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The multiphoton Jaynes-Cummings model is investigated and applications in quantum information
science are explored. Considering the strong atom-field coupling regime and an N-photon interaction, a
nonlinear driving field can perform an arbitrary rotation in the Fock space of a bosonic mode involving the
vacuum and an M-Fock state, with M < N. In addition, driving a bosonic mode with a linear coherent field
(superposition of many Fock states), only the cavity states within the Fock subspace {|0), [1),...,|N — 1)}
can be populated; i.e., we show how to implement a Fock state filter, or quantum scissor, that restricts the
dynamics of a given bosonic mode to a limited Hilbert space. Such a device can be employed as a generator
of finite-dimensional quantum-optical states and also as a quantum-optical intensity limiter, allowing as a
special case the generation of single-photon pulses. On the other hand, our system also provides a very rich
physics in the weak atom-field coupling regime, in particular, multiphoton electromagnetically induced
transparencylike phenomena, inducing a narrow (controllable) reflectivity window for nonlinear probe
fields. These results are useful for applications in quantum information processing and also motivate further
investigations, e.g., the use of an N-photon Jaynes-Cummings system as a qudit with harmonic spectrum

and the exploration of multiphoton quantum interference.
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Introduction.—Recent  technological advances in
manipulating the radiation-matter interaction, especially
at the level of a few atoms and photons, have allowed great
strides in the implementation of quantum information
processing protocols. The mastery of such interactions
on various platforms [1-5] has made it possible to dispel
mistrust regarding the possibility of a quantum computer
becoming real [6]. Thus, one often sees new (or improved)
quantum computing protocols being implemented on
diverse setups [7—13].

The most elementary interaction between atom and
radiation was first described by Rabi in 1936 [14], con-
sidering the radiation as a classical field and a dipolar
interaction. In its quantum version, it is possible to classify
such a model into different regimes [15-17]. When the
interaction energy is a small perturbation on the free
energies, the quantum Rabi model can be reduced to the
well-known Jaynes-Cummings (JC) model [18] through the
rotating-wave approximation, which describes the usual
coherent exchange of a quantum of energy between a two-
level atom and a single-mode bosonic field.

The JC model can be extended to nonlinear versions
(nondipolar light-matter interaction) [19], in particular, the
multiphoton JC model [20,21] that considers multiphoton
exchange. Such a nonlinear Hamiltonian appears, at least
for two-photon interaction, in trapped-ion domain [22,23],
optical [24] and microwave [25] cavities, or even in
superconducting circuits [26—30]. In Refs. [29,30], a much
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more interesting scenario is presented since two-photon
interactions can be implemented with substantial coupling
strengths, differently from perturbative higher-order effects
of a dipolar interaction that allow small effective coupling
strengths [22,23,27,31,32]. Furthermore, new physical
consequences emerge when the two-photon interaction
becomes stronger and stronger [33-35]. The feasibility
of achieving nonperturbative two-photon interactions and
the possibility to broaden it for general multiphoton
processes stimulate a pursuit of novel physical phenomena
and applications to such nondipolar interactions, such as
new ways to manipulate quantum information.

In this Letter we investigate the multiphoton JC
Hamiltonian (N-photon interaction) and how it can be
employed in quantum information science. Given the
system in the strong coupling regime, we show how to
perform arbitrary rotations in Fock space involving vacuum
and M-photon states (M < N), and how to implement a
quantum device that allows the transmission of a field only
in a finite superposition (or mixture) of Fock states
(quantum scissor [36-38]). In particular, the two-photon
JC interaction can be used for single-photon generation in a
different fashion as compared to protocols involving
standard JC interactions [39,40]. Additionally, we show
that the system can also provide a rich physics in the weak
coupling regime, in particular, multiphoton electromag-
netically induced transparencylike phenomena; i.e., the
multiphoton absorption of the bosonic mode can be
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canceled out due to a quantum destructive interference,
inducing a narrow (controllable) reflectivity window for
nonlinear probe fields.

Model.—We consider the N-photon JC model [20,21]
(h=1),

Hy=wa'a+ a)o% +g(o.a¥ +H.c.), (1)

with @ and a (a") being the frequency and the annihilation
(creation) operator of the single-mode bosonic field. The
atomic frequency transition between the ground |g) and
excited |e) states is @y, while o, = (6_)" = |e)(g| and
0, = o0,.06_—o_o,. The atom-field coupling is g and H.c.
stands for Hermitian conjugate. This Hamiltonian describes
a coherent exchange of N excitations of the bosonic mode
with a two-level atom. In Fig. 1(a), we illustrate the energy-
level diagram for a resonant interaction (wy = Nw). The
lowest eigenstates are uncorrelated, involving the atomic
ground state and up to N — 1 excitations in the bosonic
mode,

|ng,n> = ‘g’ I’l>, for0<n <N, (2)

with eigenenergies E,, = [n — (N/2)]w. The remaining
(dressed) eigenstates are

1
Ii,n>=\ﬁ(

with eigenenergies £ ,=[n—(N/2)|o+g+/[n!/(n—=N)!].

Therefore, the system exhibits a finite-dimensional

g.n)

e,;n—N)), forn>N, (3)
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FIG. 1. (a) Energy spectrum of the N-photon Jaynes-Cum-

mings model. The system has N equidistant uncorrelated eigen-
states, |g,n) for 0<n<N-—1, and dressed -eigenstates,
|+£.n) = (1/V/2)(|g.n) & |e.n = N)) for n > N (Jaynes-Cum-
mings-like doublets). The transition |g,0) — |+, N) can be
induced by an N-photon driving field on the cavity mode, while
the adjacent uncorrelated states can be addressed via linear
driving fields (single-photon transitions). (b) Pictorial represen-
tation of the driven atom-cavity system. Giving an input field, the
output field will be limited to the (N — 1)-photon state.

harmonic-oscillator spectrum [41] for the lowest eigen-
states and then followed by JC-like doublets, as depicted in
Fig. 1(a). For the sake of illustration, we hereafter consider
the single-mode bosonic field as a mode of an optical
cavity, as sketched in Fig. 1(b).

The dressed states can be directly excited from the ground
state via a nonlinear driving field [25,26,42,43] on the cavity
mode. To this end, we assume a driving field of strength £(¢),
single-photon frequency w,, phase y, and nonlinearity M,
which is described by Hp = e()[aMe/™M@r=2) + H.c.].
Thus, the total Hamiltonian, written in a quasi-time-inde-
pendent frame, reads

c
Hy=A, (aTa + Nf)
+ [e(t)aM e + gaVo, + H.c, (4)

with A, = @ — . Finally, considering the cavity and the
two-level atom coupled to their reservoir in the white-noise
limit (Born, rotating-wave, and Markov approximations in
the system-reservoir interactions) [44,45], the system
dynamics at 7 = 0 K is governed by the master equation,

dp .
= —i[H;,pl +v(20_po,. —o6,6_p—po o_)

+K(2apa’ —a'ap - pa‘a) +y4(o.po. —p),  (5)

in which y and y, are the atomic polarization decay and
dephasing rates, respectively, while « is the decay rate of the
cavity field amplitude. Moreover, this master equation is
valid whenever we are out of the ultrastrong and deep-strong
atom-cavity coupling regimes (¢ < w, ®y), and for small
excitation numbers [46]. We can numerically solve Eq. (5) by
truncating the Fock space of the cavity mode according to &
and M [47].

Strong coupling regime: Arbitrary rotation in Fock
space and quantum scissor.—First we analyze the system
dynamics in the strong coupling regime, i.e., when the
coherent atom-field interaction exceeds all relaxation proc-
esses (9 > K, 7, v4)- Adjusting the driving field resonantly
to the cavity mode frequency (w, = @) and assuming the
system in its ground state initially, two cases appear if the
driving field is considered as a weak probe field
[e,, = max (|e(f)]) < g]. (i) When M > N, the dressed
states of the system are not populated since the
probe field is out of resonance with the transitions
9,0) = |£, M), also for |+, M) — |+,2M), and so on.
Consequently, the system remains in the ground state while
the driving field is completely reflected by the cavity
mirror. (ii)) When M < N a more interesting situation takes
place, in which the probe field is able to induce the system
to the uncorrelated states only. For instance, for N = 2, the
most excited uncorrelated state is |g, 1), which can be
populated with a linear probe field (M = 1). Nevertheless,
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the two-photon state (and consequently the higher ones) is
not populated since the transitions |g, 1) — |£,2) are not
resonant with this linear probe field, thus prohibiting the
injection of more than one photon into the cavity mode
(single-photon blockade [48]). Hence, the system dynamics
is restricted to the Fock subspace {|0), |1)}, even if we take
into account stronger driving fields, but ensuring that g be
strong accordingly. For different N and M (<N) similar
situations appear, in which the system exhibits multiphoton
blockade phenomena [48].

Considering the last case, let us derive an effective
Hamiltonian in the limit of atom-field coupling much
stronger than the driving field strength, i.e., when g>¢,,
(weak probe field). To this end, we rewrite Hp (for M < N)
in the eigenbasis of H,. Then, adjusting @, =@ and
performing a rotating-wave approximation [49], we have

N-M-1 (n

Heg = e(t)e™ Z

n=0
(M<N)

+H.c., (6)

g,n+M (g9.n|

which is valid for e, < g\/2(N—M)! [49]. When
(N/2) <M < N, H. promotes an arbitrary rotation

between the vacuum and the M-Fock states; i.e., |¥(z)) =

o1 Jo Harltat lg, 0) reads

(1) =) [eos (257 ) 0} +esin (“42 )] 7

with 0y,(1) = 2v/M! [t e(f)df and @ = y — (z/2) (polar
and azimuthal angles of the Bloch sphere, respectively). As
the atom remains in its ground state throughout the
dynamics, this rotation gate is immune to atomic relaxation
processes. On the other hand, the cavity dissipation
introduces errors to the gate because it destroys the
quantum superposition of Eq. (7) and also leads the cavity
to a final state outside the desired Hilbert space {|0), |M)}.
In this sense, the greater the ratio ¢,,/k, the higher the gate
fidelity, since in this case the rotation tends to occur before
the cavity dissipation appreciably disturbs the unitary
evolution. Such detrimental influence on the rotation gate
can be seen in Fig. 2, in which we illustrate the time
evolution of the Fock state probabilities for N =2 and
M =1 (upper panels) and for N =3 and M =2 (lower
panels).

Therefore, we have shown a straightforward scheme to
perform arbitrary rotations in Fock space (involving vac-
uum and M-Fock states), which could be implemented at
least for N =2 with the current technology [29,30],
moving toward a suitable route to unitary gates for Fock
state qubits. We must remember that controlled qubit
operations in Fock space are not a simple task [50-59],
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FIG. 2. Rotations in Fock space involving the vacuum and
M-Fock states. We plot the Fock state probabilities Py(r) =
Tr[|k)(k[p(t)] as a function of «t for y =y, = k/2 and y = 0. In
the upper panels, N = 2 and M = 1, assuming (a) g = 1000« and
(1) = €9 = 100k and (b) g = 100« and &, = 10x. We notice that
the rotation fidelity can be high when &, > «, but it decreases
when ¢, 2 k (cavity dissipation destroys the quantum super-
position). In the lower panels, N =3 and M = 2, with (c) and
(d) given in terms of the parameters of (a) and (b), respectively.
For this configuration, we can see that the cavity dissipation can
also lead the cavity to a final state outside the desired Hilbert
space {|0),]2)}, since the Fock state |1) is populated through the
decay channel |2) — |1). The symbols correspond to the approxi-
mate solution [Eq. (7)].

often demanding multistep processes and being sensitive to
the dissipation of the atomic ancilla.

A linear driving field is able to inject up to
N — 1 excitations into the cavity mode. For instance,
for N=3, M=1, and ¢, <29, we have H =~
e(t)e”|g)(g|(|1)(0] + v/2|2)(1|) + H.c., which indicates
that the cavity mode can only be populated in the vacuum,
one-, and two-photon states. Thus, our system also works
out as a quantum scissor, generating a finite-dimensional
quantum-optical state inside the cavity, but without requir-
ing a nonlinear Kerr medium inside it as usually adopted in
the literature for this purpose [36]. Our case has the
advantage that the multiphoton interaction can achieve
strong strengths as shown in Refs. [29,30].

From the input-output theory, the field transmitted by a
cavity mirror, opposite to the driven one, is exactly the
intracavity field multiplied by the square root of the decay
rate relative to this mirror [60]. Then, from this perspective,
our system also acts as a quantum-optical intensity limiter
or Fock state filter; i.e., driving the cavity with an input
field comprising any superposition (or mixture) of Fock
states, the output field will be a finite superposition (or
mixture) limited to the (N — 1)-photon state, restricting the
maximum intensity of the transmitted field [see Fig. 1(b)].
If one wants to ensure that the field be almost entirely
transmitted by a specific mirror, it is convenient to employ
an asymmetric cavity [61].
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FIG. 3. Fock state filter. In the left-hand panels we plot the
Fock state probabilities Py (z) = Tr[|k){(k|p(¢)] as a function of
k(t —1y) assuming a Gaussian probe pulse (M =1, ¢,, = 4k,
and # = v2«™!) and y =y, = x/2 for (a) g=0 and g =20k
[(b) N =2 and (c) N = 3]. In the right-hand panels we plot P in
the stationary regime as a function of g/ assuming a continuous
driving field with () = ¢y = 2« for (d) N =2, (¢) N = 3, and
(H) N =4.

As mentioned above, the determination of the density
matrix of the intracavity field is enough to derive the
properties of the output field. Thus, let us first consider
the driving field as a Gaussian pulse with amplitude
e(t) = (e,,//27n2)e~ =107/ in which ¢, and 7 are
the maximum amplitude and duration of the driving pulse,
respectively, and ¢, is the time when its maximum arrives at
the cavity mirror. For g = 0 (driven empty cavity), we have
non-null probabilities (P;) of finding k excitations in the
cavity mode, as we can see in Fig. 3(a) considering ¢,, = 4k
and n = ﬂk‘l. However, depending on N, only some
Fock states are populated when g # 0. For N = 2 (3), the
highest cavity-mode state populated is |1) (|2)) [Figs. 3(b)
and 3(c)], such that we can have a single-photon source for
N = 2. For weak atom-field coupling and intense driving
fields, this quantum filter does not work out since the
driving field is able to introduce more excitations in the
cavity mode, as observed in Figs. 3(d)-3(f) for g <k,
en[2(N — M)!]7/2. These figures show P, as a function of
g/x in the steady state, assuming a continuous driving field.
We observe that P,y — 0 as the system reaches stronger
couplings (g 2 10x), which elucidates the truncation of the
Fock space accessible to the cavity mode. It is worth
remarking that the Fock state filter yields similar results for
nonlinear driving fields (1 < M < N with N > 2).

The two-photon JC Hamiltonian could be implemented
via dispersive dipolar interaction involving a three-level

superconducting artificial atom, similar to the scheme
performed in Ref. [62], where an effective coupling of the
order of 1 MHz (~10%k) was achieved, which would be
sufficient to observe single-photon filter and rotations
involving |0) and |1), as seen in Fig. 2(a) [a complete
rotation is achieved in a time (~30 us) 2 orders of magnitude
shorter than the single-photon cavity lifetime, 1/x ~ 1 ms].

Weak coupling regime: Multiphoton-induced-reflectivity
phenomenon.—A weak driving field, of constant strength
e(t) = €y < g, frequency w,, and the same nonlinearity of
the JC Hamiltonian (M = N), will be able to introduce N
excitations to the system if it is close to resonance with the
transitions |g, 0) < |4, N),ie.,if Nw, = oN £ gV/N! (for
@y = Nw). Nonetheless, if the decay rates of the first
dressed states are large enough when compared to the

effective Rabi frequency g\/m, an interference effect due
to the different absorption paths can take place, canceling
out the system absorption. This phenomenon is analogous
to the electromagnetically induced transparency (EIT) that
happens in three-level atoms driven by probe and control
fields [63]. In our case, however, the system does not
become transparent to the probe field, it becomes highly
reflective instead, as briefly discussed by the authors for
M = N = 1in Ref. [64], which gives rise to a multiphoton-
induced-reflectivity phenomenon.

To illustrate this effect, in Fig. 4 we show the normalized
mean number of intracavity excitations, i.e., the normalized
absorption ((a'a)/{a"a) ), as a function of the detuning
between the probe and cavity-mode frequencies A, for
different nonlinearities, with (a'a),,, calculated with
g=4A,=0. All curves were obtained by taking the
steady-state solution of the master equation [Eq. (5)].
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FIG. 4. Normalized absorption spectrum of the cavity mode.
The black dash-dotted lines are for g = 0, while g = x/4 with
y =74 = 107k (blue full lines) and y = y,, = /10 (red dashed
lines). We have adjusted the strength of the continuous probe field
€0 = g/10v/N! to keep the maximum average number of photons
of the order of 1073 for all cases: (a) nonlinearity N = M = 1,
(b) 2, (c) 3, and (d) 4.
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We notice that the stronger the atomic dissipation rates,
the less the cancellation of the absorption of the probe field
on the resonance (A, =0). This happens because the
cavity decay rate (k) plays the same role as the excited-
state decay rate in usual EIT experiments, while both our y
and y,, play the same role as the dephasing rate [65], which
is an agent that obstructs the destructive interference
responsible for the cancellation of the absorption of the
probe field in the transparency window (reflectivity win-
dow in our case). We can also observe that the width of the
reflectivity window increases when we increase N. This is
due to fact that the width depends not only on g, but rather
on the effective vacuum Rabi frequencies gv/N!, similar to
the case in which there are many atoms in cavity-EIT
experiments [61]. Thus, here we identify that the effective
atom-mode coupling in our case corresponds to the Rabi
frequency of the control field in usual EIT experiments
[65]. It is worth noting that in our case the destructive
interference is not due to an interference between two
single-photon absorption paths as happens in usual EIT
phenomenon [63] and analogous [64,65], but due to an
interference between two cascade decay channels.

Finally, a multiphoton JC system in this configuration
can be seen as a quantum-optical frequency blocker, i.e., a
quantum device (filter) that inhibits the passage of multi-
photon external probe fields within a narrow (controllable)
reflectivity window in frequency domain. In addition, our
study paves the way to further investigation (and possible
applications) of processes involving more complex multi-
photon quantum interference, e.g., the extension of the
cavity-EIT phenomenon, which considers three-level
atoms, to the case in which the atom-cavity interaction
is nonlinear.

Conclusion.—We have investigated a multiphoton
Jaynes-Cummings system driven by a nonlinear driving
field. Working in the strong atom-cavity coupling regime,
we have shown that the cavity dynamics can be restricted to
an upper-limited Fock subspace with the atom kept in its
ground state. Thus, by driving the cavity mode with a
coherent field (superposition of many Fock states), only the
cavity states within the aforementioned Fock subspace can
be populated; i.e., we have shown how to implement a
quantum scissor without requiring a nonlinear Kerr
medium inside the cavity. From the point of view of the
cavity transmission, this Fock state filter can also be seen as
a quantum-optical intensity limiter. Additionally, the non-
linearities of the system and driving field can be chosen in
order to allow arbitrary rotations in the Fock space of a
bosonic mode. On the other hand, working in the weak
atom-cavity coupling regime, we have shown that the
system exhibits a multiphoton-induced-reflectivity phe-
nomenon; i.e., the multiphoton Jaynes-Cummings inter-
action induces a narrow (controllable) reflectivity window
in frequency domain for multiphoton driving fields, such
that this system can be used as a quantum-optical frequency

blocker. Our results are useful for applications in quantum
information protocols that require arbitrary rotations in
Fock space [51], the generation of finite-dimensional
quantum-optical states [66], and the manipulation of the
optical response of atom-field systems [67]. As discussed,
our results are general and could be implemented at least
for two-photon interactions and driving fields with current
technology [22-30]. However, the experimental verifica-
tion for higher nonlinearities remains open, which should
motivate further research on this topic, also motivated by
some possible applications, e.g., the use of an N-photon
Jaynes-Cummings system as a qudit with harmonic spec-
trum, a deeper investigation of the multiphoton blockade in
the system, or even how to use it as a single-photon source,
and an exploration of multiphoton quantum interference for
more-complex processes.

We thank M. H. Oliveira for the cavity drawing. This
work was supported by the Sao Paulo Research Foundation
(FAPESP) Grants No. 2013/04162-5 and No. 2013/23512-
7, National Council for Scientific and Technological
Development (CNPq) Grant No. 308860/2015-2, and
Brazilian National Institute of Science and Technology
for Quantum Information (INCT-IQ) Grant No. 465469/
2014-0.

“celsovb@df.ufscar.br
Tdz.rossatto@unesp.br

[1] S. Haroche, Nobel Lecture: Controlling photons in a box
and exploring the quantum to classical boundary, Rev. Mod.
Phys. 85, 1083 (2013).

[2] A. Reiserer and G. Rempe, Cavity-based quantum networks
with single atoms and optical photons, Rev. Mod. Phys. 87,
1379 (2015).

[3] D.J. Wineland, Nobel Lecture: Superposition, entangle-
ment, and raising Schrodinger’s cat, Rev. Mod. Phys. 85,
1103 (2013).

[4] K. Hennessy, A. Badolato, M. Winger, D. Gerace, M.
Atatiire, S. Gulde, S. Filt, E.L. Hu, and A. Imamoglu,
Quantum nature of a strongly coupled single quantum dot-
cavity system, Nature (London) 445, 8§96 (2007).

[51 M.H. Devoret and R.J. Schoelkopf, Superconducting
circuits for quantum information: An outlook, Science
339, 1169 (2013).

[6] S. Haroche and J.-M. Raimond, Quantum computing:
Dream or nightmare?, Phys. Today 49, No. 8, 51 (1996).

[7] M. Palmero, S. Martinez-Garaot, D. Leibfried, D.]J.
Wineland, and J. G. Muga, Fast phase gates with trapped
ions, Phys. Rev. A 95, 022328 (2017).

[8] T.L. Nguyen, J. M. Raimond, C. Sayrin, R. Cortifias, T.
Cantat-Moltrecht, F. Assemat, I. Dotsenko, S. Gleyzes, S.
Haroche, G. Roux, Th. Jolicoeur, and M. Brune, Towards
Quantum Simulation with Circular Rydberg Atoms, Phys.
Rev. X 8, 011032 (2018).

[9] S. Welte, B. Hacker, S. Daiss, S. Ritter, and G. Rempe,
Photon-Mediated Quantum Gate between Two Neutral
Atoms in an Optical Cavity, Phys. Rev. X 8, 011018 (2018).

123604-5


https://doi.org/10.1103/RevModPhys.85.1083
https://doi.org/10.1103/RevModPhys.85.1083
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1103/RevModPhys.87.1379
https://doi.org/10.1103/RevModPhys.85.1103
https://doi.org/10.1103/RevModPhys.85.1103
https://doi.org/10.1038/nature05586
https://doi.org/10.1126/science.1231930
https://doi.org/10.1126/science.1231930
https://doi.org/10.1063/1.881512
https://doi.org/10.1103/PhysRevA.95.022328
https://doi.org/10.1103/PhysRevX.8.011032
https://doi.org/10.1103/PhysRevX.8.011032
https://doi.org/10.1103/PhysRevX.8.011018

PHYSICAL REVIEW LETTERS 122, 123604 (2019)

[10] D.M. Zajac, A.J. Sigillito, M. Russ, F. Borjans, J. M.
Taylor, G. Burkard, and J.R. Petta, Resonantly driven
CNOT gate for electron spins, Science 359, 439 (2018).

[11] C.J. Axline, L. D. Burkhart, W. Pfaff, M. Zhang, K. Chou,
P. Campagne-Ibarcq, P. Reinhold, L. Frunzio, S. M. Girvin,
L. Jiang, M. H. Devoret, and R. J. Schoelkopf, On-demand
quantum state transfer and entanglement between remote
microwave cavity memories, Nat. Phys. 14, 705 (2018).

[12] S. Boixo, S. V. Isakov, V. N. Smelyanskiy, R. Babbush, N.
Ding, Z. Jiang, M. J. Bremner, J. M. Martinis, and H. Neven,
Characterizing quantum supremacy in near-term devices,
Nat. Phys. 14, 595 (2018).

[13] G. Wendin, Quantum information processing with super-
conducting circuits: A review, Rep. Prog. Phys. 80, 106001
(2017).

[14] L I. Rabi, On the process of space quantization, Phys. Rev.
49, 324 (1936).

[15] D.Z. Rossatto, C.J. Villas-B6as, M. Sanz, and E. Solano,
Spectral classification of coupling regimes in the quantum
Rabi model, Phys. Rev. A 96, 013849 (2017).

[16] P. Forn-Daz, L. Lamata, E. Rico, J. Kono, and E. Solano,
Ultrastrong coupling regimes of light-matter interaction,
arXiv:1804.09275 [Rev. Mod. Phys. (to be published)].

[17] A.F. Kockum, A. Miranowicz, S. De Liberato, S. Savasta,
and F. Nori, Ultrastrong coupling between light and matter,
Nat. Rev. Phys. 1, 19 (2019).

[18] E.T. Jaynes and F. W. Cummings, Comparison of quantum
and semiclassical radiation theories with application to the
beam maser, Proc. IEEE 51, 89 (1963).

[19] B.W. Shore and P.L. Knight, The Jaynes-Cummings
model, J. Mod. Opt. 40, 1195 (1993).

[20] C. V. Sukumar and B. Buck, Multi-phonon generalisation of
the Jaynes-Cummings model, Phys. Lett. 83A, 211 (1981).

[21] S. Singh, Field statistics in some generalized Jaynes-
Cummings models, Phys. Rev. A 25, 3206 (1982).

[22] W. Vogel and R.L. de Matos Filho, Nonlinear Jaynes-
Cummings dynamics of a trapped ion, Phys. Rev. A 52,
4214 (1995).

[23] D. M. Meekhof, C. Monroe, B. E. King, W. M. Itano, and
D. J. Wineland, Generation of Nonclassical Motional States
of a Trapped Atom, Phys. Rev. Lett. 76, 1796 (1996).

[24] D.J. Gauthier, Q. Wu, S.E. Morin, and T. W. Mossberg,
Realization of a Continuous-Wave, Two-Photon Optical
Laser, Phys. Rev. Lett. 68, 464 (1992).

[25] M. Brune, J. M. Raimond, P. Goy, L. Davidovich, and S.
Haroche, Realization of a Two-Photon Maser Oscillator,
Phys. Rev. Lett. 59, 1899 (1987).

[26] P. Neilinger, M. Rehdk, M. Grajcar, G. Oelsner, U. Hiibner,
and E. II’ichev, Two-photon lasing by a superconducting
qubit, Phys. Rev. B 91, 104516 (2015).

[27] L. Garziano, R. Stassi, V. Macri, A. F. Kockum, S. Savasta,
and F. Nori, Multiphoton quantum Rabi oscillations
in ultrastrong cavity QED, Phys. Rev. A 92, 063830
(2015).

[28] P. Bertet, I. Chiorescu, C.J. P. M Harmans, and J. E. Mooij,
Dephasing of a flux-qubit coupled to a harmonic oscillator,
arXiv:cond-mat/0507290.

[29] S. Felicetti, D. Z. Rossatto, E. Rico, E. Solano, and P. Forn-
Diaz, Two-photon quantum Rabi model with superconduct-
ing circuits, Phys. Rev. A 97, 013851 (2018).

[30] S. Felicetti, M.-J. Hwang, and A. Le Boité, Ultrastrong-
coupling regime of nondipolar light-matter interactions,
Phys. Rev. A 98, 053859 (2018).

[31] A. Di Piazza, C. Miiller, K. Z. Hatsagortsyan, and C.H.
Keitel, Extremely high-intensity laser interactions with
fundamental quantum systems, Rev. Mod. Phys. 84, 1177
(2012).

[32] C. Hamsen, K. N. Tolazzi, T. Wilk, and G. Rempe, Two-
Photon Blockade in an Atom-Driven Cavity QED System,
Phys. Rev. Lett. 118, 133604 (2017).

[33] L. Duan, Y.-F. Xie, D. Braak, and Q.-H. Chen, Two-photon
Rabi model: Analytic solutions and spectral collapse,
J. Phys. A 49, 464002 (2016).

[34] L. Garbe, I. L. Egusquiza, E. Solano, C. Ciuti, T. Coudreau,
P. Milman, and S. Felicetti, Superradiant phase transition in
the ultrastrong-coupling regime of the two-photon Dicke
model, Phys. Rev. A 95, 053854 (2017).

[35] X.-Y. Chen and Y.-Y. Zhang, Finite-size scaling analysis in
the two-photon Dicke model, Phys. Rev. A 97, 053821
(2018).

[36] W. Leonski and A. Kowalewska-Kudtaszyk, Quantum
scissors—Finite-dimensional states engineering, Prog. Opt.
56, 131 (2011).

[37] I.-C. Hoi, T. Palomaki, J. Lindkvist, G. Johansson, P.
Delsing, and C.M. Wilson, Generation of Nonclassical
Microwave States Using an Artificial Atom in 1D Open
Space, Phys. Rev. Lett. 108, 263601 (2012).

[38] B. Peropadre, J. Lindkvist, I.-C. Hoi, C. M. Wilson, J.J.
Garcia-Ripoll, P. Delsing, and G. Johansson, Scattering of
coherent states on a single artificial atom, New J. Phys. 15,
035009 (2013).

[39] J. Lindkvist and G. Johansson, Scattering of coherent pulses
on a two-level system—Single-photon generation, New J.
Phys. 16, 055018 (2014).

[40] Z.H. Peng, S.E. de Graaf, J.S. Tsai, and O. V. Astafiev,
Tuneable on-demand single-photon source in the micro-
wave range, Nat. Commun. 7, 12588 (2016).

[41] A.Miranowicz, W. Leonski, and N. Imoto, Quantum-optical
states in finite-dimensional Hilbert space. I. General for-
malism, Adv. Chem. Phys. 119, 155 (2001).

[42] U.L Andersen, T. Gehring, C. Marquardt, and G. Leuchs,
30 years of squeezed light generation, Phys. Scr. 91, 053001
(2016).

[43] F. Mallet, M. A. Castellanos-Beltran, H. S. Ku, S. Glancy,
E. Knill, K. D. Irwin, G. C. Hilton, L. R. Vale, and K. W.
Lehnert, Quantum State Tomography of an Itinerant
Squeezed Microwave Field, Phys. Rev. Lett. 106, 220502
(2011).

[44] C. Gardiner and P. Zoller, Quantum Noise: A Handbook
of Markovian and Non-Markovian Quantum Stochastic
Methods with Applications to Quantum Optics (Springer,
Newnbsp; York, 2004), Vol. 56.

[45] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Oxford University Press, Oxford, 2007).

[46] F. Beaudoin, J. M. Gambetta, and A. Blais, Dissipation and
ultrastrong coupling in circuit QED, Phys. Rev. A 84,
043832 (2011).

[47] J.R. Johansson, P.D. Nation, and F. Nori, QuTiP 2: A
python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 184, 1234 (2013).

123604-6


https://doi.org/10.1126/science.aao5965
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/s41567-018-0124-x
https://doi.org/10.1088/1361-6633/aa7e1a
https://doi.org/10.1088/1361-6633/aa7e1a
https://doi.org/10.1103/PhysRev.49.324
https://doi.org/10.1103/PhysRev.49.324
https://doi.org/10.1103/PhysRevA.96.013849
http://arXiv.org/abs/1804.09275
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1109/PROC.1963.1664
https://doi.org/10.1080/09500349314551321
https://doi.org/10.1016/0375-9601(81)90825-2
https://doi.org/10.1103/PhysRevA.25.3206
https://doi.org/10.1103/PhysRevA.52.4214
https://doi.org/10.1103/PhysRevA.52.4214
https://doi.org/10.1103/PhysRevLett.76.1796
https://doi.org/10.1103/PhysRevLett.68.464
https://doi.org/10.1103/PhysRevLett.59.1899
https://doi.org/10.1103/PhysRevB.91.104516
https://doi.org/10.1103/PhysRevA.92.063830
https://doi.org/10.1103/PhysRevA.92.063830
http://arXiv.org/abs/cond-mat/0507290
https://doi.org/10.1103/PhysRevA.97.013851
https://doi.org/10.1103/PhysRevA.98.053859
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1103/RevModPhys.84.1177
https://doi.org/10.1103/PhysRevLett.118.133604
https://doi.org/10.1088/1751-8113/49/46/464002
https://doi.org/10.1103/PhysRevA.95.053854
https://doi.org/10.1103/PhysRevA.97.053821
https://doi.org/10.1103/PhysRevA.97.053821
https://doi.org/10.1016/B978-0-444-53886-4.00003-4
https://doi.org/10.1016/B978-0-444-53886-4.00003-4
https://doi.org/10.1103/PhysRevLett.108.263601
https://doi.org/10.1088/1367-2630/15/3/035009
https://doi.org/10.1088/1367-2630/15/3/035009
https://doi.org/10.1088/1367-2630/16/5/055018
https://doi.org/10.1088/1367-2630/16/5/055018
https://doi.org/10.1038/ncomms12588
https://doi.org/10.1002/0471231479.ch3
https://doi.org/10.1088/0031-8949/91/5/053001
https://doi.org/10.1088/0031-8949/91/5/053001
https://doi.org/10.1103/PhysRevLett.106.220502
https://doi.org/10.1103/PhysRevLett.106.220502
https://doi.org/10.1103/PhysRevA.84.043832
https://doi.org/10.1103/PhysRevA.84.043832
https://doi.org/10.1016/j.cpc.2012.11.019

PHYSICAL REVIEW LETTERS 122, 123604 (2019)

[48] X. Gu, A.F. Kockum, A. Miranowicz, Y.-x. Liu, and F.
Nori, Microwave photonics with superconducting quantum
circuits, Phys. Rep. 718-719, 1 (2017).

[49] See  Supplemental ~Material at http:/link.aps.org/
supplemental/10.1103/PhysRevLett.122.123604 for more
information on the derivation of the effective Hamiltonian.

[50] M. A. Nielsen and I.L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
Cambridge, England, 2000).

[51] M. F Santos, Universal and Deterministic Manipulation of
the Quantum State of Harmonic Oscillators: A Route to
Unitary Gates for Fock State Qubits, Phys. Rev. Lett. 95,
010504 (2005).

[52] R.F. Rossetti, G. D. de Moraes Neto, F. O. Prado, F. Brito,
and M.H.Y. Moussa, Slicing the fock space for state
production and protection, Phys. Rev. A 90, 033840 (2014).

[53] F. O. Prado, W. Rosado, G. D. de Moraes Neto, and M. H. Y.
Moussa, Steady Fock states via atomic reservoir, Europhys.
Lett. 107, 13001 (2014).

[54] W. Rosado, G. D. de Moraes Neto, F. O. Prado, and M. H. Y.
Moussa, Upper bounded and sliced Jaynes- and anti-Jaynes-
Cummings Hamiltonians and Liouvillians in cavity quan-
tum electrodynamics, J. Mod. Opt. 62, 1561 (2015).

[55] S. Krastanov, V.V. Albert, C. Shen, C.-L. Zou, R. W.
Heeres, B. Vlastakis, R.J. Schoelkopf, and L. Jiang,
Universal control of an oscillator with dispersive coupling
to a qubit, Phys. Rev. A 92, 040303(R) (2015).

[56] R. W. Heeres, B. Vlastakis, E. Holland, S. Krastanov, V. V.
Albert, L. Frunzio, L. Jiang, and R.J. Schoelkopf, Cavity
State Manipulation Using Photon-Number Selective Phase
Gates, Phys. Rev. Lett. 115, 137002 (2015).

[57] M. Hotheinz, E. M. Weig, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A.D. O’Connell, H. Wang, J.M.
Martinis, and A. N. Cleland, Generation of Fock states in
a superconducting quantum circuit, Nature (London) 454,
310 (2008).

[58] Y.-X. Liu, L. F. Wei, and E. Nori, Generation of nonclassical
photon states using a superconducting qubit in a micro-
cavity, Europhys. Lett. 67, 941 (2004).

[59] C.K. Law and J.H. Eberly, Arbitrary Control of
a Quantum Electromagnetic Field, Phys. Rev. Lett. 76,
1055 (1996).

[60] D.F. Walls and G.J. Milburn, Quantum Optics (Springer,
New York, 2007).

[61] M. Miicke, E. Figueroa, J. Bochmann, C. Hahn, K. Murr,
S. Ritter, C.J. Villas-Boas, and G. Rempe, Electromagneti-
cally induced transparency with single atoms in a cavity,
Nature (London) 465, 755 (2010).

[62] C. Wang, Y. Y. Gao, P. Reinhold, R. W. Heeres, N. Ofek, K.
Chou, C. Axline, M. Reagor, J. Blumoff, K. M. Sliwa, L.
Frunzio, S.M. Girvin, L. Jiang, M. Mirrahimi, M. H.
Devoret, and R.J. Schoelkopf, A Schrodinger cat living
in two boxes, Science 352, 1087 (2016).

[63] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Electro-
magnetically induced transparency: Optics in coherent
media, Rev. Mod. Phys. 77, 633 (2005).

[64] D.Z. Rossatto and C. J. Villas-Boas, Method for preparing
two-atom entangled states in circuit QED and probing it via
quantum nondemolition measurements, Phys. Rev. A 88,
042324 (2013).

[65] J. A. Souza, L. Cabral, R. R. Oliveira, and C. J. Villas-Boas,
Electromagnetically-induced-transparency-related phenom-
ena and their mechanical analogs, Phys. Rev. A 92, 023818
(2015).

[66] W. Leonski and A. Miranowicz, Quantum-optical states in
finite-dimensional Hilbert space. II. State generation, Adyv.
Chem. Phys. 119, 195 (2001).

[67] J. A. Souza, E. Figueroa, H. Chibani, C.J. Villas-Boas, and
G. Rempe, Coherent Control of Quantum Fluctuations
Using Cavity Electromagnetically Induced Transparency,
Phys. Rev. Lett. 111, 113602 (2013).

123604-7


https://doi.org/10.1016/j.physrep.2017.10.002
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
http://link.aps.org/supplemental/10.1103/PhysRevLett.122.123604
https://doi.org/10.1103/PhysRevLett.95.010504
https://doi.org/10.1103/PhysRevLett.95.010504
https://doi.org/10.1103/PhysRevA.90.033840
https://doi.org/10.1209/0295-5075/107/13001
https://doi.org/10.1209/0295-5075/107/13001
https://doi.org/10.1080/09500340.2015.1051150
https://doi.org/10.1103/PhysRevA.92.040303
https://doi.org/10.1103/PhysRevLett.115.137002
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature07136
https://doi.org/10.1209/epl/i2004-10144-3
https://doi.org/10.1103/PhysRevLett.76.1055
https://doi.org/10.1103/PhysRevLett.76.1055
https://doi.org/10.1038/nature09093
https://doi.org/10.1126/science.aaf2941
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1103/PhysRevA.88.042324
https://doi.org/10.1103/PhysRevA.88.042324
https://doi.org/10.1103/PhysRevA.92.023818
https://doi.org/10.1103/PhysRevA.92.023818
https://doi.org/10.1002/0471231479.ch4
https://doi.org/10.1002/0471231479.ch4
https://doi.org/10.1103/PhysRevLett.111.113602

