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Micro/nano-fabrication techniques have recently allowed producing quantum devices displaying
ultra-strong coupling (USC) of radiation and matter. In this non-perturbative regime, distinctive phe-
nomena emerge, as the highly entangled ground state involving many-photon states of the field. These
ground-state virtual photons (VPs) cannot be revealed by standard photodetection since the ground-
state does not decay. Several works [1–6] have proposed that VPs in USC solid-state devices can be
converted to real photons using architectures with three-level artificial atoms (AAs). In this enlarged
Hilbert space, appropriate classical control drives may induce leakage from the Rabi subspace which
marks the presence of VPs. The works [1–6] consider different control protocols, namely, AC contin-
uous pumping of photons with dynamical Casimir effect (DCE) [1], spontaneous emission pumping in
Λ scheme [2], Raman oscillations with two-tone pulses [3] and STIRAP in Λ [4,5] and Vee [5] scheme,
and stimulated emission, also implemented by a two-tone control field in Λ scheme [6]. Notwithstand-
ing having been emphasis of many investigations, such a population of virtual excitations remains still
unobserved. The aim is of this work is to understand if experimental progress can be made in the
detection of ground state photons with controlled three-level atom structures. To this end, we study a
model integrating the various conversion protocols as mentioned above [1–6] and the detection steps,
and with optimal control theory (OCT) to find optimal conditions for the efficient detection of VPs.
Further, open systems effects have to be accounted for, since they may impact in particular on the fully
coherent protocols [3–6].

Theoretical description
Hamiltonian of a three level atom interacting with a single optical mode (~ = 1):

Hsys = H0 + λ(a + a†)(|e〉〈g| + |g〉〈e|) (1)

where H0 = ωca
†a + ε|e〉〈e| + ε

′|u〉〈u|, and ε, ε
′
are the energies of the atomic levels, ωc is the optical

mode frequency, and λ is the coupling rate between light mode and transitions |e〉 → |g〉.
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Figure 1: (a) Schematic representation of a three level atom interacting with an optically confined
mode. (b) SEP protocol: a coherent drive (in continuous wave) at frequency ωp resonant with the
transition |0, u〉 → |Φ0〉, brings excitations to |Φo〉 state, and by means of spontaneous emission, |2, u〉
gets populated. (c) STIRAP protocol: a counterintuitive temporal sequence of pulses resonant with
transitions |Φ0〉 → |2, u〉 and |0, u〉 → |Φ0〉, namely ωs and ωp, is able to populate state |2, 0〉 almost

completely, by exploiting the evolution of the dark state |D〉 =
Ωs(t)|0u〉−Ωp(t)|2u〉√

|Ω2
s|+|Ω2

p|
.

As λ ∼ ωc, the presence of counter-rotating terms in the light-matter interaction opens a channel for
the dynamical detection of virtual photons in the dressed ground state. By expanding the dressed |Φ0〉
state on the H0 basis, we get |Φ0〉 =

∑∞
n=0 c0,2n(λ)|2n, g〉 + d0,2n(λ)|2n + 1, e〉, and then, the dipole

matrix 〈2, u|σu,g|Φ0〉 6= 0, with σu,g = |u〉〈g|. Thus, |Φ0〉 contains a finite number of virtual photons
that can be detected if these latter can decay through the optical mode.

The above photon pair production can be amplified with a coherent control HC = W (t)(|u〉 〈g| +
|g〉 〈u|); where W (t) =

∑
k=p,sWk(t) cos(ωkt) This protocol yields non-vanishing coherent popula-

tion transfer |0u〉 −→ |2u〉 only if 〈Φ0|HC |2u〉 6= 0
ProjectingHsys+HC into the relevant levels with the projection P = |0u〉 〈0u|+|1u〉 〈1u|+|2u〉 〈2u|+
|Φ0〉 〈Φ0|, we obtain

H4 = ωc |1u〉 〈1u| + 2ωc |2u〉 〈2u| + E0 |Φ0〉 〈Φ0| + W (t)
[
c00(λ) |0u〉 〈Φ0| + c02(λ) |2u〉 〈Φ0| + h.c.

]
,

here ωp = E0− δp, ωs = E0− 2ωc− δs, and also we project the operators a and σ also into the 4-level
space and that will be used in the further discussion. Now applying the rotating wave approximation
(RWA), we obtain

H̃4 = δ |2u〉 〈2u| + δp |Φ0〉 〈Φ0| +
[Ωp

2
|0u〉 〈Φ0| +

Ωs
2
|2u〉 〈Φ0| + h.c.

]

ρ̇ = i[ρ, H̃4] + Lcav[ρ] + Latom[ρ] (2)

where cavity dissipator is Lcav[ρ] = κ
2(2aρa† − a†aρ− ρa†a)

and atomic dissipator is Latom[ρ] = γ
2(2σugρσ

†
ug − σggρ− ρσgg) + (2σgeρσ

†
ge − σeeρ− ρσee)

σug = |u〉 〈g|, σgg = |g〉 〈g|, σge = |g〉 〈e|, σee = |e〉 〈e| in the projected subspace.
In the dynamical detection of USC with STIRAP (see Ref.( [4, 6, 7])), the system does not reach a

steady state, in general we expect to create the target state, wait until the system decays reaching its
equilibrium (for instance the ground state or a thermal state for a finite temperature), and then we start
it again. The smaller is the time for a cycle, the larger is the number of iterations per second. The cycle
time, tp+ tm, where tp is the duration of STIRAP and tm is a subsequent interval when the system may
relax. Number of photon detected per cycle is

〈n〉cycle =

∫ tp+tm

0
〈a†(t)a(t)〉outdt (3)

and then, the detected photon rate (per second) is 〈n〉out = 〈n〉cycle/(tp + tm).

SEP protocol

A coherent drive at frequency ωp (see Fig.1(b)), Hdrive = Ω0 cos[ωpt](|u〉〈g|+ |g〉〈u|), generates a finite
excitation in |Φ0〉 that can be transferred in |2, u〉, and possibly detected by ordinary photodetection if

the light mode has a decay: this is the core of the SEP. Then, we calculate the dynamics of the inter-
acting open quantum system with a Master Equation (ME) approach, developed on the eigenvectors of
Hsys and finally, with a generalized input-output theory suitable for USC regime [2,7], we calculate the
rate of detected photons. The SEP hamiltonian in RWA obtained from H̃4,

H̃SEP
4 = δ |2u〉 〈2u| + δp |Φ0〉 〈Φ0| +

c00(λ)Ωp
2

[
|0u〉 〈Φ0| + |2u〉 〈Φ0| + h.c.

]
from the solution of master equation at steady state we can obtain

〈n〉out =
4|c00(λ)|2Ω2

0κγs

|c00(λ)|2Ω2
0(4κ + 2γs) + 2κ(γp + γs)2

where the γs and γp are the rate corresponding to the |Φ0〉 → |2u〉 and |Φ0〉 → |0u〉 and γs = γ|c02(λ)|2,
γp = γ|c00(λ)|2

In case of strong drive, i.e, Ω0 � γ and κ > γ, we obtain 〈n〉out = γ|c02(λ)|2 where as for smaller
Ω0, the detected photon rate becomes,

〈n〉out =
2|c00(λ)|2|c02(λ)|2Ω2

0

γ(|c00(λ)|2 + |c02(λ)|2)2
' 2|c02(λ)|2Ω2

0

γ

From this analytical expression we can compare the efficiencies of STIRAP and SEP.

Results
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Figure 2: Left: Efficiency of STIRAP(red lines) and SEP(blue lines) is shown in terms of detected
photon flux as a function of the damping rate of the lossy cavity for reported values of γs (dashed
and continuous). Thin lines refers to a measurement time that is double with respect to that of thick
ones (tm in legend). Here the STIRAP reports much higher yield of photocurrent with respect to SEP
protocol. In right figure, 〈n〉cycle vs tp and τ is reported. The blue dotted line represents tp = 6T and
green for τ = 0.6T for Ω0T = 20. Here we can see that the counter-intuitive pulse(τ > 0) as that of
STIRAP gives us a robust and efficient photon production
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These seemingly contrasting arguments are pres-
ently understood to be at least partially due to the 
role of long- range dipole–dipole interactions, which 
depend on the specific geometry of the system under  
consideration and can lead to very different results 
owing to the choice of gauge and of dynamical 
variables37,76,81.

The presence in the Hamiltonian of an A2 term is not 
gauge invariant. For example, in the Power–Zienau–
Woolley form of the Hamiltonian, in which matter is 

described by a polarization density P, there is no A2 term, 
but a P 2 term is present, quadratic in the matter instead 
of in the photonic field77,82. Finally, it is worth noting that 
the presence of a squared field term in the Hamiltonian, 
which assures the stability of matter linearly coupled to a 
bosonic field, is a feature that is not limited to the inter-
action with the transverse electromagnetic field. Similar 
terms, satisfying the equivalent of equation B2.4, have 
been derived in the case of longitudinal interactions in 
intersubband polarons83.
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Figure 3: Possible implementation of the proposed schemes in specific ultrastrongly coupled systems,
that exhibit the peculiar dark state evolution, exploiting semiconductors or superconductors architec-
tures: (a) intersubband polaritons (from Ref. [8]) (b) superconducting phase qubit.

Conclusions
•We demonstrated that STIRAP is a robust protocol able to dynamically detect unambiguously the

virtual photons generated by the USC light-matter interaction, by means of ordinary photodetec-
tion. This protocol is very promising, reliable and suitable for superconducting circuits coupled to
artificial atoms or semiconductor nanostructures.

•Our next goal is to find the optimal values of parameters, namely λ and κ, that yields the highest
efficiency in photodetection. A repumping effect can originate as κ increases, effectively leading
to repopulating the ground state during the STIRAP protocol which in effect can lead to producing
more than two photons. Further study of this repumping effect in different protocol will be explored.
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