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Recent experimental advances in Positronium (Ps) physics have made it possible to produce dense
Ps ensembles in which Ps-Ps interactions may occur, leading to the production of Ps2 molecules and
paving the way to the realization of a Ps Bose-Einstein Condensate (BEC). In order to achieve this
latter goal it would be advantageous to develop new methods to measure Ps densities in real-time.
Here we describe a possible approach to do this using polaritonic methods: using realistic experi-
mental parameters we demonstrate that a dense Ps gas can be strongly coupled to the photonic field
of a distributed Bragg reflector microcavity. In this strongly coupled regime, the optical spectrum
of the system is composed of two hybrid positronium-polariton resonances separated by the vacuum
Rabi splitting, which is proportional to the square root of the Ps density. Given that polaritons
can be created on a sub-cycle timescale, a spectroscopic measurement of the vacuum Rabi splitting
could be used as an ultra-fast Ps density measurement in regimes relevant to Ps BEC formation.
Moreover, we show how positronium-polaritons could potentially enter the ultrastrong light-matter
coupling regime, introducing a novel platform to explore its non-perturbative phenomenology.

I. INTRODUCTION

Positronium (Ps), the electron-positron bound state, is
a meta-stable two-body atomic system that has a lifetime
against self-annihilation of 142 (0.125) ns in the triplet
(singlet) ground state [1]. Since Ps is composed only of
leptons it is almost fully described by bound-state quan-
tum electrodynamics (QED) [2], and can therefore be
used to test QED theory via precision measurements of
Ps energy levels or decay rates [3].

The existence of Ps atoms was first suggested by
Mohorovičić in 1934 [4], with subsequent, independent,
predictions by Pirenne [5], Ruark [6] and Wheeler [7].
Wheeler also considered what he called polyelectrons,
which are systems containing more than one electron
and/or positron, the simplest case being the Ps atom.
He showed that three-body Ps ions, comprising two elec-
trons and one positron (or two positrons and one elec-
tron), would also form meta-stable bound states. Al-
though Wheeler was unable to determine if four-body Ps2

molecules would be stable, this was subsequently shown
to be the case by Hylleraas and Ore [8].

Ps atoms were first produced experimentally in 1951
by Deutsch using a gas cell apparatus [9]. The develop-
ment of slow positron beams [10] in the 1970’s allowed for
more controlled Ps production using solid surfaces [11],
and later also the production of the negative Ps ion [12]
and Ps2 molecules [13]. In addition to creating polyelec-
trons, a long term goal of Ps physics has been the for-
mation of an ensemble of Ps atoms that are cold/dense
enough to create a Bose-Einstein Condensate (BEC) [14].
The primary motivation for producing a Ps BEC is that
such a system may exhibit the phenomenon of stimu-
lated annihilation [15, 16], allowing for the creation of a
gamma-ray laser, but the properties of a Ps BEC are also
of interest from a theoretical perspective (e.g., [17–20]).
The low mass of Ps means that the transition tempera-
ture (that is, the temperature at which a dense ensemble

will undergo a phase transition to form a condensate)
is considerably higher than it is for all other atoms; for
example room temperature Ps condensates could form
at densities on the order of 1020 cm−3 [21]. Since Ps
can be cooled via collisions to ambient cryogenic tem-
peratures in microcavities [22] this density requirement
may be reduced to the 1019 cm−3 level for experimentally
accessible temperatures. The specifics of various Ps pro-
duction methods may also allow for significant density
enhancements (e.g., [23, 24]).

It is evident that any practical scheme designed to pro-
duce a Ps BEC requires a high density positron beam,
and an efficient means to generate a correspondingly high
Ps density. Recent advances in positron trapping and
control methods [25] have made it possible to produce
Ps in porous silica films at densities that allow for Ps-Ps
interactions to occur [26], resulting in the formation of a
spin polarized Ps gas with an average density on the or-
der of 1016 cm−3 [27], with higher Ps densities expected
in the future [28].

The optimization of any experimental schemes to gen-
erate a Ps BEC would benefit from direct measurements
of the Ps temperature and density. However, these are
not trivial measurements: Ps temperatures can be di-
rectly measured using the angular correlation of annihi-
lation radiation [29], but this requires the atoms to be
magnetically quenched and decay via a two-photon anni-
hilation process. The rate of annihilation events follow-
ing Ps-Ps scattering can be measured using single-shot
lifetime methods [30], from which one may infer the Ps
density. However, once the Ps gas has become fully spin-
polarized this method no longer provides any signal [31].
Another way to determine Ps densities would be to mea-
sure the density-dependant collisional frequency shift [32]
of Ps atomic transitions. This technique has not been
demonstrated for confined Ps, and may be affected by
the detailed interactions between the Ps gas and its en-
vironment [33].
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Figure 1. (a) Sketch of Ps CQED system, representing Ps
atoms interacting with the electromagnetic field trapped in
a cavity formed by two DBRs. (b) Energy levels of Ps with
highlighted the Lyman-alpha and Rydberg-Rydberg transi-
tions explicitly considered in this paper (not to scale). (c)
Dipole moment dn→n+1 in Debyes as a function of the prin-
cipal quantum number n of the initial energy state.

In this paper we describe an alternative approach to
this problem that exploits concepts and techniques of
cavity quantum electrodynamics (CQED), the field that
investigates the interaction between dipolar active tran-
sitions in atoms, molecules or other materials, and single
photons inside an optical cavity [34]. When the light-
matter coupling strength, referred to as Vacuum Rabi
Frequency (VRF), becomes larger than the loss rates of
the light and matter excitations, the system enters the
so-called strong coupling (SC) regime [35, 36]. In this
regime the physics of the system can be correctly de-
scribed only in terms of the light–matter hybrid eigen-
modes of the coupled system, often named polaritons
[37, 38], which manifest themselves as spectral resonances
split by twice the VRF. The collective nature of light-
matter coupling inside the cavity leads to a VRF splitting
that scales as the square root of the number of optically
active dipoles within the cavity mode volume [39]. The
ability to achieve SC between light and collective matter
excitations, and the concomitant opportunity to observe
polaritons in a variety of solid-state systems, has led to
the achievement of such landmarks as room-temperature
BEC [40] and room-temperature superfluidity [41].

Here we theoretically investigate the light-matter inter-
action between the electronic transitions of a collection of
Ps atoms and the confined electromagnetic field of an op-
tical cavity, and explore the conditions under which such
a system can access the SC regime where it would be pos-
sible to observe positronium-polariton modes. Since the

cavity-induced splitting in the SC regime is proportional
to the square root of the density of the atoms, produc-
ing a Ps ensemble inside an optical cavity would lead
us to a direct measurement of the Ps density via spec-
troscopic measurements. Moreover, since the formation
of polaritons can occur on a sub-period time scale [42],
this mechanism can provide an ultra-fast measurement of
the Ps density, allowing for real-time measurements, even
under conditions where the Ps density is rapidly varying.

Distributed Bragg Reflectors (DBRs), cavities com-
posed of a pair of mirrors composed of alternating layers
of semiconductor materials, are a flexible and successful
resonator technology widely used in polaritonics [37, 43].
Although usually covering the near-infrared and visible
ranges, DBRs can also be effective at shorter and longer
wavelengths, and thus can be compatible with a wide
variety of Ps transitions. Deep-UV DBRs have been re-
cently fabricated via deposition of AlGaN/AlN alternat-
ing layers with very promising Q-factors [44]. For mid- to
far-infrared ranges, DBRs consisting of silicon slabs in air
have been used [45], with high quality factors obtained
owing to a large refractive index mismatch.

Open cavity systems have been largely employed to
overcome the issue of growing the active material on top
of the mirrors, allowing both non-invasive investigation
and good control over the microcavity resonances and
mode volumes [46, 47]. These systems are particularly
suitable to the present investigation as different kinds of
microscopic Ps producing materials, such as porous silica
layers [48] or MgO powders [49], can be placed upon a
prefabricated DBR with different thickness and surface
extension [see Fig. 1 (a)].

II. LIGHT-MATTER COUPLING IN
POSITRONIUM

A. Theoretical framework

At the Bohr level, the energy levels of Ps atoms are
formally equivalent to those of the hydrogen atom, with
reduced mass µPs = me/2 and Bohr radius aPs = 2a0,
where me is the electron mass and a0 the Bohr radius.
Fine structure corrections are considerably different in
Ps [3] but these difference are unimportant in the present
case. The Bohr energy spectrum, sketched in Fig. 1 (b),
similar to that for the hydrogen atom, becomes

En = −R∞
2n2

eV, (1)

where n refers to the principal quantum number, and
the Rydberg constant R∞ ≈ 13.605 eV. We will consider
transitions between states of the form |nS〉 and |(n+1)P 〉,
corresponding to energies ~ωn→n+1 = En+1 − En and
dipoles dn→n+1 = −e〈(n + 1)P |z|nS〉. We choose the
phases to make the dipoles real and positive [see Fig.
1 (c)].
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The interaction between the optically active transition
of a collection of N Ps atoms and the single-mode cavity
field oscillating at frequency ωc, can be described in the
dipolar gauge [50] by a VRF of the form

Ωn→n+1 =

√
N~ωc

2ε0εSLeff
dn→n+1, (2)

where ε is the dielectric constant of the medium in which
the Ps atoms are trapped, V = SLeff is the mode volume,
estimated as the product of the effective cavity mode
length Leff and the area S occupied by the atoms. For
λ/2 DBR cavities the effective length is Leff = Lc+LDBR

where Lc = λc/2
√
ε, with mode wavelength λc, and LDBR

is the DBR penetration depth [43].
In the following we report the results of the numerical

simulations for two distinct transitions, involving very
different setups and energy scales. The first (A) (n = 1→
2) is the Lyman-alpha transition at energy ~ωA = 5.111
eV, which includes the slight blue shift due to the pore
trapping observed in standard porous silica systems [51].
The second (B) (n = 12 → 13) is a Rydberg-Rydberg
transition at energy ~ωB = 7 meV.

B. Lyman-alpha transition (n = 1→ 2)

In order to cover the ~ωA = 5.111 eV Lyman alpha
transition we consider a resonant AlGaN/AlN DBRs cav-
ity, sketched in Fig. 2 (a) [44], with mirrors made of
r = 30 repetitions of a pair of layers with thicknesses
l1 = 22.7 nm (AlGaN) and l2 = 25.2 nm (AlN). Given
the refractive indexes n1 = 2.67 (AlGaN) and n2 = 2.42
(AlN) this choice allows us to respect the Bragg condition

n1l1 = n2l2 = λc/4, (3)

with λc = 2πc/ωA considered at the resonance point.
Lifetimes for the singlet 11S0 and the triplet 13S1

states have been calculated, and measured by QED ex-
periments [3] and are 125 ps and 142 ns respectively.
The natural lifetime for the optically excited Ps (3.2 ns)
is mostly due to the 2P state fluorescence decay rate.
Such a process represents a negligible component of the
overall transition lineshape, that is instead dominated
by the Doppler broadening, roughly 4 orders of magni-
tude larger [21]. This remains true even when account-
ing for Dicke-narrowing effects [51, 52]. Although the
decay rate of a free Ps atom in a particular spin-state
is well-defined, it can be modified for atoms interacting
with each other and colliding with trapping potentials.
In particular, the Ps-Ps collisions lead to spin exchange
quenching with rapid annihilation of the minority singlet
positrons, but the triplet Ps states still have a lifetime
of the order of tens of nanoseconds [53]. The interaction
with the confining potential in porous materials trans-
lates into a pore-size-dependant blue-shift of the optical
transition [54] and into a reduction of the lifetime due
to pick-off processes (a Ps atom annihilates with an elec-
tron of the surroundings). The rate of this process for

nanometer-sized pores is of the order of few nanoseconds
[55]. The Doppler broadening thus remains by far the
main determinant of the transition linewidth and we will
consider all the microscopic processes included in a phe-
nomenological, density-independent linewidth extracted
from experimental measurements [51], corresponding to
a FWHM value ~γA = 1.28 meV.

Panels (b-d) of Fig. 2 show the reflectance spectra
calculated by transfer matrix method (see Sec. B) as a
function of the bare cavity mode ~ωc (violet dashed line),
tuned by variation of the incident angle in proximity of
the resonance point ~ωA (green dashed line) for three dif-
ferent Ps densities: (b) ρL = 1016 cm−3, corresponding
to the present experimental record [31], (c) ρM = 1018

cm−3 and (d) ρH = 1019 cm−3, corresponding to the
approximate value expected to be required for BEC for-
mation [24].

The coupled light-matter polariton modes, the upper
one marked with blue and the lower one with red solid
curves have been calculated by diagonalising a bosonic
Hopfield Hamiltonian in the rotating wave approximation
(RWA) (see Sec. A). These curves have been plotted on
top of the reflectance data from the transfer matrix cal-
culations in panels (b-d), perfectly matching them. Fig.
2 (f) displays the reflectance spectra (black curves) at the
resonance ωc = ωA for the same three densities, with res-
onances fitted by a pair of Lorentzian functions (magenta
curves), from which we can extract the linewidth γj,± of
the lower (-) and upper (+) polariton modes for each den-
sity j = [L,M,H]. In panel (e) we plot the linewidths
for the two polariton branches for the medium density,
as well as the bare linewidths of the matter (γA) and
photonic (γc) resonances, showing how the polaritonic
linewidth is matter-limited, i.e., improving the DBRs
quality factor will lead to only a marginal improvement
toward the achievement of SC.

Overall we see that in the case of low density the condi-
tion of SC is not achieved and we are unable to resolve the
resonant polaritonic splitting, but that such a splitting
becomes visible at densities which, albeit larger, remain
more than one order of magnitude smaller of what ex-
pected to be necessary to achieve BEC. This technique
is, therefore, well-suited as a diagnostic tool for the opti-
mization of such experiments.

C. Rydberg-Rydberg transitions (n = 12→ 13)

In order to address the ~ωB = 7 meV transition we
consider the same high-Q photonic crystal cavity de-
signed in Ref [45]. The resonator, sketched in Fig. 3 (a),
consists of two pairs of 13µm thick silicon (n1 = 3.4)
slabs in air (n2 = 1), with spacing between each pair of
44.4µm, satisfying Eq. 3 for ωc ≈ ωB .

It has been demonstrated that the production of Ry-
dberg Ps in vacuum can occur with an overall efficiency
of ≈ 25%, determined primarily by the spectral over-
lap of the UV excitation laser and the Doppler broad-
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Figure 2. (a) Sketch of a proposed experimental set-up, composed by a AlGaN/AlN DBRs composed of r = 30 repetitions
of layers of thicknesses l1 = 22.7 nm (AlGaN) and l2 = 25.2 nm (AlN), embedding a Ps formation material of thickness
Lc = 83.8 nm. (b-d) Reflectance spectra of the cavity-Ps system as function of the bare cavity frequency (violet dashed line),
calculated via transfer matrix at the Ps atoms density ρL = 1016 cm−3 (b), ρM = 1018 cm−3 (c) and ρH = 1019 cm−3 (d).
The bare transition energy is marked in all the panels by a green dashed line and the calculated polariton modes are blue
(lower polariton) and red (upper polariton) solid curves. (e) Plots of polariton linewidths ~γM,± at density ρM as function of
the cavity energy (blue stars for lower polariton and red dots for upper polariton) compared to the bare cavity (violet dashed
line) and bare matter loss (green dashed line). (f) Reflectance spectra at the resonance condition ωc = ωA (black dashed line).
The polaritonic resonances have been fitted by Lorentzian functions (magenta lines) from which the linewidths of the different
resonances have been extracted.

ened width of the 1S − 2P transition [56]. With the
aim of achieving SC, this reduction in the achievable
density is more than compensated by the fact that, as
shown in Fig. 1 (c), Rydberg states have larger dipole
moments and the corresponding transitions have much
smaller linewidths. The intrinsic annihilation rates of Ps
atoms depend upon the overlap probability of electron
and positron, which scales with n−3, and Rydberg states
between n = 10 and n = 15 maintain a narrow reso-
nance lineshape if compared to the Zeeman-mixed higher-
energy states (n > 15) [56]. For the present simulation we
use the linewidth observed in the experiments reported
in Ref. [56], obtaining ~γB = 1.57 · 10−4 meV. Fig. 3 (b-
d) show the polariton resonances at the three values of
the Ps density ρ̃L = 1015 cm−3, ρ̃M = 1017 cm−3, and
ρ̃H = 1018 cm−3. These have been chosen a factor 10
smaller than for the Lyman-alpha transition described in
SEC II B, to take into account the efficiency of Rydberg
state creation.

As in the previous case, the calculated polariton modes
are shown as blue and red solid curves on top of the spec-
tral resonances. Note that while panel (b) shows a very
good agreement between the simulations and the analyt-
ical theory, this is less true for panel (c) and not the case
at all for panel (d). This is due to the fact that in such
a case the resonant VRF becomes a substantial fraction

of the bare resonant frequency (ΩB/ωB = 0.15). The
system is thus in the ultrastrong coupling regime [57–
59] in which antiresonant terms of the Hamiltonian start
to have a non-negligible effect. Although this is be-
yond the scope of this paper, we notice that such a
fact marks positronium-polaritons as an interesting plat-
form in which it could be possible to explore and exploit
the rich phenomenology of non-perturbative light-matter
coupling, including the presence of virtual excitations in
the ground state [60] and the possibility of modifying
the positronium wavefunction [61, 62]. Panel (d) also
shows further spectral resonances around the bare tran-
sition energy. This is due to a VRF that is large enough
to couple the Ps matter excitation to higher DBRs cav-
ity modes, as recently show in Ref. [63]. In panel (e)
we plot the linewidths of the two polariton modes and
of the bare resonances. Contrary to the Lyman-alpha
transition, in this case the very small Ps linewidth leads
to cavity-dominated polariton linewidths. While only
r = 2 repetitions are already sufficient to observe SC even
for the lowest densities considered here, this means that
positronium-polaritons could in principle be observed at
even lower densities by increasing the repetition number,
and thus the quality factor of the DBRs.

From these results it appears that the parameters re-
quired to achieve SC using Rydberg states are much less
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Figure 3. Same as in Fig. 2 but for the 12→ 13 Rydberg-Rydberg transition, considering a DBR composed of r = 2 Si layers
in air, of thickness l1 = 13µm and spacing l2 = 44.4µm. The Ps formation material is here considered to be Lc = 61.2µm thick.
The chosen densities are one order of magnitude lower than those considered in Fig. 2: ρ̃L = 1015 cm−3 (b), ρ̃M = 1017 cm−3

(c), and ρ̃H = 1018 cm−3 (d), in order to take into account the lower efficiency of Rydberg state creation.

stringent than in the previous case, although this comes
at the cost of the extra complexity required to create the
Rydberg states themselves.

III. DENSITY MEASUREMENT

In Fig. 4 (a) we plot the expected resonant VRF ΩA as
a function of the Ps density and highlight in yellow the
parameter region of SC, where the Rabi splitting over-
comes the dominant effective loss rate γA. We focus here
on the 1S → 2P Lyman-alpha transition because, ow-
ing to the the smaller dipole moments and shorter life-
times, this case is more strongly affected by the den-
sity restrictions. The errors on the polariton splittings
(blue horizontal errorbars), derived from the polariton
resonances linewidths, propagate onto the estimated Ps
density, leading to the uncertainty values marked by ma-
genta vertical errorbars. It is clear that the measurement
becomes more accurate in the high density range.

We mark with coloured symbols four densities achieved
or predicted in various experimental geometries, which
we will now briefly describe. Ps produced in meso-
porous silica films may have lifetimes that are a signifi-
cant fraction of the intrinsic vacuum lifetime, depending
on pore size [64]. Positrons implanted into such materi-
als form Ps atoms which then migrate towards the voids
of the substrate’s typical “swiss cheese” pore structure,
where they may thermalize and become trapped. The
maximum density achieved so far using this method is

ρ ≈ 1016 cm−3 [56] [see Fig. 4 (b)]. This density can
be increased using higher incident positron beam densi-
ties obtained, for example, by brightness enhancement
techniques [65].

Several different Ps production arrangements have
been suggested to achieved higher Ps densities: Mills has
suggested using a collection of small disconnected cav-
ities made by seeding a porous silica target film with
monodisperse 20 nm diameter polyethylene porogen par-
ticles [see Fig. 4 (c)] to produce Ps densities on the or-
der of ρ = 3 × 1019 cm−3 [28]. Another proposed de-
sign, shown schematically in Fig. 4 (d), features a “straw
hat-shaped” cavity, in which Ps atoms would gather af-
ter thermal diffusion through the porous silica target.
This arrangement is predicted to result in a Ps density of
ρ = 2×1018 cm−3 [28]. To deal with heat dissipation the
authors of Ref. [24] have proposed a cavity fabricated at
the interface between a porous silica substrate and a thin
layer of isotopically pure diamond single crystal, where
implanted positrons may cool down before forming Ps
atoms (Fig. 4 (e)) The authors estimate that the final
Ps density within the cavity walls will be ρ ≈ 4 × 1019

cm−3. In the original design the diamond layer has a
thickness of 400 nm in order for the Ps cooling to be ef-
fective. While that would be incompatible with the much
smaller DBRs spacing required for the Lyman transition,
a variable thickness structure could be used, in which a
central diamond layer of few tens of nanometers in the
cavity collects the slowed Ps atoms from the thicker lat-
erals, as schematically shown in Fig. 3 (e). Finally, Mills
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the DBRs spacing for the Lyman transition Lc = 83.8 nm.
However, the structure overall thickness may slightly vary ac-
cording to the specific design. In (b) we show the swiss cheese
pore structure, with typical pore diamater 2−5 nm. In (c) we
show a collection of small disconnected cavities made by seed-
ing a porous silica target film with monodisperse ≈ 15 − 20
nm diameter polyethylene porogen particles. In (d) we repre-
sent a “straw hat-shaped” cavity, of proposed dimensions 30
nm for the maximum central height and 7 nm for brim thick-
ness. Finally in (e) we show the proposed design for slowed
Ps atoms, featuring a few-tens-of-nanometers-thick diamond
layer facing a cavity placed within the silica substrate. The
four coloured symbols mark the Ps density achieved or ex-
pected for each one.

has also proposed a totally different approach, in which
Ps atoms may be formed in bubbles of superfluid liquid
4He, and has suggested that densities of ρ ≈ 1020 cm−3

may be achievable [23].

IV. CONCLUSIONS

In this paper we explored the possibility of strongly
coupling a high-density Ps atomic gas to a single-mode
photonic resonator, investigating dipole-allowed transi-
tions from both the ground state and from highly ex-
cited states, thus addressing completely different en-
ergy scales. We find that positronium-polaritons may
be achievable using existing positron beam technology
in the far-infrared or ultraviolet regimes. We proposed
that the collective nature of light-matter interaction in

CQED can thus be used to provide an ultra-fast spec-
troscopic measurement of the Ps density evolution inside
a cavity in density regimes of relevence to the forma-
tion of a Ps BEC. We also demonstrated that the ultra-
strong light-matter coupling regime could be achieved in
positronium-polaritons, introducing a novel platform to
explore its non-perturbative phenomenology with poten-
tially unparalleled accuracy.
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Appendix A: Calculation of polariton modes via
bosonic diagonalization

The interaction between an optically active transition
of frequency ωt in a gas of N � 1 Ps atoms and a
single-mode cavity field oscillating at frequency ωc, can
be described in terms of two coupled harmonic oscilla-
tors, even for inhomogeneous Ps distributions [66]. The
phenomenological Hamiltonian can be written in the Ro-
tating Wave Approximation (RWA) as

H = ~ωca
†a+ ~ωtb

†b+ Ωt

(
ab† + a†b

)
, (A1)

with a and b the annihilation operators for the photonic
and matter excitations respectively, obeying the bosonic
commutation relations

[
a, a†

]
=
[
b, b†

]
= 1, and Ωt the

VRF from Eq.2. The Hamiltonian in Eq. A1 can be
diagonalised by introducing the polaritonic operators

pj = xja+ yjb, (A2)

where j = ± indexes the two polariton branches, and xj
and yj are the Hopfield coefficients obtained by solving
the eigenvalue equation for the polariton frequencies ωj

~ωjpj = [pj , H] . (A3)

The polaritonic frequencies can be written

ω± =
1

2

[
ωc + ωt ±

√
4Ω2

t + (ωc − ωt)
2

]
, (A4)

that, in the resonant case ωc = ωt, leads to a polariton
splitting

ω+ − ω− = 2Ωt. (A5)

Appendix B: Transfer Matrix Approach

The optical reflectivity spectra of a multilayer planar
Ps-material-cavity system can be predicted via transfer
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matrix simulation [43]. We can model the system as a se-
ries of planar layers, including those composing the cavity
mirrors and the Ps host material. Considering the probe
electric field propagating normally to the interface plane,
the transfer matrix Tj across the jth layer of thickness
lj and frequency-independent refractive index nj can be
written as

Tj =

(
cos (kj lj) i sin (kj lj)/nj

i sin (kj lj)nj cos (kj lj)

)
, (B1)

where kj = ωnj/c with c the speed of light and j the
layer index. We can model the dielectric function of light
interacting with the transition at frequency ωt in the Ps
medium using a Lorentz dielectric function [63]

εt(ω) = ε

(
1− Leff

Lc

2Ω2
t

ω2 − ω2
t + iγtω

)
, (B2)

where γt is the effective Ps radiative decay rate for the
considered transition.

The total transfer matrix can then be expressed as the
product of the matrices for each layer

T = ΠjTj . (B3)

As an example, if we consider the optically active ma-
terial embedded between a pair of DBRs, with r Al-
GaN/AlN alternating layers, the total transfer matrix
can be written

T = (Ta · Tb·)r · Tc · Td · (Ta · Tb·)r , (B4)

with a, b, c, d corresponding respectively to the AlN and
AlGaN layers of the DBRs, the spacing medium between
the two mirrors and the Ps host material. The reflectivity
R(ω) of the whole stack embedded between two semi-
infinite media (air) of unitary reflective index in terms of
the transfer matrix elements can finally be written as

R(ω) =

∣∣∣∣T1,1 + T1,2 − T2,1 − T2,2

T1,2 − T1,1 + T2,1 − T2,2

∣∣∣∣ . (B5)
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