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Qubits of long coherence time and fast quantum operations are long-sought objectives toward the realization
of high-fidelity quantum operations and their applications to quantum technologies. An electron levitated in
a vacuum by a Paul trap is expected to be a good candidate, for its light mass and hence the high secular
frequency which allows for faster gate operations than those in trapped ions. Controlling the motional state
of the trapped electron is a crucial issue, for it mediates an interaction between electron spins, intrinsic qubits
embedded in electrons, and its decoherence results in degraded fidelity of two-qubit gates. In addition, an efficient
readout of the motional state is important, regarding the possibility of detecting spin state by using it. Despite
such importance, how to achieve the motional ground state and how to efficiently detect it are not reported
so far. Here we propose methods addressing these issues by utilizing hybrid quantum systems involving an
electron-superconducting circuit and electron-ion coupled systems and analyze the feasibility of our schemes. In
both systems, we show that ground-state cooling and single-phonon readout of the motional state of the trapped
electron are possible. Our work sheds light on a way to precisely control the motional states of the trapped
electrons, that provides an interesting playground for the development of quantum technologies.
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I. INTRODUCTION

In the recent development of quantum technologies, quan-
tum bits (qubits) with long coherence times are explored
in various platforms such as trapped ions [1], Rydberg
atoms [2], superconducting circuits [3], and quantum defects
in solids [4]. For instance, hyperfine and optical qubits in
atomic ions in a Paul trap possess long coherence times thanks
to their intrinsic nature being protected by levitating them in
an ultrahigh-vacuum environment [1]. As another example,
lifetimes of the superconducting qubits have improved by sev-
eral orders of magnitude [3] for a few decades. To characterize
how good the coherence times are for various qubits, a ratio ε

of the coherence time to the longest duration of quantum oper-
ation is useful, for its inverse limits the minimum-achievable
error rates. In terms of this index, ε ∼ 105 and ε ∼ 103 are
realized so far in hyperfine qubits of atomic ions [5] and
superconducting qubits [6], respectively. To further develop
error-corrected qubits by, e.g., using a surface code [7,8], a
large number of physical qubits should form a single logical
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qubit. In this regard, a higher value of ε is in high demand
since it is beneficial for achieving higher fidelities and thus for
reducing the required number of physical qubits for a single
logical qubit.

For such a purpose, a trapped-electron system [9–13] is a
good candidate. An electron is a spin-1/2 system, literally
being a pure two-level system or an intrinsic qubit without
any other internal states into which the quantum information
leaks. Likewise, in the trapped-ion electron-spin qubit [14],
the levitated electron-spin qubit is expected to maintain its
coherence for an orders-of-magnitude longer time compared
to its solid-state counterparts (see, e.g., Ref. [15], and refer-
ences therein). Trapped electrons also exhibit phonon degrees
of freedom as trapped ions do, in which the phonon can be
used as a quantum bus to implement a two-qubit gate [16]
and can be utilized for detecting the spin state [17]. It is
noteworthy that owing to the more than 10 000 times lighter
mass of an electron than those of ions, the frequency of
the phonon mode can be made as high as several hundreds
of megahertz or even be designed in the gigahertz region.
Therefore, two-qubit gates in the trapped electron system are
expected to be implemented within tens of nanoseconds when
limited by the oscillation period of the electron. On top of
that, the zero-point fluctuation xzpf of the phonon reaches the
100-nm range, ten times greater than the ions’. The larger the
zero-point fluctuation, the stronger the interaction to the other
systems exhibiting electromagnetic waves. In short, trapped
electrons potentially possess longer coherence times than su-
perconducting qubits and shorter gate durations than trapped
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FIG. 1. Schematic illustrations of the hybrid quantum systems
considered in this work. (a) Coupled electron-superconducting qubit
system where the oscillatory electric field of a capacitor provides the
coupling between an electron and a superconducting qubit. (b) Cou-
pled trapped electron-trapped ion system with Coulomb attraction.

ions, and thus are promising building blocks of the quantum
technologies.

Electrons in a Paul trap have just been realized re-
cently [12], and high-fidelity quantum operations [13],
spin-state detection [17], and coupling to superconducting
electronics for the quantum-state conversion [10] are dis-
cussed. A few more things should be addressed in order to
fully utilize the above advantages. The first thing is a highly
sensitive readout of the motional state of a single trapped
electron. The readout of the motional state, in particular, is
of great interest in the scope of phonon-mediated spin-state
readout as discussed in Ref. [17]. Second, electrons’ motion
has to be cooled down close to its vibrational ground state
to eliminate the gate errors. Resistive cooling [9,18] at low
temperature will help electrons to get sympathetically cooled
with the trapping electrodes; that said, active methods of
cooling electrons are preferable since such cooling process
does not afford the ground-state cooling at 4 K. We would
like to mention that a levitated electron does not have any
optical transitions, that hinders the straightforward application
to a quantum network [19]. Therefore, the connectivity of an
electron to an optical photon is also a major concern.

In this paper, we propose several methods that poten-
tially resolve the above issues by considering hybrid quantum
systems comprised of trapped electrons, superconducting
circuits, and trapped ions, where electric fields of a supercon-
ducting circuit and a trapped ion can be utilized as sources of
interaction (see Fig. 1). By utilizing such quantum systems,
we reveal that the single-phonon readout and ground-state
cooling of the motional state of electrons, and that the quan-
tum operations are feasible not only by radio-frequency or
microwave fields but also by optical means; nevertheless, a
trapped electron does not have optical transition. We also ex-
perimentally implement a few essential tools indispensable for
realizing the ideas including a superconducting resonator and
a cryocooler-compatible, low-energy electron source. Our re-
sults add fundamental building blocks for the growing field of
trapped electrons and pave the way for realizing an electron-
based quantum computation.

This paper is constructed as follows. In Sec. II, we first
introduce a coupled coaxial cavity for trapping electrons and
for reading out the motional state of the trapped electron,
using resonant modes held in the cavity. Further, using a
dispersively coupled cavity-transmon system, the electron’s
motion can be cooled down to its ground state and read out at
the single-phonon level. Then in Sec. III we switch the topic to
the electron-ion coupled system. Simultaneous Paul trapping

of electrons and ions is proposed first and their coupling
through the Coulomb attraction is discussed. Single-phonon
readout and ground-state cooling for the trapped electron is
shown to be feasible with the trapped ion as well. Section IV
summarizes the results.

II. TRAPPED ELECTRON AND
SUPERCONDUCTING CIRCUIT

A. Coaxial-cavity trap

By combining static and oscillatory quadrupolar electric
fields, the Paul trap provides a powerful tool to trap charged
particles, which has become a core technology in trapped-ion-
based quantum computing [1] and quantum metrology [20].
Electrons trapped in a Paul trap exhibit secular oscillation at
a frequency of the order of gigahertz [13], which can be reso-
nantly coupled to electromagnetic fields of the ultralow-loss
superconducting circuits. A superconducting coaxial cavity
is utilized for cavity quantum electrodynamics (QED) and
microwave quantum optics (see, e.g., Ref. [21], and references
therein) for its high quality factor and large field concentra-
tion. We adopt it for the electron trapping as well, as detailed
below.

Figure 2(a) schematically shows a coaxial-cavity-based
electron Paul trap investigated in this work. Two coaxial cav-
ities, each consisting of a coaxial line terminated at a tip,
are opposed to each other. Since each coaxial cavity forms
a λ/4 resonator with grounded and floated edges, it supports
a fundamental λ/4 mode and a series of higher-order modes
with wavelengths assigned by (2n + 1)λ/4 with n being a
positive integer. The electrode tips with 400-μm-diameter
circular apices are placed 400 μm apart from each other,
which yield the distance between the effective-potential min-
imum and the electrode tip r0 to be 200 μm. The upper and
lower coaxial cavities couple to each other capacitively by the
electrode tips to result in the appearance of hybridized modes
with symmetric and antisymmetric electric-field distributions.
The symmetric mode exhibits a quadrupolar electric field
between the electrode tips to form an effective potential for
the electron. The effective-potential landscape is shown in the
right-bottom inset of Fig. 2(a), which is obtained by numerical
method using COMSOL. The whole electric-field distribution
of the symmetric 5λ/4 resonance, which is called trap mode
here, is shown in Fig. 2(b) as well. The simulated trap mode
possesses a resonant frequency of 6.0 GHz. By assuming that
its quality factor amounts to 106 [21], the effective potential
yields 3.0 eV depth and a secular frequency of 1.2 GHz with
0.8 mW input.

In contrast, the antisymmetric mode generates a dipolar
field at the effective-potential minimum. This can be utilized
for a coupling to a secular motion of electrons and allows
for cavity-assisted electrical detection of them, as will be
discussed further in Sec. II C. We utilize an antisymmetric
λ/4 resonance, which we call the readout mode, of the same
coupled coaxial cavity for this purpose, since it exhibits a
resonance frequency of 1.2 GHz that is resonant on the secular
motion of the electrons in the design described above. The
electric-field distribution of the readout mode is displayed in
Fig. 2(c).
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FIG. 2. Microwave-trap design and its characterization. (a) Cross-sectional view of the coupled coaxial cavity. Insets show the expanded
view and the normalized pseudopotential for an electron with the colorscale given in the right panel of (c). (b) Field profiles of the 5λ/4 mode,
or the trap mode, used for the formation of pseudopotential. The green cross schematically indicates a node of the mode where a transmon qubit
is placed (see Sec. II C 2). (c) That of the λ/4 mode, or the readout mode, utilized for the motional-state readout. (d) Observed transmission
spectra of the coupled coaxial cavity by two-port measurement, with expanded plots of the trap mode (indicated by green) and the readout
mode (indicated by blue). The black solid curves are Lorentzian fittings. Each mode exhibits, indeed, two peaks corresponding to symmetric
and antisymmetric modes. The expanded plots display the antisymmetric λ/4 and symmetric 5λ/4 modes of concern.

In order to investigate the realizability of the above trap
design, we constructed and evaluated the coupled coaxial
cavity made of aluminum in practice under a 300-mK envi-
ronment realized by a 3He-based cryocooler. We implement
two-port measurements through two coupling ports attached
symmetrically to the two coaxial cavities. The transmission
spectra are shown in Fig. 2(d). In the spectrum Fig. 2(d)(i),
three peaks at 1.2, 3.7, and 6.1 GHz correspond, respectively,
to λ/4, 3λ/4, and 5λ/4 resonances. The spectra of the readout
and trap modes are plotted in Figs. 2(d)(ii) and 2(d)(iii), re-
spectively. Black curves are Lorentzian fittings that yield the
intrinsic quality factor of 1.8 × 104 for the readout mode and
a similar value is obtained for the trap mode. Even with this
quality factor of the trap mode being lower than the assumed
value of 106 in the numerical estimation, a 2-mW injection is
estimated to give the same effective potential for the electrons
if we use optimized, sharper electrode tips, without spoiling
the cryogenic environments.

B. Cryocooler-compatible low-energy electron source

In the recent room-temperature implementation of Paul
trapping of electrons [12], neutral atoms from an oven are
photoionized to realize the in situ generation of electrons of
sufficiently low energy for the trapping. However, a cryo-
genic environment does not afford devices with large heat
production exceeding the cooling power. Therefore, the use
of an oven is hindered and an alternative method is re-
quired. In such a perspective, pulsed laser ablation [22–25]
for the generation of neutral atoms is widely recognized as a
cryocooler-compatible method, for it utilizes short-term, local
heating of the target material to generate a tiny jet of atom
flux.

Such a method is directly applicable to the electron gen-
eration that is naturally involved in the photoionization of

neutral atoms. Figure 3(a) shows a schematic of a proposed
low-energy electron source. A pulsed nanosecond 1064-nm-
wavelength laser impinges on an ablation target to generate a
neutral atom to be photoionized. For instance, calcium atoms
are ablated out of the calcium titanate (CaTiO3), which is
revealed to be a long-lived calcium atom source enduring
over thousands of ablation pulses (see the Appendix). A jet of
calcium atoms is then introduced into the trapping region of
the coupled coaxial cavity. Two other lasers also point toward
the trapping region to photoionize the atoms, by driving opti-
cal transitions of calcium atoms with transition wavelengths
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FIG. 3. Cryocooler-compatible electron generation. (a) Proposed
experimental system of the electron generation based on Ca
atom generation by 1064-nm-wavelength nanosecond pulsed-laser
ablation and succeeded photoionization. In experiment (b), a multi-
channel plate (MCP) is placed instead of the coupled coaxial cavity.
(b) Signal of electrons detected by an MCP. The electrons are gener-
ated by the combination of pulsed-laser ablation and photoionization
as depicted in (a). The horizontal axis represents the energy of the
390-nm-wavelength ionization laser, relative to the Eth. The upper
bound of the gray shaded region stands for the background signal
level, namely, the MCP signal without the 423-nm-wavelength pho-
toionization laser. Error bars represent one standard deviation.
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423 (1S0 → 1P1) and 390 nm (from 1P1 to contin-
uum) [12,26]. A generated electron carries excess energy
brought by the second laser—or more concretely, the energy
difference EL − Eth of the incident 390-nm-wavelength pho-
ton EL and the ionization-threshold energy Eth from the 1P1

state, that corresponds to the wavelength of 389.81 nm [26]—
can naively be regarded as the energy of the generated
electrons. Therefore, the energy of the electron can be tuned
by EL in this scheme. In addition, the electron generation pro-
cess is comprised of the laser ablation and the photoionization,
so that this all-optical method can be done in a pulsewise
manner, resulting in negligible heat production and hence
compatibility with a cryogenic environment.

To demonstrate our electron generation scheme, we placed
a CaTiO3 as an ablation target and a multichannel plate (MCP)
with electrodes for guiding and accelerating electrons in a
vacuum chamber at room temperature. In this experiment we
do not have a coupled coaxial cavity in the ionization region.
The laser pulse for ablation is applied with its single-pulse
energy of 76 μJ and corresponding pulse fluence of 1 J/cm2.
When the repetition rate of the pulse is 1 Hz, this pulse
irradiation results in only 76 μW heat generation if all the
energy was absorbed by the sample. Such an experimental
condition allows us to observe sizable signals of electrons
at MCP. In Fig. 3(b), the MCP signal, which is proportional
to a number of generated electrons, is plotted for various
energies EL of the photoionization laser around the ionization
threshold Eth. As EL approaches and exceeds Eth, a bright spot
indicating the detection of electrons appears on the phosphor
screen of the MCP. This signals the successful generation of
electrons by the combination of laser ablation and succeeding
photoionization of calcium atoms. We could also demonstrate
the compatibility of this method with a 3He-based cryocooler
with a separate experiment.

Considering that the energy difference EL − Eth corre-
sponds to the energy of the electron, successfully generated
electrons in Fig. 3(b) are deduced to have a kinetic energy of
less than several meV, which is much smaller than the depth
of the effective potential.

C. Readout of motional state

1. Electrical readout

As mentioned in Sec. II A, we utilize the antisymmetric
λ/4 mode of the coupled coaxial cavity for the readout of the
secular motion of trapped electrons. The predominant inter-
action between the microwave field and such phonon mode
of an electron, which we simply call the phonon hereafter,
is an electric dipole interaction. Let the phonon mode and
the readout mode respectively have their eigenfrequencies ωe

and ωMW, with their respective annihilation operators â and b̂.
The phonon-cavity interaction described above leads to a total
Hamiltonian Ĥec of such a hybrid system written as

Ĥec = h̄ωeâ†â + h̄ωMWb̂†b̂ + h̄gec(â†b̂ + âb̂†), (1)

where the phonon-cavity interaction is incorporated in the
third term under rotating-wave approximation. The coupling
strength reads gec = exzpf Ezpf with xzpf = √

h̄/2meωe rep-
resenting zero-point fluctuation of the phonon mode and
Ezpf being that of the electric field of the readout mode,

respectively. The latter one, Ezpf , depends on the circuit de-
sign, and numerical simulation using COMSOL reveals that
gec/2π = 33 kHz in our coupled coaxial-cavity design.

The hybrid system then manifests itself as being in a
strong-coupling regime with such coupling strength, by as-
suming that an intrinsic quality factor of more than 100 000
can be achieved for the readout mode. We can utilize this
hybrid system for reading out the phonon state, by extracting
microwaves radiated from the electron through the microwave
cavity. The extraction will be efficient owing to the strong
phonon-cavity coupling mentioned above and properly tuned
external coupling of the cavity. With the use of a commercial
high-electron-mobility-transistor amplifier, the sensitivity for
the oscillatory motion of an electron can be estimated to be
−195 dBm/Hz, corresponding to that of a few tens of phonons
with unity signal-to-noise ratio.

2. Quantum nondemolition measurement using
a Josephson circuit

As stated above, the phonon state can be read out
resonantly through the superconducting microwave cavity;
however, sensitivity is still insufficient for single-phonon de-
tection. In addition, the coupling strength gec is not enough
for phonon-number resolving measurement. With this ob-
servation, we are motivated to utilize another ingredient of
a Josephson circuit, or more concretely a three-dimensional
transmon qubit in our scheme. The transmon qubit has been
placed inside the coupled coaxial cavity around the antinode
of the cavity mode to implement a cavity-QED system in
a strong dispersive regime [27]. In our cavity design, the
transmon qubit should be put at the node of the trap mode
[see Fig. 2(b)] so that it is unaffected by the presence of
the transmon qubit. The transmon qubit at this position can
still strongly couple to the readout mode. Let gsc denote the
coupling strength between the readout mode and the transmon
qubit represented by Pauli operators. The Hamiltonian of the
readout system now reads

Ĥread = Ĥ ′
ec + Ĥsc (2)

with Ĥ ′
ec = h̄ωeâ†â + h̄gec(â†b̂ + âb̂†) and Ĥsc defined by

Ĥsc = h̄ωMWb̂†b̂ + h̄ωq

2
σ̂z + h̄gsc(b̂†σ̂− + b̂σ̂+). (3)

Here ωq is the transition frequency of the transmon qubit.
Suppose that the phonon frequency is resonant on the

microwave cavity mode, while the transmon qubit is off-
resonant. The coupled phonon-cavity system exhibits two
normal modes, and the transmon qubit dispersively couples to
the normal modes to experience a Stark effect in the presence
of the phonon of the electron motion. Under a reasonable
situation of gec � gsc, we can first derive the dispersive
Hamiltonian by applying Schrieffer-Wolff transformation [28]
on Ĥsc without the trapped-electron system and the coupling to
it, yielding a dispersive Hamiltonian Ĥ ′

sc involving the readout
mode and the transmon qubit [27] as

Ĥ ′
sc = h̄

2

(
ωq + g2

sc

�sc

)
σz + h̄

(
ωMW + g2

sc

�sc
σz

)
b†b (4)
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FIG. 4. Dispersive interaction of the phonon of an electron and
transmon qubit. (a) Schematic illustration of a transmon-qubit spec-
trum with dispersive interactions. The original frequency of the
transmon qubit (black) is predominantly split into multiple copies
(green) by the dispersive interaction with a microwave cavity mode,
where the frequency spacing is approximately given by χ = g2

sc/�sc.
Since the microwave cavity mode couples to the phonon mode of an
electron, their spectra are dispersively shifted (indicated by red) as
well, with the coupling strength ζ . (b) Numerically obtained values
of ζ as a function of the phonon frequency ωe. The detailed structure
of the resonant behavior around ωe/2π = 986 MHz is shown in (c).
The parameters used for this calculation are listed in Table I.

with �sc = ωMW − ωq. Then by adding Ĥ ′
ec to it, further

Schrieffer-Wolff transformation for Ĥ ′
sc + Ĥ ′

ec brings the read-
out Hamiltonian into an approximately diagonalized form by
regarding the off-diagonal term h̄gec(â†b̂ + âb̂†) as a perturba-
tion. The latter transformation is executed symbolically by the
Mathematica program. The resultant effective Hamiltonian
contains the dispersive coupling between the phonon mode
and the transmon qubit h̄ζ â†âσz with the coupling parameter
ζ given by

ζ = 2g2
ecg2

sc�sc

g4
sc − �2

ec�
2
sc

. (5)

Here the detuning �ec = ωMW − ωe is introduced. Let us
define here another detuning δ = �ec − g2

sc/�sc. This stands
for the frequency difference between the phonon and the mi-
crowave cavity mode, where the latter one is now shifted due
to the dispersive coupling to the transmon qubit. We can safely
assume |δ| � |g2

sc/�sc| to rewrite the above expression as

ζ = −g2
ec

δ
. (6)

This is indeed a dispersive coupling between the phonon
and the microwave cavity mode and is valid when |δ| � gec.
The coupling term h̄ζ â†âσz, after all, imprints the phonon-
number-dependent spectrum of the coupled phonon-cavity
system onto the transmon spectrum [see Fig. 4(a)]. Even
if |δ| � gec does not hold, i.e., the coupled phonon-cavity
system is near resonant, |ζ | � gec can be obtained at most.
For comparison, we plot ζ with respect to ωe obtained by
numerical diagonalization of Ĥread in Figs. 4(b) and 4(c). The
parameters used for this calculation are listed in Table I.

TABLE I. Parameters used for the evaluation of ζ .

Microwave-cavity-mode frequency, ωMW 1 GHz
Transmon-qubit frequency, ωq 4 GHz
Phonon-cavity coupling strength, gec 33 kHz
Qubit-cavity coupling strength, gsc 200 MHz

In the strong dispersive regime in which ζ overwhelms the
decoherence rates of the phonon mode, readout mode, and
transmon qubit, the phonon number will be resolved; likewise
in the circuit-QED systems [29]. With the large quality factor
∼106 of the cavity mode and the long coherence time ∼60 μs
of the qubit [21], a phonon-number resolving experiment is
feasible with a reasonable assumption that the coherence time
of the phonon mode is as long as 10 ms.

D. Cooling with superconducting circuits

The phonon mode of trapped electrons can be used for
implementing a two-qubit gate, and its thermal excitation
gives rise to errors of the gate operations. Therefore, the
phonon is preferably prepared in its ground state; however,
electrons do not possess an internal structure except for the
intrinsic spin degree of freedom, so that a powerful method of
laser cooling, which enables us to obtain atomic ions in their
motional ground state, is unavailable for the trapped-electron
system. A trapped electron loses its motional energy predom-
inantly through the resistive cooling [9,18] that equilibrates
the electron with a thermal environment. At a 300-mK envi-
ronment with motional frequency of 1 GHz, the mean phonon
occupation number n̄ can be roughly estimated by assuming
the Bose-Einstein distribution to be n̄ � 6. Moreover, it is
revealed that the heating rate for trapped electrons amounts
to 140 quanta per second [13], which may compete with the
resistive-cooling rate. Other ways than just using a dilution
refrigerator to cool the trapped electrons are in high demand,
and in this section, we discuss two cooling methods: one using
a cavity mode and another one using a transmon qubit and its
measurement.

1. Cooling using a microwave cavity

A bottleneck of resistive cooling is its cooling rate, that
affords only partial cooling of an electron’s motion but not
down close to its motional ground state, or even higher due
to the competition with the heating rate. A straightforward
idea of improving the cooling rate is to utilize a microwave
resonator that is resonant with the phonon mode [11]. An
oscillatory motion of an electron can couple to the readout
mode and it allows for the coupling of the phonon mode to
the propagating mode with the rate ∼33 kHz, as discussed
in the previous section. This cooling rate well surpasses the
conservatively assessed heating rate of 140 Hz [13]. Thanks to
this, the phonon mode equilibrates well with the thermal bath,
which yields the mean phonon number of 6 at the 300-mK
environment.
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2. Cooling using a transmon qubit

We have just considered the cooling of a phonon mode by
the use of a coupling to the readout mode. Even with such a
method, it allows the trapped electron to thermalize with the
cryogenic environment, that is, the artificially added cooling
and heating rates are relatively large but still totally equal.
Further cooling beyond the temperature of the cryocooler
∼300 mK is required for achieving the motional ground state.

Our approach is to utilize a circuit-QED system where a
transmon qubit is dispersively coupled to the readout mode.
The coupling between them is typically in the megahertz
regime, which is much larger than gec, so that we can consider
the circuit-QED system first and then take into account the
trapped electron afterwards. We consider a circuit-QED sys-
tem and its quantum state |ξ, n〉 with the number of excitations
n in the coupled coaxial cavity and the qubit state ξ = g, e, or
f respectively corresponding to the ground, first-excited, or
second-excited state. The cooling process we propose is as
follows. First we consider the state |g, 1〉 and apply a π pulse
of the |g, 1〉 ↔ | f , 0〉 transition to transfer the excitation from
the cavity to the qubit, and consecutively apply a π pulse of
the |e, 0〉 ↔ | f , 0〉 transition to bring the system in the |e, 0〉
state. If we start with the |g, 0〉 state, the above procedure does
nothing. Finally, the transmon qubit is read out through the
3λ/4 mode of the coupled coaxial cavity, which we call the
auxiliary mode. This procedure is a projective measurement
thanks to the strong dispersive coupling between the auxiliary
mode and the qubit, that transforms a mixed state to a pure
state to reduce the entropy to result in the cooling down of the
readout mode. At this point, let us recall that the electron is
coupled to the readout mode. The electron therefore thermal-
izes with the readout mode and thus is cooled down as well.

By adopting a similar scheme, using the decay of the trans-
mon qubit rather than a measurement of it, the mean photon
number in a LC resonator with its resonant frequency being
173 MHz is cooled down to ∼0.1 [30], corresponding to a
mode temperature of 4 mK. Although this value is dependent
on the temperature of the environment, the scheme itself is
valid for the current setup as well. By applying a π pulse
which brings |e, 0〉 to |g, 0〉 instead of waiting for the qubit
to decay, a single cooling cycle can be completed within
1.5 μs, given that the Rabi frequency of the |g, 1〉 ↔ | f , 0〉
and |e, 0〉 ↔ | f , 0〉 transitions become a few megahertz and
that of the |g, 0〉 ↔ |e, 0〉 transition is on the order of 10 MHz,
with the measurement time taking ∼1 μs. The added cooling
rate by the above procedure thus amounts to submegahertz.
This scheme, hence, is capable of reducing the mean photon
number of the read mode down to its ground state and also
for the motional state of the trapped electron. In this manner,
the cooling using the transmon qubit and its measurement
provides a way to achieve motional ground state of the trapped
electron.

III. TRAPPED ELECTRON AND TRAPPED ION

In this section, we introduce an electron-ion hybrid sys-
tem in terms of the feasibility of simultaneous trapping of
electrons and ions, state readout, and cooling of the trapped
electrons with the help of the ions.

A. Simultaneous trapping of electrons and ions

Electrons and ions interact with each other by Coulomb
interaction and thus the closer they are, the stronger the in-
teraction becomes. Each of them can be trapped using a Paul
trap; however, there are a few technical difficulties toward the
simultaneous trapping of them. One is the large difference of
their masses by a factor ranging from 104 to 105. This results
in a difference of the frequencies of their secular motions
and those of supplied ac voltages to the trap, so that the
design of the trap electrodes needs special care [31–33]. The
second issue is their signs of the charge. The atomic ions are
positively charged and the electrons are, of course, negatively
charged. The pseudopotential formed by ac voltages is valid
for both particles, but the linear Paul trap requires dc voltages
as well and a simple end-cap structure does not provide axial
trapping potential for both simultaneously. Additionally, it is
desirable to have electrons and ions trapped close to each
other; however, it is important to trap them separately with
a finite distance, in order to avoid the trapping of electrons by
atomic ions that give rise to recombination processes, which
is rather of interest in a different context such as quantum
chemistry realized in the single-particle level.

Our idea is to utilize a surface electrode trap with RF
electrodes for trapping ions and microwave electrodes for
electrons coexisting in plane. A top view of the electrode
design is schematically shown in Fig. 5(a). The electrode
structure is a segmented five-rail linear Paul trap with
grounded electrode (GND, yellow) in the middle and RF elec-
trodes (green) on the both sides of it. Confinement in the axial
direction is realized by the segmented dc electrodes (blue).
The grounded electrode is further divided and the red part
acts as a microwave electrode (MW), which can be regarded
as a grounded one in the RF region and acts as a microwave
ring trap for electrons. We set the widths of the GND and RF
electrodes to be 160 and 80 μm, respectively, and that of the
MW electrodes at the cross section to be 30 μm.

As for an ion, on one hand, the trapping potential is nothing
but a linear RF Paul trap, since the ion cannot follow the
microwave field. On the other hand, an electron is trapped by
a ringlike microwave Paul trap. Normalized pseudopotential
profiles for an ion and an electron in the cross section along
the black dotted line in Fig. 5(a) are respectively shown in
Figs. 5(b) and 5(c). The trapping potential for an electron
becomes 40-meV depth and yields a secular frequency of
800 MHz with an applied 4-GHz microwave voltage of 20 V.
The trapping potential for an ion is estimated to be 20-meV
depth with a secular frequency of 3 MHz by assuming the use
of a beryllium ion and an application of 40-MHz RF voltage
of 30 V, which is sufficient for ion-trap experiments [34]. Here
the grounded ceiling is located at 200-μm height.

Due to the slight difference of the electrode dimension,
electrons and ions are trapped at different heights. The elec-
trode design shown in Figs. 5(b) and 5(c) yields the difference
of their heights by 50 μm and this difference can be made
smaller down to 10 μm if we add a grounded ceiling plate
at 100 μm above the trap to modify the pseudopotential
profiles [see Figs. 5(d) and 5(e)]. This situation, where the
electrons and ions are trapped close but apart, is beneficial for
preventing them from recombination while keeping a sizable
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FIG. 5. Electrode design for simultaneous trapping of electrons
and ions. (a) Surface-electrode configuration. The basic structure is a
segmented five-rail linear Paul trap with a grounded electrode (GND,
yellow) in the middle and RF electrodes (green) on both sides of it.
Confinement in the axial direction is realized by the segmented dc
electrodes (blue). The grounded electrode is further divided and the
red part acts as a microwave electrode (MW), which can be regarded
as a microwave ring trap and as a grounded one in the RF region.
(b), (c) Normalized pseudopotential profiles for (b) an ion and (c) an
electron in the cross section along the black dotted line in (a). Scale
bar is common for (b) and (c). (d), (e) Normalized pseudopotential
profiles for (d) an ion and (e) an electron with a grounded ceiling at
100 μm above the trap electrodes.

Coulomb interaction between them. The coupling between an
electron and an ion simultaneously trapped with our proposed
setup will be discussed in the following sections.

B. Readout of motional state using trapped ions

As has been proposed in the previous section, an electron
and an ion can be trapped by applied ac voltages separately
but close to each other. Here let us consider the interaction
between them, starting from the total potential energy U of
the electron-ion hybrid system

U = 1
2 meω

2
e x2 + 1

2 miω
2
i y2 + V, (7)

including the Coulomb energy

V = − e2

4πε0

1

L − y + x
. (8)

In the above expressions, an electron and an ion are trapped
at positions separated by L and displacements from their trap-
ping points are denoted as x for the electron and y for the
ion. With subscripts “e” for the electron and “i” for the ion
attached, m and ω represent the mass and secular frequency
of each particle, respectively. Well-known physical constants
of e, the elementary charge, and ε0, the vacuum permittivity,
are also used.

Coulomb attraction V makes the electron and the ion bring
themselves closer and the equilibrium points are shifted from
the original trapping point. Moreover, the potential is distorted
to become anharmonic since the Coulomb interaction is non-
linear by nature. We shall expand V under the assumption that
the relative displacement is much smaller than the electron-ion
distance, |x − y| � L. This expansion yields polynomials of x
and y. The terms proportional to x and y result in the shift of
positions and those to x2 and y2 lead to the shift of oscillation
frequencies. The term xy contains a beam-splitter or two-
mode-squeezing interactions. Higher-order terms x3, x2y, xy2,
and y3 stand for the second-order nonlinearities and x4, y4, . . .
represent the third-order nonlinearities. Since we consider the
situation that the phonon frequencies of the electron and the
ion are different, the beam-splitter and two-mode-squeezing
interactions are not valid here. Likewise the rapidly oscillating
terms are omitted and the series expansion is truncated in our
analysis to get a Hamiltonian of the whole system as

Ĥ = h̄ωeâ†â + h̄ωiĉ
†ĉ − h̄g0â†â(ĉ† + ĉ) − h̄α

2
â†â†ââ, (9)

where ωe now stands for the renormalized secular frequency
of a trapped electron and ωi is that for the trapped ion. The
ladder operators of the phonon mode of the trapped ion are
denoted by ĉ and ĉ†. The third term is much like a cavity
optomechanical interaction, where the electron mimics the
cavity and the ion plays the role of a mechanical oscillator.
The coupling strength g0 is given as

g0 = 1

h̄

(
e2

4πε0

6x2
zpf yzpf

L4
− 2h̄gCβ

ωe − ωi

)
(10)

using the zero-point fluctuations xzpf = √
h̄/2meωe and yzpf =√

h̄/2miωi. In addition to the nonlinearity arising from the
Coulomb interaction, we included the nonlinearity of elec-
tron motion arising from the effective potential itself in the
second term. Along with this correction, we introduced gC =
(1/h̄)(∂2V/∂x∂y)xzpf yzpf . β is extracted from the second-
order nonlinearity of the effective potential for the electron.
Though the interaction term is principally given by the op-
tomechanical one, we include the fourth, self-Kerr term for it
limits the driven number of phonons, as described in a later
paragraph. The constant α reads

α = αC + αK − 6β2

ωe
, (11)

where

αC = 1

h̄

e2

4πε0

12x4
zpf

L5
(12)

is the third-order nonlinearity and αK that from the effective
potential for the electron. The Hamiltonian in Eq. (9) is ob-
tained in the same manner as was done in Ref. [35].

Just as in the cavity optomechanics [36], the interaction
term h̄g0â†â(ĉ† + ĉ) allows for the three-wave mixing, one of
which is the phonon of an ion and two are the phonon of an
electron. If we drive the electron motion with microwaves of
its frequency being ωe + ωi, the linearized interaction appears
as h̄g0

√
nd(â†ĉ† + âĉ), with nd being the mean number of

phonons of the electron. The driving field is assumed to be
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TABLE II. Coupling strengths of the electron-ion hybrid system
for various parameters. g0: coupling strength of the optomechan-
ical term; α: strength of the self-Kerr interaction; n̄e: estimated
phonon number of a trapped electron. ωi/2π = 2 MHz is assumed
in common.

ωe/2π (MHz) L (μm) g0/2π (kHz) α/2π (kHz) n̄e

800 10 33 −33 5.3 × 10−2

800 50 0.39 −34 5.9
500 10 39 −2.6 × 103 3.8 × 10−2

500 7 1.6 × 103 −2.5 × 103 2.2 × 10−3

intense so that its amplitude can be thought of as the mean
phonon number of the driven mode. This two-mode-squeezing
interaction amplifies the motion of the electron, whose state
can be read out through a thermometry of the trapped ion.

The motion of the electron is driven in such a scheme;
however, the self-Kerr term (h̄α/2)â†â†ââ imposes a small but
finite energy shift of the number states with large occupation
numbers. This limits the mean number of phonons that can
be excited by the drive tone, or in other words the effect
of the driving saturates. The saturation occurs roughly when
the frequency shift αnd becomes comparable to the driving
strength itself, g = g0

√
nd. This tells us the limit of coupling

strength gmax of g as

gmax = g2
0

α
. (13)

For various trapping parameters, we calculate the coupling
strength g0 and nonlinear coefficient α in Table II. In all these
parameters, the driven oscillatory motion exhibits the oscilla-
tion amplitude of no more than a few micrometers; however,
the driven number of phonons is no more than one since g and
α are comparable in their magnitudes. The motional state of
the ion can be identified using its optical transition and even
that of the electron is possible with this scheme.

C. Sympathetic cooling with trapped ion

When we drive the electron with ωe − ωi, the interac-
tion term becomes h̄g(â†ĉ + âĉ†). Suppose that the cooling
rate of the ion’s motion is �i. Through the beam-splitter in-
teraction synthesized above, the electron is sympathetically
cooled [18] by a cooling rate of �e

↓ = 4g2/�i, where �i > g
is assumed. Then the average phonon number of the electron
is estimated by n̄e = nth�

e
th

′/(�e
↓ + �e

th
′), where nth = 12 is

the mean phonon number of the electron at 300 mK with the
phonon frequency of 500 MHz and �e

th
′ = �e

th + �i with �e
th

being the coupling rate of the electron’s motion to the thermal
bath, which we shall conservatively assume to be 10 Hz [13].

The values of gmax and the final occupation number n̄e are
listed in Table II for various parameters of the electron-ion
coupled system with �i/2π = 10 kHz being assumed as a typ-
ical value. The final occupation number n̄e can be well below
unity by the thermalization with the ion in most conditions
listed in the table, which confirms the validity of sympathetic
cooling of a trapped electron down to the motional ground
state using a trapped ion. One concern is the possible heating
of electrons (ions) due to the presence of the RF for trapping

ions (electrons) in the two-frequency Paul trap, which should
be investigated with the actual implementation of it in future
work. One more thing that we would like to mention is that
this method, the parametrically driven sympathetic cooling
of mass-imbalanced charged particles, is useful not only for
the cooling of electrons but also in the ion-trap experiments,
since our method allows us to avoid the inefficiency of the
sympathetic cooling of mass-imbalanced ions by bringing
their motional frequency effectively on resonance.

IV. CONCLUSION

In summary, we proposed and analyzed hybrid quantum
systems consisting of a trapped electron interacting with
superconducting circuits and a trapped ion. The basic idea
of the electron trap using multiple modes of the λ/4 res-
onator and the cryocooler-compatible, low-energy electron
source are introduced and proved to be valid for use in
the proposed electron-trapping experiments. We further re-
vealed that the light mass of the electron and hence the high
secular-motion frequency of the trapped one results in strong
electron-circuit and electron-ion couplings, where the latter
is aided by the nonlinearity of the Coulomb interaction. In
both hybrid quantum systems, the single-phonon-level read-
out and the ground-state cooling of the motional state of the
trapped electron are feasible by microwave and optical means.
Combined with the results studied in Ref. [13], the highly
efficient and high-fidelity quantum operations are available in
the trapped-electron system, and this system manifests itself
as a playground for the development of quantum technologies.

ACKNOWLEDGMENTS

We acknowledge Genya Watanabe, Shotaro Shirai, and Ya-
sunobu Nakamura for fruitful discussions. K.T. acknowledges
the SPRING GX and Q-step programs, and M.S. acknowl-
edges the WINGS-ABC program. This work is supported by
JST ERATO MQM project (Grant No. JPMJER1601), JSPS
KAKENHI (Grant No. 19H01821), and JST SPRING (Grant
No. JPMJSP2108).

FIG. 6. Fluorescence counts as a function of the number of abla-
tion pulses. The red (gray) plot is for the calcium titanate (metallic
calcium) with the background noise level indicated by a red (gray)
broken line

033245-8



FEASIBILITY STUDY ON GROUND-STATE COOLING AND … PHYSICAL REVIEW RESEARCH 4, 033245 (2022)

APPENDIX: CALCIUM TITANATE AS A LONG-LIVED
ABLATION TARGET

As stated in Sec. II B, pulsed laser ablation is relevant for
loading ions and electrons into the Paul trap; however, the
lifetime of the ablation target is crucial for the vacuum-sealed
experiment running for months long. The lifetime, or how
many ablation pulses the target can endure, can vary over
target materials [37] and we here investigate such property
of metallic calcium and ceramic calcium titanate as target
materials and compare the results.

The 1064-nm-wavelength, nanosecond pulsed laser with
pulse fluence of 3 J/cm2 is shot onto the samples and the
fluorescence of the calcium atoms can be observed when a
423-nm-wavelength laser path crosses the atom jet. Figure 6
shows the observed fluorescence counts as the number of the
applied ablations pulsed at the same target point increases. As
can be seen in the plots, the signal for the calcium titanate
(red) persists for thousands of ablation pulses in contrast to
the metallic calcium (gray), meaning that the calcium titanate
is a better target material than metallic calcium.
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