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© E.Yu. Egorova 1−3, A.S. Kazmina 1−3, I.N. Moskalenko 2

1 Russian Quantum Center, Moscow, Russia
2 National University of Science and Technology

”
MISiS“, Moscow, Russia

3 Moscow Institute of Physics and Technology (National Research University),
Dolgoprudny, Moscow Region, Russia

E-mail: yelena.egorova@phystech.edu

Received September 18, 2023

Revised November 10, 2023

Accepted November 10, 2023

An optimized transmon topology is proposed as a base element in a superconducting quantum processor. An

analytical formula is obtained for the energy levels of a transmon with three Josephson junctions. It is shown that

the three-junction transmon makes it possible to obtain a narrower frequency tunability range in comparison to a

two-junction transmon with comparable sizes of Josephson junctions in the structure, that reduces sensitivity to flux

noise. Electromagnetic modeling of electric field distribution on technological surfaces is carried out. It is shown

that the round shape of the shunted capacitance of the transmon reduces the dielectric losses at the interfaces

compared to the most common cross shape.
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Transmon [1] — is one of the most common qubit

types in the modern superconducting schemes. Currently,

quantum computations, execution of quantum algorithms

and quantum error correction are made by using multiqubit

schemes consisting of interacting transmons [2,3]. Because
of the shunted capacitance, the sensitivity to low-frequency

charge noise in such qubits is suppressed. Also, the

transmons have lower susceptibility to flux noises compared

to the flux qubits [4]. Moreover, the transmons have

no Josephson junction arrays required in the creation of

fluxonium qubits [5], which makes them relatively more

simple in the fabrication. The transmons have sufficient

coherency times for the implementation of sets of quantum

gates [6] used in the quantum data processing algorithms.

The most common type of transmons — is the tunable

X -mon [7], having crosswise shunted capacitance and two

Josephson junctions forming a superconducting quantum

interferometer (SQUID), which provides qubit tunability by

frequency.

Today, the most significant reason for the limitation

of the coherency time of transmon qubits is dielectric

losses associated with the two-level defects near to the

vacuum−substrate and metal−substrate interfaces, as well

as inside the Josephson junction barrier [8–11]. At the

same time, in the regions with high density of the electric

field energy such defects can be strongly coupled with qubit

and their number is quite low, so it is possible to observe

individual qubit resonances with individual defects [12]. An
important indicator is the participation ratio of the interfaces,

i.e. the ratio of the electric field energy in the volume that

contains such defects to the total electric field energy of the

qubit.

Regardless of a wide range of the transmons frequency

tunability, obtaining high coherency times is limited by

the flux noise. Due to a low-frequency flux noise,

high coherency times are only possible in the frequency

extrema as functions of flux in SQUID, where the qubit

frequency derivative with respect to the magnetic field is

zero. Therefore, the qubit in the first approximation is non-

sensitive to flux noise [13].
Thus, design of transmon qubit topology with high

coherency times requires decrease of the participation

ratios of the interfaces with defects. On the other hand,

the minimum size of Josephson junctions is limited by

reproducibility of their fabrication.

In this study we propose optimized transmon qubit

with single Josephson junction and SQUID connected in

series [14], as well as with the round shape of the shunted

capacitance [15–17]. The topology of such qubit and its

equivalent electrical scheme are given in Fig. 1. The

round shunted capacitance C2 (red color) is associated with

the ground (black color) via a circuit of three Josephson

junctions J1 , J2 , J3 with own capacitances CJ1,2 and CJ3

(green color). A control line for the qubit control is laid

to the transmon’s SQUID. Yellow color denotes electrodes

of the qubit’s capacitive coupling with the other possible

elements in the scheme.

Hamiltonian of the three-junction transmon is derived

from the description of classical dynamics of the electro-

magnetic circuits [18]:

Ĥtr = 4EC n̂2 + EJ3(1− cos ϕ̂2) + EJ12 cos(π8/80)

×

√
1 + d2 tan2(π8/80)(1− cos ϕ̂1), (1)
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Figure 1. a — transmon topology with the round shunted capaci-

tance (red color). Inset — Zoomed-in image of a single Josephson

junction serially connected to SQUID (green color). External

magnetic flux is applied to SQUID through inductively coupled

control line (black color). Yellow color denotes electrodes — the

arcs of the capacitive coupling with the other potential elements

of the system. A color version of the Figure is provided in the

online version of the paper. b — equivalent electrical scheme of

the three-junction transmon. The digits denote electrical nodes of

the circuit: 1 — a node between single Josephson junction J3 with

own capacitance CJ3 and SQUID with Josephson junctions J1 and

J2 with the total capacitance CJ1,2 , 2 — the node of the shunted

capacitance C2 to the ground.

where ϕ̂2 — phase operator on the Josephson junction J3,

ϕ̂1 — phase operator on the Josephson junction J1, n̂ —
operator of the number of Cooper pairs, which is canoni-

cally conjugated with the sum of the operators ϕ̂ = ϕ̂1 + ϕ̂2.

Here EC — charge energy of transmon, EJ12 = EJ1 + EJ2 —
total Josephson energy of two junctions with SQUID,

d = (EJ2 − EJ1)/(EJ1 + EJ2) — SQUID asymmetry, 8 —
external magnetic flux to SQUID, 80 = h/2e — magnetic

flux quantum.

The analytical formula for the energy levels of that

transmon and its anharmonicity can be obtained in the

similar way [1] by decomposing the cosine into Taylor’s

series up to the fourth order due to smallness ϕ in the

mode EC/EJs ≪ 1 [19]:

Ĥtr = 4EC n̂2 +
1

2
EJs ϕ̂

2 −
1

24
EJqϕ̂

4, (2)

where EJs = EJ3ẼJ12/(EJ3 + ẼJ12) — linear part of the in-

ductive energy, EJq = (E4
J3ẼJ12 + EJ3Ẽ4

J12)/(EJ3 + ẼJ12)
4 —

quadratic part. Here we introduced the nota-

tion ẼJ12 = EJ12 cos(π8/80)
√
1 + d2 tan2(π8/80) for the

Josephson energy of SQUID that depends on the external

magnetic flux. In deriving the formula we used approxima-

tion for the serial connection of single Josephson junction

and SQUID, in which the currents of the Josephson contacts

are decomposing into the Taylor’s series up to the first

order due to the smallness of the phases of the junctions:

ϕ1ẼJ12 = ϕ2EJ3.

By using the first order of the perturbations theory for

that Hamiltonian, the levels of energies for a three-junction

transmon can be written as

Em =
√

8ECEJs

(
m +

1

2

)
− EC

EJq

12EJs

(
6m2 + 6m + 3

)
,

(3)
which results in the qubit frequency f 01 and anharmonicity

α respectively

f 01 =

(√
8EC EJs − EC

EJq

EJs

)/
h, (4)

α = E12 − E01 = −EC
EJq

EJs
. (5)

Fig. 2 represents the range of tunability of the qubit

frequency and its anharmonicity according to analytical

formulas (4) and (5) depending on the external magnetic

flux to SQUID. The calculation was performed by using the

data from Table 1. With sufficient anharmonicity the range

of tunability of frequency of the three-junction transmon is

narrower than that for two-junction ones [20], which makes

it more useful in multiqubit schemes.

Since dielectric losses make a contribution into the

inverse Q factor of qubit [21], which, in turn, affects

the qubit relaxation rate due to the ratio γ1 = ωQ−1, we

performed simulation and calculation by means of Ansys
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Figure 2. Frequency of qubit and anharmonicity, depending

on the magnetic flux in SQUID, obtained according to analytical

formulas (4) and (5) for the three-junction transmon.

Table 1. Transmon parameters: Josephson energies of junctions

and charge energy

EJ1, GHz EJ2, GHz EJ3, GHz EC , MHz

124.2 43.5 17.4 251
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Figure 3. Simulation of distribution of the electrical field by using the Ansys HFSS software in transmons with different shape of the

shunted capacitance. a — transmon with the round capacitance (concentric transmon), b — transmon with the crosswise capacitance

(X -mon). Zoomed-in regions with the Josephson junctions are shown below. Color denotes the value of electric displacement field on the

surface (D) in Decibells. A color version of the Figure is provided in the online version of the paper.

Table 2. Integrals of the energy of the electrical field on

the surfaces, expressed in relative units, obtained in the Ansys

HFSS software (simulation was performed by using three types

of the surfaces: ms-o — metal−substrate in the base layer of

photolithography, ms-e — metal−substrate for the electron-beam

lithography, sa — surface of the silica substrate)

Qubit type
Interface

ms-e ms-o sa

Concentric 3.92 17.2 30.4

transmon

X -mon 3.61 46.9 78.9

HFSS software for the participation ratio of electrical field

in the technological interfaces for two shapes of the shunted

capacitances of the same value in transmon.

The contribution of dielectric losses into the qubit Q

factor is described by the ratio Q−1 = 6i pi tan δi , where

pi — participation ratio of the surface energy of the

electrical field at the i-th technological interface, tan δi —

tangent of dielectric losses angle. Surfacel energy of

electrical field is represented as the integral of energy of

the electrical field on the i-th surface
∫
|E2|dSi .

The first type of transmon has the round capacitance,

the second one — crosswise. Both qubits include

three Josephson junctions. The simulation involves three

types of interfaces: metal−substrate in the base layer of

photolithography (ms-o), metal−substrate for the layer of

electron-beam lithography (ms-e) and the surface of silicon

substrate (sa). Electron-beam lithography is intended for the

manufacture of Josephson junctions having the size lower

than 1µm. The simulation did not consider the interface

metal−air, since the field participation ratio therein is

negligibly small relative to the interface metal−substrate [9].
The superconductor is simulated as an ideal conductor,

which simplifies the calculation, because the contribution

of kinetic inductance is not considered. The simulation

region is limited to 1mm perpendicularly to the substrate

surface. The obtained distribution of the electric field is

shown in Fig. 3, a and b for concentric transmon and X -

mon, respectively. Final participation ratios of the interfaces

are given in Table 2. Compared to X -mon, the concentric

Technical Physics Letters, 2024, Vol. 50, No. 2
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one has a lower energy in the substrate (sa) and in the

photolithography interface metal−substrate (ms-o).
In addition to the minimization of dielectric losses, in

Ansys HFSS we assessed the relaxation of the concentric

transmon into the control line. For that purpose we

introduced the boundary condition for the flux line as a

matched load (50�), and the Josephson junctions were

simulated as linearized equivalent of lumped inductances.

The same as for the participation ratio calculation, in this

one the thickness of the silicon substrate and the air layer

above the metal are 0.5mm. The simulation results have

shown that the upper limit for the qubit relaxation time

at the point with the maximum frequency to that channel

is 1.6ms.

Thus, the proposed topology of transmon with the

round capacitance has a series of advantages versus X -

mon, namely, a narrow frequency tunability range with

sufficient anharmonicity and lower dielectric losses on the

technological surfaces.
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