—a) = |Ga) = ® |Gi)

ia€Ba

1
o) =|Ry) = —{lrg...9)+...+1|g...97
[+a) = [Ra) N {l ) | )}
the ground state of the bubble B, and its symmetric singly Rydberg excited state, respec-
tively. Introducing the bubble Pauli operators s = n |—a) (+a| — the operator s corre-

sponds to the lowering operator of the spin and the annihilation of a Rydberg excitation,

one can write

S = 33 el

a=1 i,€B,

i(a)<

a=1

Q

E O'ZO‘

Za GBQ

Ny S&a)

14



where we introduced the collective angular momentum J_ = Za 1 s, In the same way,

N Ny
(n) _— (ia)
2on =2 2 o

a=1 Z’a GBQ

Ny
~ ) |+a) (+al <

Mo 1 sga)

>(5%)

~(3+5%)
2 h

where we used |+,) (+4] = <% + %) Finally, the Hamiltonian of the system takes the

> ot

10 €Ba

Q

approximate form

H ~ —hﬁcaTa + ha (a + aT)

./\fb J,
KA, ( . h)
+geﬂr\/J\7b (aJ+ + aTJ_)

which represents the interaction of the large spin J_ with the cavity mode a.

4. Regime of large number of bubbles and low number of excitations

=,

From the well-known relation J, J_ = J? — J? + hJ, we deduce the second-order operator

2
J2 — R, —hﬂ\zfl’(/\/b; )+J+J:0

In the regime of large number of bubbles A, > 1 and for low excitation numbers, i.e. eigen-

equation

states of the total angular momentum }j = N” im = % + k:> with & < N, the solution of

this equation is approximately given by

Ny I (JJ2)
J, Al ——
{ 2 +7“‘L2(Nb+1)+7ﬂz4(/\/b+1)3

whence, at the lowest order in the excitation number,

N JZ) JiJ_ (JLJ_)?

— 4+ 2| = A.

<2 " hQ(M+1)+h4(Nb+1)3 (A7)
[J., )] =~ —R*N; (A.8)
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Injecting Eq.(A.7) into the previous form of the Hamiltonian we get

H ~ —hAcaTa + ha (a + aT)
. J.J (J,J)°
—hA, +
(WMH)MM+W

+hge VN (

)

Moreover, from Eq.(A.8) we deduce that the operator b = h\iNzI is approximately bosonic

and therefore, the Hamiltonian can finally be put under the form

) ) hi
H ~ —hA.ata+ ho (a -+ a") = hAbb — Z-b1bbb + hgar VIV (abf +ah)

where k = QAT/./\fb.

(2)

out

Appendix B: Calculation of g

By definition, the second-order correlation function for the outgoing field is

< abur (1) aby (£2) Gout (t2) Gour (t1)>
(ahue (#2) Qout (£2)) (b (0) tout (1))

Gour(t1,12) =
Using the relations [14]
(b (1) o (1)) = 27 (a" (1) a ()
Qout (1) = /2700 (1) = ain (1)

and keeping only non-zero terms (all terms like <ajn> and (....a;,) equal zero), one obtains

in the numerator four non-zero terms

{a'(t1)a (tz)am(b)a(h»
(al(tr)al (t2)a(t2)a(tr))
(al (t)al, awww

(at(0)al, () nt2)alt) )

Let us consider the first term. Using the standard commutation relations between a and

a;, operators we have:
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(a¥(tr)a’(t)ain(t2)a(tr)) = (a'(tr)a’(t2)a(tr)ain(t2))
+ (al (tr)a¥(t) [am (ta), a(’fl)D
= /2790(t1 — t2) {al (t1)al(t2) [a(ta), a(t1)])

Here we used the relation

[X (tl , Qin t2 \/2’)/69 tl — t2 X (I]
where X is any system operator [14] and where 6 (7) is the Heaviside step-function (with

0(0)=1).

Evaluating the other terms in the same way one finally obtains

o {af (tn) a' (tyr) a (tar) a(t))
Jout (t1,2) = <aT<t1) (t1)) (af (t2) a(t))

where t,, = min (t1,t2) and ¢y, = max (1, ta).
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Figure II1.1: a) Second-order correlation function at zero time ¢(® (0) (numerical and analytical
plots coincide), as a function of the reduced detuning 6 = <Ac — A£0)> /7e- In the neighbourhood
of the minimum (A) 4 = 0, a strong antibunching region is observed (see inset); a strong bunching
area is obtained around the peak (B) 6 = —4.9. b) Average number of pairs <aTaTaa>SS =
(n(n —1)),, (thin line) and square of the average number of photons <aTa>§s — (n)2, in the steady

state (thick line). The position of the peak of the correlation function ¢ (0) is signaled by a

vertical line.
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Figure I11.2: Temporal behaviour of ¢(?) (1) for a) 5 = —4.9 and b) 64 = 0 . Note that we chose

a dimensionless “time”-variable 7 X 7, on the z-axis.
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