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Solid-State Qubit as an On-Chip Controller for Non-Classical
Field States

Roman V. Zakharov, Olga V. Tikhonova, Nikolay V. Klenov, Igor I. Soloviev,
Vladimir N. Antonov, and Dmitry S. Yakovlev*

A basic element of a quantum network based on two single-mode waveguides
is proposed with different frequencies connected by a solid-state qubit. Using
a simple example of a possible superconducting implementation, the
usefulness of the simplifications used in the general theoretical consideration
has been justified. The non-classical field in a single-mode with a frequency of
𝝎1 is fed to the input of a qubit controller and transformed into a non-classical
field in an output single-mode with a frequency of 𝝎2. The interface can
establish a quantum connection between solid-state and photonic flying
qubits with adjustable pulse shapes and carrier frequencies. This allows
quantum information to be transferred to other superconducting or
atomic-based quantum registers or chips. The peculiarities of the wave-qubit
interactions are described, showing how they help to control the quantum
state of the non-classical field. On this basis, the operating principles of
solid-state and flying qubits for the future quantum information platforms
are considered.
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1. Introduction

Building a large-scale quantum computer
is one of the most complex areas within
quantum information technologies.[1–4] In
modern quantum computing systems, in-
formation is typically encoded in the states
of either solid-state qubits (artificial atoms)
or photons (flying qubits). Each approach
has its strengths and weaknesses. A “third
way” of development is when relatively eas-
ily controlled solid-state qubits are respon-
sible for information processing, and non-
classical electromagnetic fields are respon-
sible for information transfer across and
between chips. But to bring such an ap-
proach to practice, we need to teach solid-
state qubits to control non-classical electro-
magnetic fields.
Such an approach can be implemented

on various technological platforms,
including, for example, superconducting artificial atoms con-
nected by high-quality resonators (cavities).[5–20] Our interest is
invoked by the possibility of realizing a robust and targeted
interaction[21–27] between a specific “atom” and a “field in amicro-
cavity” (“SA+F” system). It is also possible to control (even di-
rectly during the interaction) the characteristics of the atom and
the field. This control handle arises from the specifics of macro-
scopic interference in superconducting circuits with Josephson
Junctions (JJ). JJs also give nonlinear scattering of microwave
photons, similar to scattering processes in nonlinear optical
media.[28,29] In both classical and quantum limits, superconduct-
ing atoms effectively interact with non-classical fields and can
even generate them.[30–33]

The mentioned features of the “SA+F” systems were clearly
manifested in a series of sophisticated experiments in the field
of quantum optics, including the dynamical Lamb effect and
the dynamical Casimir effect.[34–36] The progress in sources and
detectors of non-classical microwave radiation can potentially
lead to the creation of a “quantum radar”[37–39] and a “quantum
internet”[40–44] with the transfer of information between quan-
tum computing systems using quantum fields. In this work, we
describe how to control the quantum states of the non-classical
fields, transfer them from one mode to another, and manage
them by wave-to-qubit interactions.
An important feature of the proposed systems is the high

sensitivity of superconducting atoms to external electromagnetic
fields. This feature causes problems in quantum computers.
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Figure 1. Principal scheme of the quantum controller: two waveguides for
the input and output signals are connected to an artificial atom (qubit).
The characteristic frequencies of the waveguides are slightly different from
each other.

However, it can be used constructively in “quantum controllers”
in distributed networks,[45] multi-chip systems,[46] and (more
generally) physical systems that require encoding of higher di-
mensional quantum information.[47–58] We look at the abilities of
the quantum controllers[59–61] and explore the analytical methods
in this area.

2. Exemplification Example: Validating Theoretical
Assumptions

We propose a general theoretical framework for a quantum con-
troller of non-classical electromagnetic fields, which can poten-
tially be applied to various practical realizations of such a sys-
tem. In our analytical treatment, however, we have made several
simplifying assumptions, the validity of which we demonstrate
through a relatively simple example of the qubit controllers and
waveguides for microwave photons.
To illustrate the experimental realization of the controller,

we introduce a waveguide-qubit-waveguide system, as shown in
Figure 1. The system consists of a superconducting X-mon qubit
placed in a cavity and connected with two waveguides. The cir-
cuit design and microphotographs, specifically with the widely
used “planar” X-mon qubit,[62] are shown in Figure 2b–e. The
system seems to be quite similar to the one used in ref. [63],
where two waveguides are connected to an artificial molecule
composed of two interacting superconducting transmon qubits.
In our case, we use high-quality single-mode waveguides, each
supporting only one frequency mode. The experimentally mea-
sured frequency spectra of the two waveguides are shown in
Figure 2f and can be seen to be very narrow, clearly demonstrat-
ing a single-mode regime. The cavity is tuned to support both fre-
quency modes, allowing both fields to interact with the qubit si-
multaneously. For our purposes, the singlemode of the transmis-
sion line waveguide can be approximated by an LC tank model,
as shown in Figure 2a, using a lumped element approach.[64] To
improve modeling accuracy, additional LC tank circuits can be
considered formultiplemodes in amore complex resonator.[65,66]

Note that in the implementation under consideration, the
spectrum of the controller can be configured: The flux bias line
facilitates the application of magnetic flux to the SQUID loop of

the X-mon, thus changing its operating frequency. Two coplanar
waveguide (CPW) transmission lines are capacitively coupled to
the controller. Each is terminated at the resonator and ends with
an open or short circuit to the ground.
While employing a CPW is straightforward in design and fab-

rication, it occupies a significant area. For instance, the CPW
length is on the order of wavelength 𝜆, corresponding to sev-
eral millimeters for mode frequencies in the 6–8 GHz range (see
Figure 2b,f, and Table 1). Future integration methods, such as
flip-chip integration[67] or through-silicon vias,[68] are expected to
be utilized in quantum networks.
We investigated the interconnected Xmon-based tunable ele-

ment comprising two islands coupled via capacitance, depicted
in Figure 2b. The system configuration, illustrated in Figure 2c,d,
consists of a Josephson SQUID junction (see Figure 2d), linked
by a capacitance in the form of two thin-film pads on oppo-
site sides of the junction. Our investigations involved measure-
ments employing a cavity microwave resonator containing an
X-mon. The critical components of this superconducting ele-
ment are submicron-scale Josephson superconductor-insulator-
superconductor (SIS) tunnel junctions, as demonstrated in
Figure 2e. These junctions are manufactured using shadow
deposition[69,70] through two-layer electron-resist masks gener-
ated by electron lithography. The tunnel barrier is formed by the
controlled oxidation of the lower aluminum S-layer inside the
high-vacuum system’s chamber. Tunnel SIS junctions with lat-
eral dimensions ranging from 50 to 1000 nm, critical currents
Ic between 5 nA to 10 μA (the critical current densities ranging
from 0.05 to 4 kA cm−2) were fabricated. Nota bene: the dimen-
sions of such a structure are minor compared to the wavelength
of the waveguides used.
One- and two-tone spectroscopy is used to determine the qubit

frequency (𝜔); during this step, one also gets accurate estimates
of the CPW frequencies (𝜔1,𝜔2) and the resonator-qubit coupling
strengths Γ1 = Γ2 = Γ. To get complete insights into the system’s
functionality, measuring the qubit’s coherence times concerning
its magnetic field shift is crucial.Stability of system characteris-
tics versus detuning from the sweet spot is important. Critical
parameters such as energy relaxation times T1, phase relaxation
times T2

∗, and echo coherence time T2E were assessed from both
sides of the qubit (see Table 1). The results in Figure 2g show the
coherence times measured versus the distance from the sweet
spot (SWS). Using a magnetic field loop directly linked to the ele-
ment provides detuning. Themeasured average coherence times
ranged between 5 and 25 μs. In our tunable Xmon-based setup,
the T1, T2

∗, and T2E times remain constant throughout the mea-
sured half-flux-quantum range (see Figure 2g and Table 1). When
two waveguides with different frequencies are connected to a sin-
gle qubit, their quality factors remain at the 5 × 105 level (Table 1).
Moreover, the coherence times remain constant instances, re-
gardless of swapping the drive and readout CPW. We conclude
that the waveguides do not interfere with each other and that no
uncontrolled energy dissipation is observed in our system. This
preliminary characterization of the waveguide-qubit-waveguide
system provides a solid basis for the theoretical description of
the on-chip quantum controller for non-classical field states pre-
sented in the following sections.
The potential experiment should include a superconducting

qubit for generating non-classical electromagnetic fields, a qubit
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Figure 2. a) Equivalent lumped element circuit model of the device; b) Schematic view of a planar superconducting waveguide-qubit-waveguide system.
The device consists of an X-mon qubit (highlighted in red) with two Josephson junctions and a large capacitive shunt coupled to two CPWs (highlighted
in blue); c) shunting capacitor for Xmon-based element with capacitance Csh; and d) microwave line for controlling the qubit frequency and X-mon
SQUID; e) One of two Josephson junctions of SQUID; f) Spectroscopic test results for the waveguides; g) Quantum controller stability test results:
qubit decoherence time versus magnetic flux tuning.

controller for precise state manipulation, and a detector for
field measurement.

3. Method of Analytical Description of State
Dynamics in Basic Element

Summarizing the results of preliminary experiments, we de-
scribe the basic element of an “all-quantum” computing system
as follows: a non-classical field in a single-mode waveguide with a
frequency of 𝜔1 is fed to the input of a qubit-controller and turns
into a non-classical field in an output single-mode CPW with a
frequency of 𝜔2. At the first stage of theoretical consideration, we
will consider the controller as a two-stage systemwith a frequency
of 𝜔. The system Hamiltonian is a sum of free Hamiltonians for
fields, qubit, and the interaction terms:

H = ℏ𝜔1a
†
1a1 + ℏ𝜔2a

†
2a2 +

1
2
ℏ𝜔𝜎z +

+ℏΓ1(𝜎+a1 + 𝜎−a†1) + ℏΓ2(𝜎
+a2 + 𝜎−a†2) (1)

As we move toward the practical implementation of quantum
networks, it will be imperative to account for the real dispersion
inwaveguides[71,72] by including terms in the overallHamiltonian
that correspond to different modes with their respective frequen-
cies.
The state of our simplified system can be expanded over eigen-

functions of the non-interacting qubit and field subsystems as
follows:

𝜓 =
∑

Cg
n1n2 (t)

||g n1 n2⟩ +∑
Ce
n1n2

(t) ||e n1 n2⟩ (2)

where the symbols g, e refer to the ground and excited states of
the qubit; n1, n2 are the photon numbers in each field mode.
The time-dependent differential equations for the probability

amplitudes of the interaction-free states contributing to the total
solution are given by:

dCg
n1n2

dt
= −iΓ1

√
n1e

i(𝜔1−𝜔)tCe
n1−1 n2

−

−iΓ2
√
n2e

i(𝜔2−𝜔)tCe
n1 n2−1

Table 1. Overview of the system parameters.

𝜔W , GHz Qi × 10e5 𝜔Q, GHz Γ, MHz T1, μs T∗
2, μs T2E , μs

𝜔1 = 4.96 4.84 𝜔 = 4.64 35 ± 2 19.99 8.91 15.22

𝜔2 = 5.21 4.91 34 ± 2 19.74 8.83 14.98
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Figure 3. The structure of states of the system consisting of two fields (n1 and n2 are the numbers of photons in these fields) and qubit (ground or
excited). According to the system (4), all states are indexed with the total number of excitation in a given energy channel m and the number of photons
in the first field mode. The states referred to the same energy channel are arranged in a diagonal and are indicated by the same color. The states marked
by different colors are uncoupled during the time evolution described by the system (4).

Ce
n1 n2

dt
= −iΓ1

√
n1 + 1ei(𝜔−𝜔1)tCg

n1+1 n2
−

−iΓ2
√
n2 + 1ei(𝜔−𝜔2)tCg

n1 n2+1
(3)

If 𝜔 = 𝜔1 = 𝜔2 the solution can be found analytically. In gen-
eral case we have solved them numerically.
The solution of the system can be simplified by taking into

account the found integral of motion I1 = a†1a1 + a†2a2 + 𝜎
+𝜎−

which represents the total energy in the system. Since the to-
tal energy is conserved the interconnected Equations (3) ap-
pears to be a set of independent groups of equations specif-
ically for each initial number of excitations m in the system
which can be defined as follows: m = nq + n1 + n2. Here, n1
and n2 stand for the photon numbers in two field modes,
while nq equals 1 or 0 for the excited or ground qubit state,
respectively.
For any given value of the parameterm, the corresponding set

of equations can be solved separately, even if the initial field state
is chosen as a broad superposition of different photon number
states. For this reason, it is more convenient to renumber the
tripartite basis states and to characterize them additionally to the
qubit indices “g” and “e” by the total number of excitationsm and
the number of photons in the first mode n1. The corresponding
number of photons in the second field mode can be found
automatically as n2 = m − n1 − nq. Such a procedure is very
useful for parallel calculations and leads to the following set of
(2m + 1) equations obtained for each “energy channel” with a

given value of the parameter m:

dCg
m j

dt
= −iΓ1

√
j ei(𝜔1−𝜔)tCe

m j−1 − iΓ2
√
m − j ei(𝜔2−𝜔)tCe

m j

j = 0, 1,… , m

dCe
m j

dt
= −iΓ1

√
j + 1 ei(𝜔−𝜔1)t Cg

m j+1 − iΓ2
√
m − j ei(𝜔−𝜔2)t Cg

m j

j = 0, 1,… , m − 1 (4)

Figure 3 shows the classification of states taking into account
the channels of their possible formation. Later, when analyzing
the results, we will normalize the time by the inverse coupling
constant between the qubit and the resonator, Γ−1.
It should be emphasized that the contribution of a given en-

ergy channel with fixed m is determined by the weight of this
channel in the initial state of the system and does not change
during the interaction. Thus, it is possible to neglect some energy
channels without affecting others. For these reasons, the devel-
oped theoretical approach seems very promising and gives many
advantages due to the possibility of analyzing the physical pro-
cesses in different energy channels independently.

4. Results and Discussion

4.1. Quantum Field State Generation and Transfer

Here, we present a systematic review of the results for the
“SA+F” system used as a generator of a quantum state in an
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output fieldmode depending on the input. The simplest example
is state transfer, where the given state is initially in mode 𝜔1, and
we want to transfer it to mode 𝜔2.
Note that this is a difficult task. Usually, not only the state but

even the photon statistics of the field can hardly be transferred
from mode to mode. We will now demonstrate a method to cir-
cumvent this issue.
We will consider low photon number states, which are truly

non-classical with quantum uncertainties playing an important
role. A simple example is the fixed photon number (Fock) state of
the field or the low photon number coherent state. The coherent
field state can be generated with multiple qubits connected to a
resonator if they are coherently excited.
The regime of high-quality transfer from one field mode to

another can be achieved only if the difference between the fre-
quencies 𝛿 = |𝜔1 − 𝜔2| ismuch less than the interaction strength
𝛿 ≪ Γi since the number of excitations is invariant and the energy
conservation constraint exists.
Two different regimes of field-qubit interaction are found, de-

termined by the ratio between the field-qubit interaction strength
and the detuning of the mean-field frequency from the qubit res-
onance transition:

Δ = 𝜔 −
𝜔1 + 𝜔2

2
(5)

For efficient field state transfer, the interaction strengths Γ1
andΓ2 should be rather close to each other, such thatΓ1 ≈ Γ2 = Γ.
In the regime of weak field-qubit interaction (see Figure 4a), the
qubit frequency is far from the field frequencies, so Δ is much
larger than the effective interaction Γ

√⟨n⟩ + 1, where ⟨n⟩ is the
average photon number in the field. In this case, there is almost
no excitation of the qubit, and its upper level is mostly empty all
the time (see Figure 4b). Thus, all the energy in the system is
exchanged between the field modes, but it’s important to note
that this exchange is only possible due to the interaction with the
qubit. In this regime, the qubit acts as a good transmitter between
the two field modes.
In the opposite regime, Δ ≤ Γ

√⟨n⟩ + 1, the energy exchange
between the field modes also takes place, but their mean photon
numbers oscillate rather fast with a relatively large amplitude (see
Figure 4c) due to high qubit excitation. In this case, one has to
stop the interaction at the right moment to get the desired field
state in the second mode (but this can be quite a challenge).
In this paper we will also consider only the first regime of

non-resonant weak field-qubit interaction, since it is more suit-
able for high-quality transfer and generation of the non-classical
field states.
To analyze the obtained results, it is important to work out

the criteria that show that the state transfer procedure is good
enough. First, we need quantitative metrics to analyze the qual-
ity of the generated state in the output mode. Let us suppose that
initially, we have an input state in the first field mode, which is
a superposition of different Fock states, and there are no excita-
tions in the second mode and in the qubit:

||𝜓(t = 0)⟩ = ∑
n1

Cg,n1 ,0
(t = 0) ||gn10⟩ (6)

Figure 4. Evolution of average photon number of two field modes, blue
dashed for the input field with 𝜔1, red solid for output field with 𝜔2, ob-
tained for the initially coherent state of the first field mode with mean pho-
ton number 1.6 and ground state of the qubit at (𝜔2 − 𝜔1)∕Γ = 0.005 in
the regime of weak (strongly non-resonant) field-qubit interaction, Δ∕Γ =
10 (a) and strong field-qubit interaction, Δ∕Γ = 0.2 (c). Figure (b) shows
a very small qubit excitation in the weak interaction regime. The time is
given in units of 1

Γ ; 1 a.u. ≈ 28.57 ns in our system.

In the most general case, the evolution of this state overtime
during the interaction can be represented as follows:

||𝜓(t)⟩ = ∑
a,n1 ,n2

Ca,n1 ,n2
(t) ||an1n2⟩ (7)

where the indices a = g, e characterize the qubit state.
Let’s assume that we want to transfer the photon number

statistics from the input state to the second field mode. The
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probability of finding k photons in the output mode at a given
time is given by:

|Cred
k (t)|2 = ∑

a,n1

|Ca,n1 ,k
(t)|2 (8)

If we don’t stop the interaction at the right moment, some en-
ergy will remain in the first (input) fieldmode and the state trans-
fer will not be perfect. Therefore, we can define the transfer er-
ror metrics as the difference between the probabilities of finding
k photons in the second field mode at certain time t and in the
first mode at the initial moment, and further sum over all photon
numbers:∑
k

Errork(t) =
∑
k

||||Cred
k (t)|2 − |Cg,k,0(0)|2||| (9)

It is easy to show that
∑
Errork ≤ 2. So we can define the trans-

mission quality as

quality(t) = 1 −
∑

Errork(t)
2

(10)

where 1 corresponds to the ideal metrics transfer, and 0 means
that the field statistics in the modes have nothing in common.
Another important metrics is the purity of the second field

state:

purity(t) = Tr(𝜌2red(t)) (11)

where 𝜌i,jred =
∑

a,n1
Ca,n1 ,i

C∗
a,n1 ,j

When the purity is close to unity, the field in the second mode
is characterized by a certain wave function, which seems to be a
necessary condition for high-quality state transfer. In the follow-
ing, we will focus on the possibility of transferring typical non-
classical field states.

4.2. Transfer of Fock States and Generation of NOON States

Let us first discuss the transfer of the Fock state (the state with a
certain number of photons) from one field mode to another. In
the case of the one-photon state, the situation is quite simple. At
any point in time, the two-mode field can be in the state |10⟩ or|01⟩, or in a superposition of both. The time-dependent popula-
tions of these two states are depicted in Figure 5a; these curves
show an almost complete transfer of a photon from one field
mode to the other, achieved by the time t = 16.5 a.u. (the time
is given in units of 1

Γ
; 1 a.u. ≈ 28.57 ns in our system). Indeed,

the corresponding time-dependent purity and quality are found
to approach unity at this time (see Figure 5b). It is found that the
observed one-photon transfer repeats periodically in time.
For the two-photon initial state, the transfer procedure can also

be performedwith high quality. In this case, however,more differ-
ent bipartite field states can be populated during the interaction.
Their populations as a function of time are shown in Figure 5c.
It should be emphasized that the purity of the state in the sec-
ond mode changes strongly during the interaction, approaching
its minimum value of 0.5 twice per period of quality oscillations.

Figure 5. Fock state transfer from one field mode to another. The time-
dependent populations of different bipartite field states formed during the
interaction with the qubit in the case of one-photon transfer (a) and two-
photon state transfer (c); the quality and purity metrics of the one-photon
transfer procedure as a function of time (b).

This is a clear indication of the formation of strongly entangled
two-mode field states.
We have found that the so-called N00N-states can be gener-

ated during the field-qubit interaction. Such states are highly en-
tangled and describe the case when there are N photons in one
field and a vacuum in the second one or vice versa: |N00N⟩ =
(|N0⟩ + |0N⟩)∕√2 with different possible relative phases in such
superposition. N00N-states are desired because they hold great
promise for important practical applications in quantum infor-
mation technology. Figure 6 illustrates the types of different
NOON states formed during the Fock state transfer by the time

Adv. Quantum Technol. 2024, 7, 2400141 2400141 (6 of 12) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 6. The NOON states generated during the transfer of different Fock states at the time corresponding to the minimum purity in Figure 5 for
different initial conditions: n1 = 1 (a), n1 = 2 (b), and n1 = 3 (c).

corresponding to the minimum of purity. In the case of single-
photon transfer, only the superposition of (|10⟩ + i |01⟩)∕√2with
relative phase equal to 𝜋∕2 can be obtained.
For two-photon initial state the (|2⟩ |0⟩ + |0⟩ |2⟩)∕√2 state can

be found. For initial Fock states with higher numbers the set of
possible entangled states is richer. Specifically, during the trans-
fer of the 3-d Fock state the superposition 𝛾 (|3⟩ |0⟩ + |0⟩ |3⟩) +
i𝛽 (|2⟩ |1⟩ + |1⟩ |2⟩) can be generated (Figure 6c). It should be
noted that the generation of entangled Bell states, which can also
be called NOON states with N = 1, has been achieved in a rather
similar setup using two superconducting transmons.[63]

Thus, the high-quality transfer of different Fock states from
one field mode to another is demonstrated. The transfer is ac-
companied by the formation of theN00N states, which aremostly
pronounced at the minimum of purity.

4.3. Transfer of Coherent Field State

In this subsection, we focus on the transfer of the coherent state
with a small average number of photons from one field mode to
another. The coherent state is known to be the following super-
position of many Fock states:

||𝜓c⟩ = e−|𝛼|2∕2 ∑
n

𝛼n√
n!

|n⟩ (12)

This state is characterized by the Poisson distribution over
photon numbers with a mean value equal to |𝛼|2. An example
of the statistics transfer frommode to mode due to field-qubit in-
teraction is shown in Figure 7 for the initial coherent state with
𝛼 = 1.5. At the beginning (t = 0) photons are present only in the
first field mode and the Poisson photon distribution is well seen
in Figure 7a, at the intermediate stage (t = 8 a.u.) we get photons
in both modes (Figure 7b).
At the final moment (t = 16.5 a.u.), all the energy appears in

the second field mode, with the photon number distribution
found to coincide almost perfectly with the initial Poisson distri-
bution of photons of the input state (compare Figure 7a,c). Thus,
the photon statistics are fully transmitted to the second mode
(Figure 7c). However, the relative phases between different Fock

states are found to be changed: initially, they were chosen equal to
zero(since 𝛼 is real) while at t = 16.5 a.u. the phase difference of 𝜋
between adjacent photon number states appears (see Figure 7d).
So, the final state isn’t a full copy of the initial state in the input
mode. Usually, the relative phases of states in a superposition are
very important due to their dramatic influence on the shape of the
probability density distribution of the coordinate or momentum
quadrature. However, such a problem does not arise in our case.
The acquired relative phase shift between Fock states indicates
only that the coherent state with parameter (−𝛼) instead of 𝛼 is
generated in the second field mode. In coordinate representation
such wave-packet corresponds to the field state prepared initially
in the first mode but with opposite coordinate field quadrature:
𝜓out(x) = 𝜓in(−x). Thus, the coherent state is shown to be suc-
cessfully transferred without distortion.
The quality of the transmission procedure and the purity of

the state in the second field mode are shown in Figure 8a. The
quality parameter is found to reach almost unity at ttr ≈ 16.5 a.u.
and remains above 0.9 within the time interval of 𝛿t ≈ ±2 a.u.
around this point.
It can be seen that the maximal quality of the transfer is

achieved at approximately the same time point as it is obtained in
the case of the initial Fock state. In addition, for integer ratioΔ∕Γ,
the dynamics of the system are characterized by periodic oscilla-
tions of energy and states between two field modes. The period
of such oscillations (or the revival time) can be estimated ana-
lytically in the limit of degenerate field frequencies. Under such
approximation it is more convenient to describe the interaction
in terms of the sum and difference field modes characterized by
the following photon operators:

b1 =
Γ1a1 + Γ2a2

Γeff
, b2 =

Γ2a1 − Γ1a2
Γeff

, Γeff =
√

Γ21 + Γ22 (13)

It can be seen from the Hamiltonian (1) that only the sum
mode interacts with the qubit with efficiency Γeff , while the differ-
encemode is not coupled with qubit at all. For this reason actually
the non-resonant quantum Rabi oscillations take place with the

Rabi frequency Ωn =
√

Γ2eff n + Δ2

4
for each initial Fock state. The

total revival of the whole field state in the first fieldmode is found

Adv. Quantum Technol. 2024, 7, 2400141 2400141 (7 of 12) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 7. The evolution of the photon number distribution in two field modes obtained at different times during the transfer of the coherent state with
𝛼 = 1.5 is shown at the beginning (at t = 0)(a), in the middle (b) and at the end (c) of the transfer procedure. The phases reached by each Fock state at
the end of the transfer are shown in figure (d). The parameters used are (𝜔2 − 𝜔1)∕Γ = 0.005, Δ∕Γ = 10.

to occur if only the amplitudes and phases of all Fock states will
return to their initial values, specifically at time Trev obeying the
condition (Ωn − Ωn−1)Trev = 2𝜋. In the considered non-resonant
case the Rabi frequency weakly depends on the Fock number n
leading to the simplest estimation (in the first order on the ra-
tio Γ

Δ
) of the revival time as Trev ∼ 𝜋

Δ
Γ2

= 10𝜋 a.u. (in units of 1
Γ
).

It is evidently seen from Figures 4, 5, and 8 that the time of the
best state transfer to the second field mode ttr appears to be equal
to one half of the revival period and then can be estimated as
ttr ∼ 𝜋

Δ
2Γ2

= 5𝜋 a.u. This value appears to be in good agreement
with our obtained results.
By taking into account the second-order corrections to the es-

timation of ttr we get a small increase of this value due to de-
pendence on the mean number of photons ⟨n⟩ in the field: ttr ≈
𝜋

Δ
2Γ2

(
1 + 4 ⟨n⟩ Γ2

Δ2

)
≈ 16.5 a.u. The found value perfectly coin-

cides with the time of the best transfer demonstrated on Figure 4,
5, and 8. Thus, it is possible either to predict the time of the
high-quality state transfer or to perform managing of this time
by changing the frequency detuning and the strength of coupling
with qubit.

4.4. Qubit as a Beam Splitter

Let us analyze the purity of the coherent state that is transferred
to the second field mode. The results are presented in Figure 8
and evidently demonstrate that purity is close to unity during
all the time of the interaction. This fact means that the fields
in both modes are almost not entangled at any instant of time
and can be characterized by pure states each with its own wave
function. These pure states are found to be the coherent states

Adv. Quantum Technol. 2024, 7, 2400141 2400141 (8 of 12) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH

 25119044, 2024, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/qute.202400141, W

iley O
nline L

ibrary on [12/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advquantumtech.com


www.advancedsciencenews.com www.advquantumtech.com

Figure 8. The quality of the transmission procedure. a) The purity of the
state in the second field mode obtained during the transfer of the initial
coherent state in the first field mode with 𝛼 = 1.5 for Δ∕Γ = 10. b,c) The
time-dependent absolute values and phases of parameters 𝛼1 and 𝛼2 char-
acterizing the coherent states of quantum fields in two modes during the
off-resonant interaction with qubit.

characterized by parameters 𝛼1 and 𝛼2, which change over time.
The time-dependent absolute values and phases of parameters
𝛼1 and 𝛼2 characterizing the coherent states of quantum fields in
two modes, in this case, are presented in Figure 8b,c.
During the interaction with a qubit, the energy moves from

one field mode to another, such as the mean number of photons
decreasing in the first field mode and increasing in the second
one. At the same time, each field always remains in a pure co-
herent state. As a result, starting from the initial coherent state
in the first field mode, we obtain the generation of two new co-
herent states with fewer photon numbers changing with time.
It should be emphasized that the observed energy exchange be-

tween quantum field modes is possible due to the interaction
with the qubit only. Thus, in the considered regime the qubit acts
like a beam splitter of microwave signals with transmission and
reflection probabilities depending on time. Therefore, it is possi-
ble to vary the beam splitter balance by choosing the time point
during the evolution.
It is interesting that though the phases of the obtained coher-

ent states are also changing in time (see Figure 8c), the relative
phase shift between the states remains constant and is found to
be equal to 𝜋∕2. For example, the bi-partite state obtained at half
of the transmission time can be presented as follows:

||𝜓mid⟩ ≈ ||||||
𝛼√
2
ei𝜋∕4

⟩
1

×
||||||
𝛼√
2
ei3𝜋∕4

⟩
2

(14)

Since the whole state appears to be a direct product of the in-
dividual states of each field, it is possible to manipulate or per-
formmeasurements independently in one or another fieldmode.
Thus, due to interaction with the qubit, it is possible to gener-
ate different coherent states with required characteristics in two
field modes. The strongly off-resonant character of the interac-
tion leads to negligibly small excitation of the qubit and provides
the regime when the qubit works as a transmitter of energy be-
tween field modes.

4.5. Measuring Field Phases

Note that the considered state generator of a non-classical elec-
tromagnetic field on a chip can be used for fine measurements.
Let’s assume that we want to retrieve the relative phase𝜙 of the

initial input state of the field in the firstmode with𝜔1 by coupling
it with qubit:

|𝜓⟩ = (|𝛾||1⟩ + |𝛽|ei𝜙|2⟩)|0⟩(|g⟩ + |e⟩√
2

)
(15)

Of course, we can do this without the help of the second field,
which measures only an average signal (average number of pho-
tons) in the first field. However, it turns out that this value oscil-
lates significantly with time due to the interaction with the qubit.
Therefore, signals corresponding to different phases are close to
each other and can hardly be distinguished. The error in themea-
surements can lead to completely wrong results. An example of
such time-dependent signals is shown in Figure 9a.
In the presence of the second field mode, the situation be-

comes different. Both field modes interact with qubit simulta-
neously. At a certain instant of time, when the efficiencies of
their interaction with qubits become close to each other, the to-
tal signal measured simultaneously in both field modes reveals
the suppression of oscillations in time. In this regime, the sig-
nals obtained for different phases are found to be well-separated
and can be distinguished (see Figure 9). In our case, the proper
time interval is found between 7 and 9 a.u. when similar energies
characterize both field modes. When there are more photons in
the input field, the stable part in the curves shown in Figure 9 is
much more pronounced, existing for longer time intervals, and
the phase recovery becomes more reliable.

Adv. Quantum Technol. 2024, 7, 2400141 2400141 (9 of 12) © 2024 The Author(s). Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 9. The time-dependent average number of photons in both field
modes (total signal) obtained in dependence on phase 𝜙 (a) for qubit in-
teracting with only input field mode (Γ2 = 0); (b) for equal interaction of
qubit with both fields Γ1 = Γ2. The input state corresponds to the state

(15) with 𝛾 = 𝛽 = 1∕
√
2.

The described phase measurement does not require any infor-
mation about the time-dependent photon statistics in the fields.
It is based only on the joint measurement of the total signal (to-
tal intensity) in both field modes, which can be determined with
high precision in an experiment. Thus, the proposed scheme of
qubit-field interaction allows to perform highly sensitive mea-
surements of the unknown relative phase of the input field state.
In fact, this possibility is due to the anticorrelations of photons
in the field modes arising during the interaction with the qubit.

5. Conclusion

In order to analyze the operation of a quantum element control-
ling non-classical fields, we have developed methods for the ana-
lytical consideration of the evolution of this complex system. The
tools used in this article allow us to restore the amplitudes of all
states of a multilevel composite system (“SA+F”) along a chain
of equations. The proposed splitting of a set of differential equa-
tions into subsets is particularly relevant when considering more
complex all-quantum computing systems with large numbers of
solid-state qubits (or qudits) and non-classical fields.
The developed tool made it possible to consider the control of

non-classical fields for both weak and strong interaction of the
resonators with an artificial atom for realistic conditions obtained
from preliminary experiments.

In particular, we have demonstrated that a quantum con-
troller can efficiently transmit the number of photons in the field
from the input to the output when the frequency of the qubit is
strongly detuned from the frequencies of the incident and outgo-
ing waves. Of particular note is that superconducting technology
allows not only the frequency of the qubit to be tuned, but also
the frequencies of the waveguides.[73,74]

It is also possible to obtain the statistics of a nonclassical field
by stopping the interaction between the qubit and the field at
some point in time.
New states can also be created. Solid-state qubits can act as

beam splitters for coherent fields by generating pure states of two
less intense coherent fields. If the Fock state is at the input, en-
tangled noon states can be generated. Finally, two fields at the
input of the qubit allow the output signal to be stabilized for a
noticeable period of time.
By considering a finite qubit anharmonicity and the actual

multilevel transmon structure, many frequency field modes can
be involved in the interaction. The control of the dominant cou-
pling between different transmon levels is expected by chang-
ing the field frequencies and varying the degree of nonlinear-
ity. In this case, the multilevel transmon can act as a multimode
field converter.
In the future, within the framework of the proposed approach,

a solid-state qubit can be considered as a quantum router that
forms the populations of specific Fock (field) states acting as in-
formation transmission channels. Multiplexing a signal in the
domain of Fock states (by analogy with frequency or time multi-
plexing) can be very important when working with data flows be-
tween quantum computing systems or matrices of quantum de-
tectors.
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