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Electron-on-neon (eNe) qubits have recently emerged as a compelling platform for quantum
computing, which combines the vacuum isolation advantages of trapped-ion qubits with the good
scaling prospects of superconducting circuits. In current implementations, electrons are trapped in vacuum
above a solid neon film deposited on superconducting microwave resonators, where they exhibit strong
coupling to the resonators, long coherence times, and high single-qubit gate fidelities. A central challenge,
however, is the spontaneous binding of electrons to neon surface bumps. These bumps, originating from
substrate roughness, vary in size: electrons on bumps of suitable sizes within the resonator can couple to
microwave photons and function as qubits, whereas those on unfavorable bumps remain inactive yet
contribute to background charge noise. Moreover, both the bump landscape and the sites where electrons
bind differ from run to run, leading to variable qubit characteristics that hinder scalability. To address this
challenging issue, we present an on-chip magnetic-levitation architecture in which arrays of solid-neon
microparticles are suspended above the processor chip to act as electron carriers. This design eliminates
substrate effects while retaining strong qubit-resonator coupling and supporting inter-qubit connectivity.
Our analysis further shows that the qubit transition frequency can be tuned across the gigahertz range and
its anharmonicity can reach ~0.8 GHz by tuning the resonator bias voltage. Together, these features
suggest a promising pathway toward robust, reproducible, and scalable eNe-based quantum computing.
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I. INTRODUCTION

Quantum computing has made remarkable progress
across various qubit platforms [1-8], yet achieving
large-scale, fault-tolerant operation remains a major chal-
lenge [8—10]. Among the leading platforms, superconduct-
ing qubits and trapped-ion qubits have each demonstrated
substantial success while also facing inherent trade-offs.
Superconducting qubits offer fast on-chip microwave
control and compatibility with lithographic fabrication,
making them promising for large-scale integration
[11-20]. However, their coherence is often limited by
material defects such as two-level systems, which induce
energy relaxation and dephasing that constrain gate fidel-
ities [21,22]. As a result, based on coherence times and
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gate fidelities achieved to date, encoding a single logical
qubit typically requires a large number of physical qubits,
creating significant hardware overhead. In contrast,
trapped-ion qubits exhibit long coherence times and high
gate fidelities due to their isolation in ultra-high vacuum,
resulting in much lower error-correction overhead
[23-27]. Yet scaling ion traps remains challenging due
to increasingly complex architectures, stringent multi-ion
control requirements, and challenges in addressing indi-
vidual ions as motional modes crowd [27,28]. The com-
plementary strengths and limitations of these systems have
motivated the development of hybrid architectures that
combine vacuum isolation with fast microwave control and
scalability enabled by semiconductor fabrication. Such
designs may ultimately unlock a transformative pathway
toward fault-tolerant quantum computing.

Building on this motivation, extensive efforts have
focused on developing charge qubits based on single
electrons trapped on the surface of superfluid “He (He II)
[29-35]. As shown schematically in Fig. 1(a), when an
electron approaches the He II surface, it polarizes the
helium atoms, inducing positive surface charges that create
e—¢€g 2
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FIG. 1. (a) Schematic showing the Pauli barrier and surface-
bound state of an electron on He II or solid neon. (b) Schematic
of a typical He II-filled microchannel device for trapping and
controlling a surface electron [31].

the vacuum permittivity, € = 1.05¢, is the dielectric
constant of He II, and z is the distance from the surface.
Meanwhile, Pauli exclusion between the excess electron
and “He shell electrons produces an energy barrier of
~1 eV, preventing the electron from entering the liquid.
These combined effects confine the electron vertically,
yielding a ground-state energy of about —7.8 K at a mean
height (z), =~ 10 nm above the surface [36-39]. Using
microchannels and patterned electrodes, the lateral motion
of these surface electrons can also be confined [see
Fig. 1(b)], allowing their vertical bound states, lateral
motional states, or spin states to serve as qubit levels
[30,31]. The electrons reside in high vacuum above
ultraclean He II, and their lateral and spin states can be
engineered to have GHz transition energies, enabling
on-chip microwave control via coplanar waveguide
(CPW) resonators [30]. Substantial progress has been
made on single-electron detection and manipulation
[34,40-42]. However, surface fluctuations of He II in
the microchannel can cause qubit transition-line broad-
ening and decoherence [31], a key challenge under active
investigation.

Besides He 11, electrons can also bind to the surfaces of
other quantum fluids and solids via the same mechanism
[35]. In particular, recent experiments implemented devi-
ces similar to that in Fig. 1(b) but with a solid-neon (SNe)
film (~10 nm thick) deposited on the surface instead of
He II [43,44]. Owing to neon’s larger dielectric constant
e = 1.24¢, the electron binds more strongly to the surface,
forming a vertical ground state with energy of —183 K and

mean height (z), ~ 1 nm [36-39]. With a suitable positive
bias on the trap electrode, the electron’s y motion remains
in the ground state, while its two lowest x-motional states
can be tuned to a transition frequency of ~6.2 GHz,
resonant with the microwave resonator. Since SNe has
negligible surface fluctuations compared with He II, strong
electron-resonator coupling was clearly observed [44],
with a coupling strength g/2z > 4 MHz and a transition
linewidth y/27z ~ 0.1 MHz. Furthermore, coherence times
T, and T, of ~0.1 ms were measured, along with a single-
qubit gate fidelity of 99.97%, comparable with state-of-
the-art superconducting qubits. Theoretically, coherence
times exceeding 10 ms for the lateral motional states and
about 81 s for the spin states are expected [35,45],
highlighting the exceptional promise of the electron-on-
neon (eNe) platform for scalable quantum computing.

Nonetheless, a puzzling observation emerged: electrons
can remain anchored in the resonator even without an
applied trapping potential, pointing to an intrinsic surface-
induced trapping mechanism. Our recent theoretical study
revealed that electrons can spontaneously bind to bumps
on the neon surface due to lateral forces arising from
induced charge on the curved surface [46], forming ring-
shaped quantum states around the bump base [see
Fig. 2(a)]. When the bump width is suitable (i.e.,
~30 nm), the transition energy between the two lowest
states matches the resonator photon energy, enabling qubit
operations. This picture was supported experimentally
[47], which found that strongly coupled electron states
appear only in devices fabricated on rough etched-silicon
substrates, where the SNe surface inherits nanoscale
bumps. Upon thermionic injection, electrons bind to these
bumps [see Fig. 2(b)], but only those on bumps of the right
size within the resonator act as qubits. Electrons trapped on
bumps of unfavorable sizes remain inactive yet contribute
to background charge noise, degrading coherence.
Moreover, the bump landscape and binding sites vary
between devices and cooldowns, leading to variable qubit
characteristics. This stochastic trapping has thus emerged
as a key challenge for realizing reproducible and scalable
eNe qubit arrays [48,49]. Overcoming it requires decou-
pling electron confinement from substrate-induced surface
morphology.

In this paper, we present an on-chip magnetic levitation
architecture, shown in Fig. 2(c), where arrays of SNe
microparticles are magnetically suspended above a proc-
essor chip to serve as electron carriers. This architecture
removes the electron-hosting neon surface from uncon-
trolled substrate morphology while preserving the key
circuit-QED ingredients needed for scalable quantum
hardware, including strong resonator coupling, electrical
tunability, and inter-qubit connectivity. In Sec. II, we
discuss the feasibility of levitating SNe particles using
high-T. superconducting current loops patterned on the
chip underside. The procedures for particle loading and
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FIG. 2. (a) Schematic wave function profiles of an electron self-bound to a SNe surface bump in the ground state |0) and first excited
state |1) [46]. (b) Cross-sectional schematic of the device in Fig. 1(b), showing electrons bound to surface bumps on the SNe film
deposited on the device. (c) Conceptual diagram of the proposed on-chip architecture using arrays of magnetically levitated SNe

microparticles as electron qubit carriers.

electron trapping are described in Sec. III. Section IV
analyzes the electron eigenstates on a neon particle under a
bias voltage applied to the microwave resonator, showing
that transition frequencies can be tuned across the giga-
hertz (GHz) range and that the qubit anharmonicity can
reach up to ~0.8 GHz, suitable for fast on-chip oper-
ations. In Sec. V, we analyze the electron-resonator
coupling for single-qubit control and show how two
eNe qubits can be coherently linked through resonator-
mediated interactions. Collectively, these results provide a
feasible solution toward reproducible and scalable eNe-
based quantum processors. A brief discussion of broader
applications of this platform is given in Sec. VI.

II. MAGNETIC LEVITATION OF SOLID-NEON
MICROPARTICLES

When a diamagnetic material with a volume magnetic
susceptibility y < 0 is placed in a magnetic field B, it
experiences a potential energy density given by [50]:

BZ
E(r):pgz—i—%, (1)
Ho

where p is the material density, g is the gravitational
acceleration, and p, is the vacuum permeability. The
condition for magnetic levitation can be obtained by
setting 0E(r)/dz =0, which yields the critical field
gradient [0B%(r)/0z]. = —uogp/|x|. Table I lists the criti-
cal gradients for several materials. Due to the small |y|

TABLE I. Comparison of magnetic levitation parameters for
water at ambient conditions, He II, and SNe.

Material ~ p (g/cm?) x |0B?/0z|. (T?/cm)
Water 1.00 —9.04 x 1076 —13.6
He II 0.145 -8.6 x 1077 —20.7
SNe 1.44 —6.25 x 107° —28.4

values of typical diamagnetic materials, achieving levita-
tion generally requires large magnetic field gradients. In
the past, levitation of He II droplets with diameters ranging
from 100 pm to 1 cm was realized using large multi-turn
superconducting coils carrying currents exceeding 10* A
[50-52]. For solid neon, the required gradient is even
larger. Nevertheless, such high gradients can be produced
on-chip with a single current loop, provided the loop size is
reasonably small.

To illustrate this, we consider an on-chip current loop
with an inner radius R, and width W, carrying a current /
in the presence of a uniform background bias field B
directed along the z axis, perpendicular to the loop plane,
as shown in Fig. 3(a). The uniform bias field B, which
can be generated by a superconducting magnet commonly
used in dilution refrigerators, provides an additional
degree of tunability [53]. The magnetic field induced
by the loop, B, (r), in three-dimensional space above
the loop can be calculated using finite-element simulations
(see Appendix A). From this, we can obtain the total field

2R, 12 = E (J/m’)
> I8l R,= 10 um B,==26mT 0.34
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FIG. 3. (a) Schematic showing the HTS loop parameters used

in the analysis. (b) Calculated potential energy density E(r) for
solid neon in the magnetic field generated by a current loop with
the specified parameters. Contours are plotted with an energy
density interval of 3.94 x 1073 J/m?.
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(a) Height of the levitation point z; as a function of / for the loop analyzed in Fig. 3(b). (b) Calculated trap volume V., as a

function of / and B for two loops of different sizes. (c) Schematic of the device near a levitation site.

B = B( + B, and evaluate the potential energy density
E(r) for solid neon. The result for a representative loop
with Ry =10 pm, W =20 um, I =8.5 A, and B, =
—26 mT is shown in Fig. 3(b). A trapping region appears
above the loop plane, outlined by the red contour, where
E(r) decreases toward the center, i.e., the levitation point
where the net force vanishes. When a solid-neon particle is
placed within the trapping region, it cannot escape because
of the energy barrier when moving across the trap
boundary. The particle thus tends to settle at the levitation
point. The height of the levitation point, z;, can be
conveniently adjusted by varying the loop current, as
shown in Fig. 4(a), which in turn allows control of the
particle’s vertical position.

Besides z;, the size of the trapping region can also be
tuned. To demonstrate this, we calculate the trap volume
enclosed by the red contour, Vi, as a function of / and B,
for two loops of different sizes, as illustrated in Fig. 4(b).
The results show that V., on the order of several hundred

pm? can be achieved with suitable combinations of I and
B for both loops. In general, loops with smaller R, require
lower current I to create a stable trap, whereas larger loops
can achieve a much greater V,, when the current is
sufficient. Although the trapping region is not spherical, it
can readily accommodate a SNe particle with a diameter of
several microns.

Depending on the exact values of Ry;, W, and B, the
loop current I required for levitating SNe particles can
range from below 1 A to over 10 A. Assuming a loop
film thickness of 6 =5 pm, the corresponding current
density J = I/(W3) lies between 10° and 107 A/cm?.
Nonetheless, such high current densities are attainable
using magnesium diboride (MgB,) or high-7'. supercon-
ducting (HTS) materials such as rare-earth barium copper
oxide (REBCO) [54,55]. Critical current densities up to
J.=5x10" A/cm®> have been achieved in both
MgB, [56] and REBCO [57]. Even at B=3T and

T =30K, J,~1.5x 10" A/cm? has been reported [58],
which is sufficient for levitating SNe particles at an initial
temperature of ~25 K (see Sec. III).

To fabricate the loops, one may start with an HTS film
epitaxially grown on a lattice-matched substrate such as
StTiO;, or as a textured thick film on sapphire or silicon
[59,60]. The HTS loops can then be patterned using
photolithography and ion-milling (or other suitable dry-
etch processes) [61,62], followed by the deposition of a
hydrogenated amorphous silicon (a-Si:H) or silicon car-
bide (a-SiC:H) layer of controlled thickness [see Fig. 4(c)],
chosen for its exceptionally low microwave dielectric
loss [63]. For example, the reported a-SiC:H loss tangent
tand~3.1 x 107> corresponds to a conservative unit-
participation estimate Q,~1/tand~3 x 10*, or a
dielectric-limited linewidth of only ~0.16 MHz at the
representative resonator frequency of 5 GHz. This line-
width should be further reduced in the proposed CPW
geometry, where the resonator is patterned on top of rather
than embedded in the dielectric layer.

Shallow wells will be fabricated at the levitation sites to
accommodate the SNe particles and enhance tunability
(see Secs. IIT and IV). For qubit operation, superconduct-
ing quarter-wave (4/4) differential CPW resonators will be
patterned on the a-SiC:H layer using photolithography,
metal deposition, and liftoff. Materials such as niobium
titanium nitride (NbTiN) and niobium nitride are suitable
due to their strong resilience to magnetic fields. For
example, NbTiN nanowire resonators have demonstrated
Q-factors exceeding 3 x 10* in a 0.35-T perpendicular
field [64]. In our proposed device, the magnetic field at the
resonator sites typically ranges from 0.1 to 0.3 T during
particle levitation, well within the tolerance of these
materials. As will be discussed in Sec. IV, during qubit
operation the field will be further reduced to about 20 mT,
for which resonator loss is expected to be negligible. These
considerations indicate that the operating regime required
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here is compatible with existing superconductor and
resonator technologies. More detailed engineering issues,
such as thermal management, quench protection, and
array-level cross-talk, are left for future study.

III. PARTICLE LOADING AND ELECTRON
TRAPPING

Building upon the magnetic trap design discussed
above, the following procedure can be adopted for con-
sistently loading SNe microparticles into the traps. First,
the circulation of the *He-*He mixture in the dilution
refrigerator should be suspended, while the cryocooler
remains running to keep the radiation shields cold. The
experimental chamber can then be heated to about 25 K so
that saturated liquid neon (LNe) can be introduced to the
chamber bottom (see Fig. 5). Next, the magnetic traps can
be activated by applying current to the HTS loops. Once
the traps are established, the chamber may be suddenly
pumped. The resulting pressure reduction causes the LNe
at the chamber bottom to boil, generating a mist of LNe
nanodroplets. These nanodroplets spontaneously agglom-
erate within the magnetic traps due to their similar p/|y|
ratio to that of SNe [65], forming larger droplets whose
sizes depend on the aggregation time and are ultimately
limited by the trap dimensions. During this process, the
chip can be maintained at a temperature slightly above the
saturation temperature of LNe to prevent condensation on
its surface. This mist-agglomeration method has been
successfully demonstrated previously for loading mag-
netically levitated He II droplets [52,66].

For a levitated LNe droplet with a radius of a few
microns, surface tension generates an internal pressure on
the order of 10° Pa, far exceeding the magnetic field-
induced stress variations (i.e., ~1072 Pa). Consequently,
the levitated droplets remain highly spherical. To convert
LNe droplets into SNe particles, one may first drain the
remaining LNe from the chamber bottom and then quickly
evacuate the vapor. The levitated droplets cool efficiently
through forced evaporation and, upon reaching the triple
point of neon at 24.6 K and 0.43 bar [65], solidify into SNe
particles. During this process, the droplet size decreases by
only a few percent due to the large latent heat of LNe. The
final SNe particle size, which may be tuned by controlling
the evaporation duration before reaching the triple point,
can be inferred from the shift in the resonator’s resonance
frequency relative to the unloaded case.

Unlike snowflakes, which form intricate branches
through hexagonal lattice growth [67], solid neon crystal-
lizes in an isotropic face-centered-cubic structure [68]. The
uniform surface evaporation further promotes the forma-
tion of nearly spherical microparticles free from substrate-
induced roughness. These levitated microparticles can
oscillate within the magnetic traps. However, due to their
macroscopic mass, thermal oscillations are minimal [69].
For instance, a SNe particle with radius R, = 3 pm in the

trap shown in Fig. 3(b) exhibits thermal motion of only a
few nanometers at 100 mK in both radial and vertical
directions. Such residual oscillations can be actively sup-
pressed using feedback-based damping techniques [70].
Alternatively, one may completely suppress the oscilla-
tions by reducing the HTS loop current, allowing the SNe
particles to rest in the shallow wells, as shown in Fig. 4(c).
This resting-in-well configuration is the intended mode
for coherent qubit operation discussed below, whereas
free levitation is used primarily for particle loading and
initial preparation.

It is also worth noting that electrostatic patch potentials
on the chip surface may polarize a charge-neutral SNe
particle and exert a dielectrophoretic force. Such patch
potentials can arise from uncontrolled adsorbates, trapped
charges, or surface contamination. Nevertheless, their
influence decays rapidly with increasing distance from
the substrate surface. Combined with the inherently weak
dielectric response of SNe, forces stemming from patch
potentials therefore constitute a tractable engineering
consideration rather than an intrinsic fundamental limita-
tion, especially when clean, grounded chip surfaces
are used.

To inject electrons, a current pulse can be applied to a
tungsten-filament emission source mounted above the chip
mask (Fig. 5) [43,44]. The emitted electrons slow down as
they traverse the residual neon vapor and become trapped
on the SNe particle surface. To enable qubit operation with
a single electron, excess electrons on an SNe particle must
be removed. This can be done by applying a positive
bias V, to the microwave resonator (see Sec. IV), which
pulls the electron toward the north pole of the SNe particle
and creates a perpendicular field E, at that location for
electron extraction. The potential energy U, (z) of a
surface-bound electron then develops an energy barrier
through which the electron can tunnel and escape from the
SNe surface. Figure 6(a) illustrates an example potential
for E, =0.35 V/um. We have calculated the electron

Heater Pumping Fill line
N port N
Mixing chamber plate .
Chip mask Emission source

FIG. 5. Schematic showing the mist merging method for
loading SNe particles on the chip in the experimental chamber.
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FIG. 6. (a)Potential energy U, of an electron versus distance z
from a SNe particle surface under an applied extraction field
E, = 0.35 V/pum. (b) Calculated WKB tunneling lifetime zywgp
as a function of E,. The shaded region indicates the threshold
range of E, for efficient electron extraction.

tunneling timescale 7ywgg for various E, values using the
WKB approximation [37] (see Appendix B). As shown in
Fig. 6(b), once E, crosses a threshold region around
0.4 V/pm, 7wk drops from several seconds to below
1 ms, sufficiently short for efficient electron extraction.
Such field strengths are readily attainable experimentally.
The number of electrons remaining on the SNe particle can
then be inferred by monitoring the resonator’s transmis-
sion response as demonstrated in electron-on-LHe sys-
tems, i.e., either through changes in amplitude at a fixed
frequency [31] or through shifts in the resonance peak
[71]. Once it is confirmed that only a single electron
remains on the surface, the chamber can be fully evacuated
and the chip cooled to its base temperature for qubit
operation.

IV. QUANTUM STATES AND TUNABILITY OF
THE ELECTRON QUBIT

For an electron trapped on the surface of a SNe
microparticle, the motion perpendicular to the surface is
confined by essentially the same trapping potential U |
shown in Fig. 1(a). The bound ground-state energy in this
direction is about —15.8 meV, and the first excited level
lies 12.7 meV above it, corresponding to a transition
frequency of 3.1 THz. Under typical experimental con-
ditions, the electron remains in its vertical ground state
while being free to move laterally. In the absence of any
applied electric and magnetic fields, the lateral eigenstates
on an ideally spherical SNe particle are given by the

AN/4 CPW
resonator

Microwave
input

HTS loop

FIG. 7. Schematic of the A/4 CPW resonator with a bias
voltage V, applied to attract the surface-bound electron toward
the north pole of the SNe particle.

spherical harmonics Y;,,(0,¢), with eigenenergies
E, :%Z(H— 1). Since the particle radius R, is on

the micron scale, the transition between the lowest two
lateral motional states has a frequency on the order of
10 MHz, too small to resonate with the GHz microwave
resonator. To address this, a positive bias voltage V. can be
applied at the voltage node of the 4/4 CPW resonator,
where microwave leakage is minimal [72,73], as shown in
Fig. 7. The resulting electric field attracts the electron and
localizes it near the north pole of the SNe particle. The
field E, required near the north pole to raise the transition
energy into the GHz range is much smaller than the
threshold field for electron extraction shown in
Fig. 6(b), which ensures the electron remains securely
trapped near the pole. Due to this localization, moderate
SNe shape deformation has little effect on the electron’s
lateral quantum states. In the subsequent analysis, we
therefore assume an ideal spherical SNe particle.

A. Electron quantum states

To determine the lateral eigenstates of the electron, we
consider the following Hamiltonian:

hzvé B 2B2R?

7 ¢y , €Do ¢ € by . 5

Hy=— +—L.+ 0+ U\ 0), 2
I 2m,R> 2m, ° 8m, - H< ) @

where Vz(p is the angular part of the Laplacian operator.
The second and third terms represent the orbital Zeeman
and diamagnetic contributions, respectively. Since the SNe
particle rests in the shallow well on the chip, a strong
magnetic field is no longer required for levitation, which
also relaxes the constraints on the magnetic-field resilience
of the resonator materials. Nonetheless, a weak uniform
field B, may still be applied to help lift unwanted
degeneracies in the electron energy spectrum, as will be
discussed later. In addition, the spin degree of freedom is
omitted from Eq. (2), since we focus on the lateral
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motional-state qubit. Under the uniform field B, working
within a fixed spin manifold simply adds a Zeeman offset
and does not affect the orbital spectrum.

The last term, U|(6), denotes the electrostatic potential
produced by the bias voltage V, on the resonator. In our
analysis, the resonator is modeled as a charged ring of
radius R,, coaxial with the SNe particle and separated from
its center by a distance H, as illustrated in Fig. 7. The
distance H can be adjusted either by controlling the well
depth during device fabrication or by tuning the
SNe particle size during the loading process. The potential
Uj () depends on R,, H, and V,, and, owing to the
system’s axial symmetry, can be expressed in a compact
analytical form involving elliptic integrals (see
Appendix C for details). Here we neglect any polarization
potential arising from the substrate environment surround-
ing the qubit. This is justified because, despite the larger
dielectric constant of the substrate materials, they are
located on the order of a micron away from the electron.
As a result, the corresponding image interaction at the
qubit location is negligible compared with both the local
polarization potential from the underlying neon surface
and the resonator bias field.

To demonstrate that an applied bias voltage can indeed
increase the electron transition energy into the GHz range,
we solved the Schrodinger equation A Wam) = EnmlWum)
for a representative configuration with R, = 1.5 pm,
R, = 0.5 pm, and By, = —20 mT, using an imaginary-time
propagation method (see Appendix D). The resulting
eigenfunctions v, (0, ¢) = (0, $|w,,,) are characterized
by two good quantum numbers: the azimuthal quantum
number m, arising from the axial symmetry of the system,
and the polar-mode quantum number n, which character-
izes excitations along the @ direction. Figure 8(a) shows
the ground-state wave function profiles |yqo(6)| obtained
for different bias voltages V, at a fixed H = 0.85 pm. The
electron wave function is confined within a narrow polar
range 0 < 0.1-0.2 rad near the north pole. As V, increases,
woo(0) becomes progressively more localized. The calcu-
lated energy differences AE,,, = E,,, — Ey) between the
ground state and several excited states v, are plotted
in Fig. 8(b) as functions of V, and H. It is clear that the
transition energy AFE,; between the lowest two energy
levels can be tuned continuously within the GHz range,
ideal for on-chip microwave control. This broad electrical
tunability should also allow moderate SNe particle-to-
particle size variation to be compensated through site-
selective bias adjustment after loading. At the same time,
these results also clarify the connection to eNe qubits on
neon surface bumps: although the SNe particle itself is
micron-sized, the qubit is governed by the local confine-
ment near its north pole, where the localized electron wave
function has a nanoscale lateral extent comparable to that
of the suitable neon surface bumps needed to produce
GHz-scale transition frequencies.

16 H=085um —V,=50mV ]
12 —VrZISOmV_
— ¥, =300 mV

30

AE/h (GHz)
[\
(e}

—
o

100 200 300 0.7 08 09 1.0
(b) V. (mV) H (um)

FIG. 8. (a) Calculated electron ground-state wave function
profile |yq,| for different bias voltages V, at a fixed distance
parameter H = 0.85 pm. (b) Dependence of the transition energy
AE,,, = E,,, — Eqo from the ground state y, to various excited
states y,,,,, on the distance parameter H and bias voltage V,. The
results are for a representative case with R, = 0.5 pm,
R, =1.5 pm, and By = —20 mT.

A few additional features of the system’s energy levels
merit further discussion. First, in the absence of a magnetic
field, the states |y;) and |y _;) are degenerate, which is
undesirable for defining a unique qubit transition. The
applied magnetic field of By = —20 mT lifts this degen-
eracy through the orbital Zeeman effect, introducing an
energy splitting of about 0.56 GHz between the two states,
sufficient for unambiguous state selectivity. Since this field
is generated by superconducting loops, the circulating
current is expected to be highly stable; even a large current
fluctuation of 0.1% would give only 6B ~2 pT, corre-
sponding to a frequency shift of ~1072 MHz, far below the
observed eNe transition linewidth. The diamagnetic term in
the Hamiltonian is much 488 weaker, shifting the energies
of both |yq;) and |y _;) upward by only a few megahertz.

Second, as shown in Fig. 8(b), the spacings between
adjacent AE,,, curves are comparable, indicating that the
transition energies between successive azimuthal states
Wo.m and y .41 differ only slightly. This behavior can be
understood by noting that, under strong confinement near
the north pole, the potential can be approximated as
Uj(0) = Uj(0) + eE,R (1 — cos 0) ~ U (0) + } eE,R,6".
In the absence of a magnetic field, the Hamiltonian
reduces to that of a quantum spherical pendulum, which
has been extensively studied in the context of quantum
rotor systems [74,75]. The eigenenergies in this case
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H=1pm

(c) 6 (rad)

FIG.9. Lateral trapping potential U)|(¢) and the corresponding
electron ground-state probability density p = |ygo|? at a fixed
resonator voltage V, =150 mV for distance parameters
(@) H=1 pm, (b) H=0.72 pm, and (¢) H = 0.6 pm.

are approximately E,, =~ hwy(2n + |m| + 1),  with
wg = \/eE,/(m.Ry), leading to equal spacings between
adjacent azimuthal levels. Fortunately, this degeneracy is
naturally lifted by the diamagnetic contribution and by
higher-order terms in the expansion of U (6) near 6 = 0.
More importantly, as will be discussed next, the spacings
between azimuthal levels can be strongly tuned by varying
V, and H. The diamagnetic term in the Hamiltonian is
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much weaker, shifting the energies of both |yq;) and
lwo_1) upward by only a few megahertz.

B. Qubit anharmonicity and tunability

To quantify the nonuniformity of energy-level spacings,
we can evaluate the anharmonicity parameter
a = AEy —2AE,;. As discussed earlier, when the elec-
tron is strongly confined near the north pole of the SNe
particle, the energy levels are nearly equally spaced.
However, a distinctive feature of our system arises from
the ring-shaped resonator geometry: as the relative posi-
tion between the SNe particle and the resonator changes,
the lateral trapping potential U (6) can evolve from having
a single minimum at the north pole to developing a
minimum at a finite # away from the pole. This transition
occurs because U|(6) reaches its minimum on the SNe
surface approximately at the location closest to the
resonator. When the center-to-center distance H is large,
this location coincides with the north pole; as H decreases,
the closest location moves to a finite @, shifting the
potential minimum off axis. Figure 9 illustrates this
behavior through the calculated U (6) profiles for differ-
ent H at a fixed resonator voltage of V, = 150 mV. At
H =1 pm, U|(#) exhibits a single minimum at the north
pole and is approximately harmonic near that point;
correspondingly, the ground-state wave function y, is
nearly Gaussian, centered at the pole with a narrow spread
in 6. When H is reduced to 0.72 pm, the potential develops
a flatter bottom, and g, broadens noticeably. As H
decreases further to 0.6 um, U|(6) acquires a minimum
at a finite 0, and yn becomes localized along a ring around
this off-pole minimum.

[~ T 1
—dE, /h

300 MH_,

500 MHz

=200 MHz
300 MHz

0.6 0.7 0.8
H (um)

(a) Calculated anharmonicity a = AE;, — 2AE,; as a function of V, and H for the configuration with R, = 1.5 pm,

R, = 0.5 pm, and By = —20 mT. (b) Qubit transition frequency AEy,/h as a function of V, and H for the same configuration.
(c) Contour plots of a and AE, illustrating the optimal parameter region, highlighted in yellow.
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As the topology of the ground-state wave function
changes during this process, the anharmonicity a exhibits
a pronounced peak. Figure 10(a) shows the calculated o
as a function of V, and H for the same configuration with
R, =15pm, R, =0.5pm, and By= —20 mT. The
anharmonicity peaks at H ~ 0.7 pm, and as V, increases,
values of a/h exceeding 0.8 GHz can be achieved. Such a
large and tunable anharmonicity is highly desirable, as it
allows flexible control of the spectral separation between
the qubit transition and higher excited states, beneficial
for optimizing gate fidelity and reducing crosstalk in
multi-qubit systems. Unlike typical superconducting
qubits, whose anharmonicity is negative [12], our system
exhibits a positive a. This positive anharmonicity could
help suppress leakage to higher levels: because the
microwave drive pulse typically has a frequency tail
that falls off toward higher frequencies [76], excitations
to higher states are much less likely. As a result, stronger
microwave drives can be applied for faster and more
selective qubit control.

Nonetheless, as shown in Fig. 10(b), the transition
frequency AEy, /h relevant for qubit operation also varies
with V, and H. Ideally, one requires not only a large a for
unambiguous state selectivity but also that AE, /h
remains within the GHz range for convenient on-chip
microwave control. To identify an optimal parameter
regime that balances both @ and AEy, we show in
Fig. 10(c) contour plots of a/h and AEy/h in the
V,—H parameter space. Remarkably, a favorable operating
region can be identified, where AEy, /h lies in the few-
GHz range and a consistently exceeds 100 MHz, compa-
rable to that of typical superconducting qubits [17].

V. ELECTRON-RESONATOR COUPLING AND
INTER-QUBIT CONNECTIVITY

Having established the eigenenergy structure of the
electron bound on the SNe microparticle, we now turn
to its coupling to the on-chip microwave resonator, which
enables coherent control and dispersive readout of the
qubit. This coupling arises from the electric-dipole inter-
action between the electron’s lateral motion and the in-
plane electric field of the fundamental differential mode
of the A/4 CPW resonator. In this mode, opposite-phase
voltages on the CPW signal pins generate a strong
oscillating field at the open end of the resonator and a
node at the shorted end; placing the qubit near the open end
therefore maximizes the dipole interaction. The interaction
Hamiltonian is given by I:Iint — —d - E, where d = —ef is
the electric-dipole operator and E is the field operator of
the resonator mode.

Since the qubit is encoded in the two lowest azimuthal
states |g) = |wqo) and |e) = |y, ), it is more convenient to
express the dipole operator in the spherical basis, where
angular-momentum selection rules naturally appear. In this

representation, the scalar product can be written as
d-E = Z}n:q ZimE_m, with dipole components defined
in terms of the Cartesian ones as d.; =F (d, + icAJy)/\/i

and dy = ZZZ, and the field components £, defined analo-
gously. For an electron confined to a spherical surface
of radius R,, the dipole components reduce to
d,, = —eR;\/4n/3Y (0. $). Projecting these operators
onto the |g),|e) subspace yields d_; = (e|d,|g)6" and
d_y = (gld_|e)s~, where &% = [e)(g| and 6~ = |g){e|
are the qubit ladder operators.

The electric field of the differential mode oscillates
primarily along the in-plane x direction, as shown in Fig. 7.
This field can be written as £, = E, (@ +a"), where a
and &' are the photon annihilation and creation operators
of the resonator mode, and E, is the zero-point field
amplitude. The latter is given by E,; = EyV , where Ey
is the field strength at the qubit location per volt of
differential excitation on the resonator, which can be
obtained from electrostatic simulations (see Appendix E),

and V¢ = w,\/hZgs/2 is the zero-point voltage of a
resonator with resonance frequency o, and differential
impedance Zg; [41]. Using the spherical decomposition
of the field and noting that Ey ~ Ez ~ (0, we obtain
E:tl =+ Ex/\/z =+ Ezpf(& + éH)/\/E and AEO = 0};
Substituting the spherical components of d and E into
H,, and retaining only the energy-conserving terms
(rotating-wave approximation) yields the standard

Jaynes-Cummings form H,, ~hg(ast + a’67), with
the coupling strength:
g _ o, [hZy A
== & d , 3
T [ e lg) G

where the dipole matrix element (¢|d., {|g) can be obtained
numerically from the wave functions calculated in Sec. IV.
Using a typical differential impedance Zg; ~ 100 Q,
corresponding to an odd-mode characteristic impedance
of 50Q per CPW signal line, and resonance frequency
w,/2n =5 GHz, the resulting coupling ¢g/2x as a function
of the resonator bias voltage V, for various separations H
is plotted in Fig. 11. The coupling strength increases with
decreasing V, and H, and remains above 5 MHz through-
out the explored parameter space, ensuring strong coupling
given observed eNe linewidths of 1/2z ~ 0.1 MHz [44].
Furthermore, high-impedance resonators based on TiN
with Z g ~ 2.5 kQ have recently been demonstrated [41],
which could boost g/27z into the tens-of-MHz range as
shown in Fig. 11, on par with that of superconducting
qubits.

To implement entanglement and universal two-qubit
gate operations, it is necessary to coherently couple
multiple eNe qubits. This can be achieved using the
same resonator-mediated architecture widely adopted in
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FIG. 11. Calculated coupling strength g between the eNe qubit
and the 4/4 microwave resonator versus the applied resonator
bias voltage V,, shown for various separation distances H and
differential impedances Z ;.

superconducting circuit-QED systems. In close analogy to
those platforms, two eNe qubits can be coupled to a shared
microwave resonator mode, which serves as a quantum bus
enabling coherent interactions through virtual-photon
exchange [77]. For this purpose, one may employ a 4/2
differential CPW resonator, as shown schematically in
Fig. 12. The A/2 resonator supports voltage antinodes at
both ends, allowing one qubit to be placed at each
antinode. Let the two eNe qubits placed at these antinodes
have transition frequencies w, | and @, , and couple to the
resonator mode with strengths g; and g,, respectively.
When both qubits are detuned from the resonator fre-
quency o, such that |w,; — ®,| > g, the system lies in
the dispersive regime, where the resonator remains in its
vacuum state and mediates only virtual-photon processes
[77]. The dynamics are then governed by the Hamiltonian
H=hw,ata+Y 2 (ho,/2)6" + hg(as'l) +aT6l).
Eliminating the resonator mode via a second-order
Schrieffer-Wolff  transformation yields an effective
exchange interaction between the two qubits [12]:
He = 11 (66 +6W5Y), where J=g,9,/A and
A =w, — w, is the qubit-resonator detuning (assuming
W, ~w,, =w,). For representative parameters, i.e.,

M4 CPW A/2 CPW resonator
resonator \ for two-qubit coupling
< 7z
Qubit1 ‘0 Qubit2

HTS loops

FIG. 12. Schematic showing how two eNe qubits could be
coupled using a 1/2 CPW resonator.

gx/27 in the 10-30 MHz range and detunings |A|/27 of
50-150 MHz, the resulting two-qubit coupling strength is
J/27x ~2-6 MHz. Such coupling strengths comfortably
exceed decoherence rates, suggesting that high-fidelity
two-qubit entangling operations should be achievable
within this resonator-mediated architecture.

VI. DISCUSSION

The results presented here establish that electrons bound
to on-chip levitated SNe microparticles provide a robust
and highly tunable platform for qubit implementation. In
particular, we have shown that the lateral motional states of
a surface-bound electron can be engineered into a micro-
wave qubit with large positive anharmonicity, strong and
controllable coupling to on-chip superconducting resona-
tors, and wide-range electrical tunability. Moreover, the
same resonator infrastructure naturally enables coherent
coupling between neighboring eNe qubits, providing a
scalable route toward multi-qubit connectivity. Beyond the
motional-state qubit demonstrated here, this architecture
also accommodates additional qubit modalities and hybrid
operation.

A particularly compelling opportunity is the use of the
electron’s spin degree of freedom, whose coherence is
normally limited by magnetic noise from surrounding
nuclear spins. SNe is highly advantageous in this respect:
although natural neon contains small fractions of isotopes
with nonzero nuclear spin, isotopically purified *’Ne is
commercially available and provides an -effectively
nuclear-spin-free host. Indeed, theoretical modeling for
an electron bound to a purified SNe surface predicts spin
coherence times as long as 81 s [45], placing the system
among the longest-lived solid-state spins [78,79]. The
levitated SNe architecture further enhances this potential
by isolating the electron from substrate-induced charge
fluctuations, magnetic noise, and parasitic paramagnetic
impurities, allowing the intrinsic spin coherence to be fully
realized in practice. Spin manipulation requires only a
modest static magnetic field (B ~ 0.1-0.3 T) to define the
Zeeman splitting, fully compatible with NbTiN/NbN
resonators that retain high @ in this field range.
Although magnetic dipole coupling is intrinsically weaker
than the electric dipole interaction used for the charge
motional qubit, making coherent coupling of two spin
qubits via single virtual microwave photons challenging in
standard CPW architectures, suitably engineered resona-
tors such as lumped-element structures with tightly con-
fined magnetic fields, or synthetic spin-orbit coupling,
could still enable high-fidelity dispersive readout and
cavity-assisted control of individual spins [80]. In this
framework, eNe spin qubits can serve as long-lived
quantum memories coexisting on the same chip with fast,
high-anharmonicity eNe charge qubits, enabling hybrid
architectures where rapid charge-based gates interface
with long-coherence spin storage, a key capability for
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modular quantum processors and future quantum commu-
nication networks.

More broadly, the underlying principles of magnetic
levitation and cavity integration can be extended to other
quantum fluid and solid (QFS) systems. In particular,
arrays of magnetically levitated He II microdroplets can be
realized using the same superconducting-loop architecture
and loading protocols developed for SNe particles. These
droplets provide ultraclean environments ideal for hosting
dopant ions such as Er**, which offer telecom-band optical
transitions and millisecond spin coherence times [81-83].
In He II, each embedded positive ion is known to form a
nanometer-scale “snowball” structure that generates a
well-defined local crystal field [84,85], producing robust
level splittings of Er’* ions that further facilitate optical or
spin-qubit level selection [83,81]. Embedding Er** ions in
levitated He II droplets yields naturally isolated quantum
emitters with minimal dielectric loss, while the droplets
themselves could act as high-finesse whispering-gallery-
mode resonators that enhance light-matter interaction [66].
Such droplet nodes could operate as quantum repeaters for
long-distance entanglement distribution, bridging micro-
wave and optical domains through hybrid spin-photon
interfaces [86]. The ability to co-fabricate arrays of SNe
and He II carriers on the same chip further suggests a
unified quantum platform where motional or spin-based
eNe qubits interface coherently with Er** optical nodes,
enabling modular and reconfigurable quantum networks.
Altogether, these capabilities underscore the broader
significance of the levitated QFS architecture as a versatile
foundation for scalable quantum processing, distributed
communication, and hybrid quantum technologies.
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APPENDIX A: MAGNETIC FIELD
CALCULATIONS

The magnetic field B, (r) generated at position r by an
ideal zero-thickness current loop in three-dimensional
space can be calculated using the Biot-Savart law [87]:

_,ull/dlx(r—l)

B =% ) o (AD

where dl is the elemental length vector along the loop.

To model the magnetic field produced by a circular
current-carrying disk with inner radius R, and width W,
we approximate the disk using n uniformly spaced con-
centric loops. Each loop carries an equal fraction of the
total current, I/n. Owing to axial symmetry, the magnetic
field distribution can be evaluated in the two-dimensional
xz plane, with the z axis aligned with the disk axis and the
origin located at the geometric center of the disk. The
contributions to the magnetic field components at a point
(x, z) from the discretized disk are then given by

Bx(x7 Z) =

"yl [27R.
Hol / Rzcosd 4h (a2
0

iy D3
i—1 i

"ol [27 R? — R;xcos ¢
B.(x,z) = — 4 d¢, A3
0 =30 / B (A)
where

Di = \/[.x — Ri COS ¢]2 + [Rl Sin ¢]2 + Zz, (A4)

1\ W
Ri:R0—|—<i——>—. (AS)

2) n

In our simulations, the computational domain is dis-
cretized on a square grid with spatial resolution
Ax = Az =0.1 pm, and the disk is represented using
n = 30 concentric loops.

APPENDIX B: WKB CALCULATION OF THE
ELECTRON TUNNELING TIME

When no external field is applied, the electron’s wave
function spreads over the entire SNe surface. Applying a
positive dc voltage to the resonator generates an electric
field throughout the surrounding space, which pulls the
electron toward the north pole of the SNe particle. Owing
to the axial symmetry of the system, the electric field at
the pole is directed essentially normal to the surface; its
magnitude at that point is denoted by E,. This normal field
tilts the vertical image-binding potential and lowers the
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surface barrier that confines the electron. The effective
vertical potential governing escape is therefore:

e—gy e

z>0,

U,(z) = —¢E,z, (B1)

e+ g 16meyz

where z is the height above the surface, g is the vacuum
permittivity, and € = 1.244 ¢ is the dielectric constant of
SNe. For sufficiently large E,, the tilted potential becomes
low and narrow enough such that the electron can escape
by quantum tunneling through the energy barrier. The
corresponding tunneling lifetime can be evaluated using
the WKB approximation.

Following Ref. [37], we regularize the polarization term
in U (z) by truncating it at z = b = 2.3 A and extending

. .« . — 2
it to the origin as a constant value —=2 ¢ Let ¢,
e+ 16megb

denote the ground-state energy (including the first-order
Stark shift). The classical turning points z; and z, are
defined implicitly by

Ui(z1) =UL(z2) = €y.

Within the WKB approximation, the tunneling lifetime
is given by [88]:

2 22
TWKB — Te] exXp |:h/ \/2me(UL(Z) — el) dZ:| . (BZ)

where m, is the electron mass. The prefactor 7 is the
classical oscillation period in the bound region:

T 2/11 e d
= _—_— Z’
. 0 2(61 - UJ_(Z))

which is evaluated numerically using the expression for
U, (z) given in Eq. (B1). The resulting tunneling lifetimes
Twka, plotted in Fig. 6(b), decrease rapidly from the order
of seconds to sub-millisecond values as E, crosses a
threshold region around 0.4 V/pm.

(B3)

APPENDIX C: ELECTROSTATIC POTENTIAL
GENERATED BY THE BIASED RESONATOR

To obtain an analytic expression for the lateral confine-
ment potential Uy (¢) used in Eq. (2), we model the open
end of the 1/4 CPW resonator as a thin circular ring of
radius R, held at a dc voltage V, and located at a distance
H above the center of the SNe particle. In cylindrical
coordinates (p, z) with the ring lying in the plane z = H,
the potential energy of an electron at position (p,z)
generated by this ring can be written in closed form using
complete elliptic integrals [87]:

v K(k
" Ko /(R T4 (z—H)?
et V (R, +p)* + (2 )

Ulp,z) =2e (C1)

where K(k) is the complete elliptic integral of the first
kind, and the elliptic modulus is

4R,p
(R, +p)* +(z—H)*

2:

(C2)

The normalization factor K. ensures that the potential
scale is consistent with the applied voltage V,. In our
numerical implementation, K.y is chosen such that

U([) =R,—a,,z= H) =—eV,,
where a, represents the effective radial half-width of the
resonator’s center pins. This condition anchors the poten-
tial at the pin edge.

To obtain the angular confinement potential on the SNe
particle, we restrict the electron to the sphere of radius R,
through the substitutions:

p = R, siné, 7z =R cos0,
which yields the expression U (6) used in Eq. (2) of the
main text.

APPENDIX D: CALCULATION OF THE
ELECTRON LATERAL EIGENSTATES

The lateral eigenstates of the surface-bound electron can
be obtained by solving the Hamiltonian in Eq. (2) of the
main text. Owing to the axial symmetry of the system, the
azimuthal quantum number m is conserved, and the wave
function can be written as ¥, (0, ¢p) = J%—”wm(ﬁ)ei’"’/’ . Our

numerical procedure then proceeds in two steps. First, we
construct a complete set of trial eigenstates by diagonal-
izing a simplified Hamiltonian whose matrix elements are
analytic in the spherical-harmonics basis. These trial states
are then refined by imaginary-time evolution under the full
Hamiltonian on a real-space 0 grid, with orthogonality
enforced throughout so that the entire eigenstate spectrum
is faithfully recovered.

To construct the simplified Hamiltonian, we approxi-
mate the lateral potential U (@) near the north pole of the
SNe particle as

Uj(0) = U (0) + eE,Ry(1 — cos0), (D1)
where E, = [0U(0, z)/0z],_p_is the electric-field strength
at the north pole, and U(p,z) is given analytically in
Appendix C. The simplified Hamiltonian then takes
the form:

A (s n? e’B’R? | eB

;=" T A T L

+ U)(0) + eE,Ry(1 —cos 0).

mh

(D2)
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All operators appearing in this simplified Hamiltonian,
such as the angular derivatives in V§¢, cos @, and sin? 6,
have closed-form analytic matrix elements in the spheri-
cal-harmonics basis Y, (0, ¢) [74,75]. For each m, diag-

(s)

onalizing H i in this basis yields a complete set of trial

eigenfunctions of the form:

Nmax
RO = 3 Y10.0)

I=|m|

(D3)

where the coefficients anm) are the components of the nth

eigenvector. A finite cutoff N,,,, is required to truncate the
spherical-harmonics basis to a manageable matrix size
while still resolving the narrow angular localization of the
eigenstates near the north pole. We set N,,,, = 800, which
provides an angular resolution of about 4 x 1073 rad,
sufficient to capture the spatial extent of the confined

states. These trial eigenfunctions {1//,(3,),} serve as the initial
states for refining the eigenfunctions of the full
Hamiltonian.

In the second step, the full Hamiltonian H I shown in
Eq. (2) is solved by imaginary-time evolution. For
numerical integration, we work with the dimensionless
Hamiltonian H = H/E,, where Ey = h?/(2m,R?) is the
natural energy scale associated with a free electron on
the SNe particle surface. Introducing the dimensionless
imaginary-time variable 7 = i (Ey/h)t, the evolution equa-
tion becomes:

9 (0.7) —Huy(0,7).

ot (D4)

Each state is initialized as y,,,(0,7 =0) = 1//,(192, (9),
and the equation is integrated iteratively using a forward-
Euler step:

w(0.7 4 67) = w(0.7) — 5t Hw (0. 7), (D5)
with dimensionless time step 57 = 107, Because the wave
function norm is not conserved under imaginary-time
propagation, the state is renormalized after every iteration
by multiplying a factor [ [ |y(6, 7)|* sin & d6]~'/%. Angular
derivatives in A | are evaluated using second-order finite
differences on a uniform 6 grid with a resolution
AQ =3.1x 1073 rad.

At every iteration, orthogonality among all states with
the same m is enforced using:

<l//jm|l//km> = \/0'” l//jm (Q)ka (6) sin@ dgv (D6)

together with the projection:

Yim (T) < Yim (T> - Z(ij'l//km (T)>l//jm<7)' (D7)

Jj<k

The iterations continue until both the wave functions
and their energies E,,, = (y,.|H IWum) have converged.
These converged eigenstates and eigenenergies form the
basis for the qubit transition frequencies, anharmonicity,
and dipole matrix elements presented in the main text.

APPENDIX E: DIFFERENTIAL-MODE
ELECTRIC FIELD AT THE NORTH POLE
OF THE SNE PARTICLE

The electric dipole coupling between the qubit and the
resonator is determined by the microwave electric field
generated at the SNe particle by the resonator’s differential
mode. This ac field is entirely distinct from the static field
produced by the dc bias applied simultaneously to both
resonator pins. The dc bias generates a common-mode
electric field that shapes the lateral confining potential
U||(0), whereas the differential-mode field provides the
oscillating drive that enters the interaction Hamiltonian

A

H;, and ultimately sets the strength of the electron-
resonator coupling g.

To quantify this coupling, we require the electric-field
amplitude at the qubit location per volt of differential
excitation, defined as &£y. This quantity is obtained from
electrostatic simulations performed in MATLAB, in which
the two resonator center pins are driven in differential
mode. The geometry and dimensions of the pins used in
the simulation are shown in Fig. 13(a). In the calculation,
the left and right pins are biased at —0.5 V and +0.5 V,
respectively, so that the applied differential voltage is
exactly 1V, while all ground planes and surrounding
conductors are held at 0 V. Solving Laplace’s equation
under these boundary conditions yields the differential-
mode potential Vg (r) shown in Fig. 13(b). The
corresponding  electric  field is obtained from
E it (r) = —VV4(r), whose in-plane x component domi-
nates near the qubit. Evaluating this field at the SNe

0.5 pm

Vdiff(v)
-05 025 0 025 05

 m— -2.5 0 2.5
(@) 2.1pm (b) x (pm)
FIG. 13. (a) Geometry and dimensions of the resonator center

pins used in the MATLAB simulation of the differential mode.
(b) Differential-mode potential Vg in the x-z plane obtained
from the simulation.
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particle’s north pole (p = 0,z = Ry) gives the local differ-
ential-mode amplitude Eq(0, R,), which by construction
renders £y = Eg(0, R,) because the applied differential
excitation is 1 V.
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