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Kinemon: An inductively shunted transmon artificial atom
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We experimentally investigate inductively shunted transmon-type artificial atoms as an alternative to
address the challenges of low anharmonicity and the need for strong charge dispersion in superconducting
quantum systems. We characterize several devices with varying geometries and parameters (Josephson
energies and capacitances), and find a good agreement with calculations. Our approach allows us to
retain the benefits of transmon qubit engineering and fabrication technology and high coherence, while
potentially increasing anharmonicity. The approach offers an alternative platform for the development of

scalable multiqubit systems in quantum computing.
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Superconducting artificial quantum systems, such as the
capacitively shunted charge qubits (transmons and Xmons)
are now commonly used to build prototypes of quantum
processors because of their simple design and low decoher-
ence rates [1-4]. However, scaling up quantum registers
composed of low anharmonicity physical qubits faces chal-
lenges due to the uncontrolled transitions to upper states
and limitations in speed of quantum operations [5—10].
Additionally, non-negligible charge dispersion of the
higher-energy levels complicates the use of such artificial
atoms as qudits [11]. These problems drive the search for
alternative physical qubits and materials [12—16].

While retaining simplicity in fabrication and operation,
together with charge-noise insensitivity, one can increase
the nonlinearity of a transmon by decreasing its shunting
capacitance and, at the same time, shunting it by a linear
inductance. Strictly speaking, this modification produces a
flux qubit [17-21], more specifically, an rf superconduct-
ing quantum interference device (SQUID) or a fluxonium
[22]; however, its parameters can be chosen so that the
resulting eigenstates are transmonlike, living in a single-
well potential, not a two-well one. The latter helps to avoid
the exponential sensitivity of the transition frequencies to
the Josephson energy variations, which has so far limited
the applications of flux qubits in multiqubit devices. Also,
one can expect that the inductive shunt will remove charge
dispersion for arbitrarily high-energy states.
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In this study, we explore an alternative hybrid design
combining the transmon circuit with a compact kinetic
inductor—a kinemon (kinetic-inductance-shunted trans-
mon) artificial atom (Fig. 1). We design and investigate
experimentally a family of such systems with various com-
binations of Josephson energy E,, inductive energy £,
and charging energy Ec [3]. Our current values fall in
the area between the transmon and the CPB in terms of
the ratio £, /E¢. Concerning the inductive energy, we use
a small inductance (E;/E; < 1), moving closer to a lin-
ear LC circuit; however, the system is still anharmonic
enough and resembles the transmon or a quarton [24].
The kinemon spectrum is strongly dependent on the mag-
netic flux, i.e., its anharmonicity can change the sign when
the system is tuned between its flux sweet spots. We also
show that the inductive element can be placed inside an «
SQUID [26], which, for a correct ratio of resulting loop
areas, opens a way to modulate the effective Josephson
energy, while keeping the parabolic potential contribution
fixed. Such double-loop kinemons (group B in Fig. 2) can-
not be unambiguously represented by a single point on the
diagram in Fig. 1.

Of note, we find that, confirming our previous tests of
coplanar resonators [27], the kinetic inductor based on
aluminum ultra-thin-film does not cause any noticeable
deterioration of the coherence times. Finally, as this kind of
inductor exhibits relatively good reproducibility in fabrica-
tion, we find it a promising component for future quantum
circuits.

Without the inductive shunt, a Josephson junction is
characterized by a periodic potential U; = —E; cos ¢,

© 2024 American Physical Society
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FIG. 1. The parameter space for various superconducting

qubits is depicted through an equivalent three-element circuit
model, as shown in the inset. The Josephson energy (E,) and
inductive energy (£,) are contrasted with the charging energy
(Ec = 2¢?/C). The green and violet stars represent two types
of kinemon artificial atoms introduced in this work. Additional
experimental data are cited from Refs. [1,12,14-16,21-25].

where ¢ is the phase across the junction [Fig. 2(a)].
Adding a small parallel capacitance to the circuit results
in the formation of energy bands of Bloch waves in
the periodic potential [28], which can be represented as

¥/ () = €W29%u(p), so that ¥'(p) # V(¢ +2m) and
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only u(p) = u(¢ + 2m). Here, ¢’ represents the qua-
sicharge, being the analogue of the crystal momentum in
solids, and the energies inside the band are periodic func-
tions of ¢’. We note that for a charge qubit with discrete
number of Cooper pairs allowed on the island, we can
apply the rotor analogy [1,29], so that the states after a full
rotation are indistinguishable. Then, the wave function is
27 -periodic in the ¢ representation, and the bands seem to
disappear. However, as there is a mathematical correspon-
dence between the quasicharge ¢’ and the induced charge
ng: ng = q'/2e, the energy configuration of the system still
exhibits the same oscillatory behavior as a function of
ng. While a larger capacitance localizes the lower-energy
states in distinct potential wells and significantly reduces
the widths of the lowest bands, higher-lying bands remain
open, as shown in Fig. 2(a), and thus are still sensitive to
the induced charge. Moreover, increasing the capacitance
always comes at the cost of reducing the anharmonicity
a[1].

To completely prevent the formation of energy bands
(remove any energy dependence on the induced charge
ng), it is necessary to disrupt the periodicity. This can be
achieved by implementing a shunting inductance, which
introduces a parabolic potential U; = E;¢*/2 to U as
exemplified in Fig. 2(a). As a result, the wave functions of
the lowest states become localized in the central well. Note
that in the case of a small E; (<E)), the anharmonicity
and the energy structure are predominantly determined by
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(a) The potential (solid black line) and the energy levels (gray lines) for the conventional transmon (top) and for the induc-

tivly shunted one (bottom) for ¢, = 0. (b) Circuit model of the sample. SQUIDs consists of Josephson junction and a kinetic wire
with the energies E; and E, respectively, and are shunted by a large capacitance with an energy E¢ forming a kinemon atom. Group
A (green color) represents assymetric kinemons with different energy ratios (kinemons I-VI). Group B (violet color) represents sym-
metric kinemons with two JJs and a kinetic inductance wire between them (kinemons VII-VIII). (¢) Overview optical image of the
fabricated sample. Microfabrication design includes two groups of art. atoms with different topologies and variations of E¢, E;, and
E;. (d),(e) Enlarged optical image of two different kinemon modification.
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E; and E¢. This is because the Josephson energy E; gov-
erns the energy landscape of the system, with the smaller
inductive energy E; providing only a minor perturbation.
Larger E; /E; results in less anharmonicity but can be com-
pensated by increasing E¢. In the present work, though,
we study inductively shunted artificial atoms fabricated
using the standard transmon technology (Ec < E; < Ep)
and aim to verify their properties and coherence.

A schematic equivalent circuit of kinemon artificial
atom is depicted in Fig. 2(b), illustrating two different con-
figurations of qubits investigated in this work. Qubits con-
sist of two main parts: Al/AlO, /Al Josephson junctions
and a kinetic inductance wire with energy E; = ®2/4mw2Ly
due to the wire inductance L to form a SQUID loop. The
first circuit scheme operates with an asymmetric topology,
utilizing a small single loop formed by an aluminum wire
interrupted by a single Josephson junction [group A in
Fig. 2(b)]. A key characteristic of this mode is the variation
of shunting capacitance values (Ec = 2¢?/C) to exam-
ine coherence time. The second circuit scheme employs
a symmetric topology that merges the benefits of both rf
SQUID and transmon designs [group B in Fig. 2(b)]. This
approach aims to enhance qubit performance by incorpo-
rating a double-loop architecture connected by a shared
kinetic inductance wire.

The common Hamiltonian, which covers both the con-
sidered geometries (single- and double-loop circuits), can
be expressed as follows:

~ ? 1.,
H=—Ec— + zEL¢~ — Ej1 cos(¢ + k¢e)
dp? 2
—Ejpcos (¢ — (1 —6)@e), (1)

where ¢, is the total flux phase induced by an exter-
nal magnetic field, « is the coefficient of ¢, distribution
between two loops, E;; and E, are the Josephson energies
of the junctions in each loop according to Fig. 2(b). The
Hamiltonian for group A is obtained by putting £,, = 0.

An optical image of the sample is presented in Fig. 2(c),
depicting the microfabricated superconducting circuit con-
taining eight kinemon artificial atoms. SQUIDs are tiny
loops of superconducting wire and Josephson junctions
connected to other circuit elements, such as capacitors and
resonators. The SQUIDs are highlighted in green and vio-
let false colors depending on their architecture, Figs. 2(d)
and 2(e).

The fabrication of the kinetic inductance wire is done
as follows. A silicon substrate is cooled down by liquid
nitrogen during metal deposition to obtain uniform films
up to 3.5 nm thick. It is known that aluminum films,
deposited at room temperature are negatively impacted by
formation of granules. Cold-film deposition allows us to
fabricate long ultrathin wires with a high degree of homo-
geneity [27]. The detailed fabrication process is described
in Appendix B. To achieve the necessary inductive energy

E;, 200-nm-wide and 8-nm-thick aluminum wires with
varying lengths are integrated into the circuit. Since the
kinetic inductance per square of such a film is about
0.03 nH/[, the wire length in the device ranges from 80
to 240 wm, depending on the desired E.

In Fig. 3(a) top, we display the data of transmission
spectroscopy of the sample via the feedline, showing the
microwave response of the readout resonator I as a func-
tion of the flux bias ¢, through the SQUID of kinemon
I (group A). See all resonators’ spectra in Fig. 7 in
Appendix E. The pattern is a combination of a smooth
dependence, formed by the kinemon first excited state
located below the resonator frequency, and an avoided
crossing pattern with the second excited state [30]. Direct
observation of these transitions is enabled by the cross-
Kerr dispersive spectroscopy, for which the data are dis-
played in Fig. 3(a) bottom. The minimum frequency (one-
half flux quantum) and the maximum frequency (zero flux)
are considered the flux “sweet spots.” Figure 3(a) bottom,
also presents the fits to the experimental transition fre-
quencies based on the circuit Hamiltonian [Eq. (1)]. The
fits align well with the experimental transition frequencies
near the sweet spots ¢, = 0 and ¢, = 7. The single-photon
transition between the ground |0) and excited |1) states
occurs at fo; = 4.947 GHz at ¢, = 0. Furthermore, the
bottom sweet spot of the transition from |0) to |2) is at
fo2 = 5.6 GHz and not visible at ¢, = 7 and corresponds to
anticrossings in the transmission spectroscopy. However,
the two-photon transition can be observed and is associ-
ated with the spectroscopic line at fy,/, = 4.8 GHz. Also,
at g. ~ 0.75 7 and ¢, &~ 1.25 7w there are regimes when
the first three energy levels are equidistant and are the
pivot points in the anharmonicity sign. The atom with zero
anharmonicity for the first two transitions [31] (|0) — |1)
and |[1) — |2)), which is intermediate between a two-level
system (TLS) and a harmonic oscillator, may find inter-
esting applications in the generation of nonclassical light
[32]. All extracted parameters from the fits are summarized
in Table 1. The potentials U(p) are very similar to each
other for the qubits under study. We operate in a single
well, very similar to the transmon regime but confined to
the nonperiodic potential (£, ~ E;) (see insets in Fig. 10
in Appendix F). The extracted parameters are also used
to make predictions and test the validity of the theoretical
model employed in the analysis. The experimental setup
and measurement equipment are described in Appendix C.

The symmetric kinemons (group B) are also charac-
terized using spectroscopic measurements. The kinemon
VII transmission and two-tone spectra are presented in
Fig. 3(b), where in insets we highlight several distinct fea-
tures at and near the sweet spots. In the current scheme,
we operate in the regime where E;; = Ej;, leading to
zero anharmonicity at the bottom sweet spots (¢® =0
for 9o = m + 27k, k € Z and does not depend on «). In
other words, the Josephson energy is canceled, when a half
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FIG. 3. (a) Kinemon I: (Top) Transmission spectroscopy of the coupled resonator showing feedline frequency response depending

on the external flux bias ¢.. (Bottom) Experimental two-tone spectroscopy, displaying the magnitude of the readout signal at a properly
chosen readout frequency as a function of flux bias ¢, and kinemon atom excitation frequency. For group A, the anharmonicity sign
changes at the ¢, = 0.75 7 and gets back at ¢, = 1.25 7. Numerical simulation of the spectrum reproducing experimental results with
labeled transitions. (b) Kinemon VII: (Top) Transmission spectroscopy of the coupled resonator. (Bottom) Experimental two-tone
spectroscopy, with insets (middle and right) showing magnifications at the bottom and top flux sweet spots. For group B, the regimes
of harmonic oscillator are noticeable near ¢, = 7w + 27k, k € Z (left and middle inset), while at ¢. ~ 1.15 7 only the three lowest

levels are equidistant and shown in the left inset.

flux quantum @, penetrates through the SQUID, causing a
transition into the harmonic regime. In our model, the fit-
ting was based solely on the Hamiltonian for a qubit as
given in Eq. (1), excluding the qubit-resonator coupling.
This likely resulted in the observed deviations, which are
visible on the insets. While this approach may compro-
mise some accuracy, it sufficiently captures the essential

qubit parameters; the visibility of higher-order transitions
is due to high-power pump signals emphasizing multipho-
ton transitions. The modulation of the frequency at the
top sweet spots corresponds to the nonidentical areas of
the SQUIDs. By fitting the spectrum, we evaluate k to
0.35 and 0.37 for kinemons VII and VIII, respectively,
which is in a good agreement with the design areas. We

TABLE I. Kinemons parameters extracted by fitting. Coherence times are given at ¢, = 0.

1 1I 11T v \' VI VII VIII
E;/h, GHz 5.01 6.00 4.00 2.92 2.44 5.90 8.61 14.00
Ec/h, GHz 0.99 1.10 1.50 1.95 1.80 0.70 0.47 0.32
E;/h, GHz 7.78 8.75 7.40 8.40 9.07 14.65 8.11 12.20
E;/Ec 5.06 5.45 2.67 1.50 1.36 8.43 18.32 43.75
EL/Ec 7.86 7.95 4.93 431 5.04 20.93 17.26 38.13
E;/EL 0.64 0.69 0.54 0.35 0.27 0.40 1.06 1.15
w((ff/Zn, GHz 4.947 5.596 5.719 6.508 6.359 5312 4.769 5.008
w, /27w, GHz 7.185 7.284 7.341 7.433 7.495 7.608 7.688 7.779
/27, MHz 64 44 34 35 34 90 83 68
a®/h, MHz —86 —118 —131 —116 —87 —49 —84 —80
a® /h, MHz 219 301 257 182 124 96 — —
Ty, us 1792 £095 17.56+0.86 19.45+1.62 895+0.33 8.61+0.29 20.394+0.93 19.18+0.78 14.83 £0.87
Tr, s 1145+£095 1730+1.65 11.63+1.20 7.80+0.85 9.69+0.42 13.98+0.75 6.59+030 12.28+0.65
TaE, 1S 7.92+2.35 20.84+1.11 8.05+0.83 14.87+£0.56 18.25+1.06 12.734+0.50 13.32+1.02
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FIG. 4. Anharmonicity as a function of the external flux
bias .. The solid line represents theoretical predictions, while
crosses, triangles, and circles correspond to the experimental data
for kinemon I, V, and VII, respectively. For kinemons I and V,
a zero anharmonicity implies that the first three energy levels
are equidistant. As for kinemon VII, the anharmonicity becomes
exactly zero at ¢. = w 4+ 27wk, k € Z as it transitions into the
harmonic regime, while at ¢, &~ 1.15 7 the behavior is similar to
group A.

have calculated the areas of both loops and found approxi-
mately S| = 230 wm? and S, = 320 pm?, which correlates
well with the observed nonidentical fluxes resulting in k =
S1/(S1 + 82) ~ 0.4. These values determine the locations
of nonperiodic spots of three-level equidistance (similar to
group A) at g, &~ 1.15 7 and ¢, ~ 4.9 7, respectively.

To illustrate better the behavior of the spectra, we plot
the anharmonicity of the kinemons I, V, and VII versus the
magnetic flux in Fig. 4. For all devices, we calculate the
anharmonicity as o/h = 2 X (fp2/2 — fo1)- For kinemon I
this yields o /h = —86 MHz and o’ /h = 219 MHz for
the top and bottom sweet spots, respectively. Kinemon V
shows a lower peak anharmonicity, but overall demon-
strates a flatter dependence on ¢, due to an increased E¢
value. For kinemon VII, zero anharmonicity at ¢, = 7 +
2mk, k € 7 is associated with a transition into a harmonic
oscillator; the additional feature at ¢, &~ 1.15 7 mirrors the
effect observed in kinemons I and V, corresponding to the
three-level equidistance. For the higher-level transitions
the harmonic behavior remains the same (see Fig. 8 in
Appendix D). Interestingly, for this qubit the anharmonic-
ity is mostly negative and is higher in absolute value in
the top sweet spot near ¢, = 2 7 than at ¢, = 0. Another
peculiarity is that due to the nontrivial ¥ dependence of
the potential, one can find a sign change of anharmonicity
at o = m + 2wk, k € Z. However, if the flux is simul-
taneously near one of the other sets of special points
we/t = (1 +2k)/Q2x — 1), k' € Z (for our case, this is
near g, ~ 3, k' = —1), the sign of & remains the same.

Finally, we analyze the energy-relaxation time T, the
Ramsey coherence time 75, and the echo coherence time

T% (see in Table I). The experimental results for kinemon
VI are presented in Fig. 5, which provides a comparative
analysis of relaxation times under two distinct flux-bias
conditions, specifically at ¢. = 0 (represented in navy
color) and ¢. = 7 (represented in red color). Correspond-
ing measurement protocols are presented on each subplot.
We also measure the coherence outside the sweet spot
at most flux-sensitive points and find the lowest char-
acteristic times to be about 600 and 200 ns for T f and
T,, respectively; the reduction is probably caused by the
flux noise due to the insufficient filtering. The relaxation
time remains the same with respect to the flux value.
The experimental data for 7} are presented in the top-left
subplot. At the top sweet spot, a specific value noted as
20.39 + 0.93 ps. The values represented by triangles on
the red line seem slightly higher than at ¢, = 0, indicating
a slower relaxation rate at ¢, = m with a particular time
noted as 23.74 &£ 0.85 s. The echo coherence time is plot-
ted in the bottom-left subplot, with measurement results
of 18.25 £ 1.06 ws and 19.28 4= 0.50 s at flux biases of
@e = 0 and ¢, = 7, respectively. The Ramsey coherence
times are presented in the remaining subplot and yield
13.98 + 0.75 s and 14.53 4 0.35 s at both sweet spots,
respectively. Also, additional measurements of conven-
tional transmons fabricated with the same technological
process give about 14, 8, and 9 s for Ty, T, T‘ZE, respec-
tively; however, observed performance improvement of
kinemons could be caused by differences between the
measurement setups.

The use of low-loss material, such as ultrathin
aluminum-film inductors, not only improves device scal-
ability but also enhances performance compared to other
materials [21,33,34]. These observations indicate that the
shunting capacitance may be further reduced to make the
kinemon design even more compact compared to the trans-
mons. For example, the typical value of £. = 1.5 GHz
for transmons [35,36] could be increased up to 5—6 GHz
with corresponding anharmonicity at the bottom sweet spot
a® ~ 2 GHz for kinemons and will scale down the capac-
itors, which is promising for the scalability of multiqubit
systems (see Fig. 10 in Appendix F). By incorporating
a nonzero inductive term in the Hamiltonian, we reduce
the sensitivity to charge induced on the electrode, lead-
ing to a decreased dE,./0ng. This in turn helps to mitigate
dephasing arising from charge or electric field fluctuations,
predominantly from the dielectric substrate, setting it apart
from the transmon with identical parameters. Additionally,
the advantage of having a sign-changing anharmonicity
attracts interest in waveguide quantum optics [37], for
example, allowing pairs of correlated photons to be emit-
ted [38] and nonlinear intermodulation processes to be
observed [39] or could help to optimize gate errors caused
by a parasitic partial CPHASE operation induced by high-
order coupling [40,41], or be useful for new regimes of
Bose-Hubbard model simulators [42,43].
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Energy relaxation and coherence times for kinemon VI measured at different flux bias. The analysis considers two flux bias

conditions, ¢. = 0 (navy circles) and ¢, = 7 (red triangles). The top-left subplot reveals the 7} time at the top sweet spot, demon-
strating stability with a value of 20.39 4 0.93 ws. Triangles on the red line represent higher 7 values, 23.74 £ 0.85 s, suggesting
slower relaxation at ¢, = 7. The echo coherence time (7%) is depicted in the bottom left subplot. Measurements display times of
18.25 & 1.06 ps and 19.28 & 0.50 ws for ¢, = 0 and ¢, = 7, respectively. Lastly, the remaining subplot illustrates Ramsey coherence
times (73), yielding values of 13.98 £ 0.75 us and 14.53 & 0.35 s at the respective sweet spots.

In conclusion, this study demonstrates that inductively
shunted transmon qubits, utilizing ultra-thin aluminum-
film inductors, provide a promising platform for scal-
able quantum computing applications. To increase anhar-
monicity and strike a balance between high anharmonicity
and low charge-noise sensitivity, a reduction in capaci-
tance should be considered. Thus, introducing a nonzero
kinetic inductance component can address this issue.
While this study represents a significant step towards real-
izing large-scale, practical quantum computing systems,
further research is required to fully explore and validate
the potential of this approach in the field of quantum
computing.

The raw data that support the findings of this study are

available on a reasonable request from the corresponding
author.
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APPENDIX A: DESIGN OF THE QUBIT SAMPLES

A layer-by-layer design was generated using the
Klayout-python library [44], which automates the design
of superconducting quantum circuits. This library utilizes
the KLayout layout design program API and enables the
execution of arbitrary Python code through an embedded
interpreter. The library specializes in designing microwave
and superconducting qubit planar designs, including draw-
ing patterns, simulation, and domain-specific design rule
checkers.

APPENDIX B: DEVICE FABRICATION

The device fabrication steps consist of five main stages:
ground-plane construction, nanofabrication of Josephson
junction and kinetic wire, bandage deposition, and air-
bridge construction.

We start with silicon-substrate treatment, which includes
piranha etching and BHF dipping [45,46]. The substrate
is then immediately placed in the Plassys e-beam evap-
oration system, and a 100-nm 99.999% aluminum film
is evaporated. The metallized substrate is spin coated
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with optical resist AZ1517. The coplanar waveguide feed-
line, resonators, qubit capacitors, and ground-plane hole
array are patterned using a laser maskless optical lithogra-
phy system, followed by dry etching of the optical resist
mask structure in BCl;/Cl, inductively coupled plasma.
Residual resist is then removed in N-methyl-2-pyrrolidone
(NMP) and cleaned in O, plasma.

The next step includes hard-mask preparation [47]. The
substrate is spin coated with polymer resist PMGI SF9.
Then, a 30-nm tungsten nanolayer is deposited in a Torr
magnetron sputtering system, followed by ARP-04 resist
coating. Josephson junctions are patterned by electron
lithography and evaporated using the Dolan bridge tech-
nique [48], followed by liftoff in NMP. To form the tunnel
barrier, the first 25-nm aluminum junction electrode is oxi-
dized at 40 mBar. Then, a 45-nm electrode is evaporated
and preventively oxidized at 10 mBar. Residual resist is
removed in NMP and cleaned in O, plasma.

The kinetic part is fabricated during an additional cycle
of e-beam lithography. We use a single layer of ARP-04
e-beam resist to construct the pattern. After development,
an 8-nm aluminum film is evaporated at the Plassys stage
temperature of 170 K at a normal angle. Residual resist is
then removed in NMP and cleaned in O, plasma.

Good galvanic contact between the layers is obtained
by aluminum bandages [49]. We use a similar process of
single-layer mask as for the kinetic part above, but without
cooling. A 150-nm aluminum film is evaporated with in
situ Ar ion milling. Residual resist is removed during the
liftoff process in NMP and cleaned in O, plasma.

Due to the presence of coplanar lines on the ground
plane, we need to achieve a uniform electrical potential;
therefore, the final stage of sample fabrication is the imple-
mentation of aluminum free-standing air bridges [50]. A
7-wm layer of SPR220 photoresist is spin coated, and
the base layer is patterned using a laser maskless opti-
cal lithography system. After development, the substrate is
heated to create a height gradient on the resist edges, fol-
lowed by a 600-nm aluminum evaporation with in situ Ar
ion etching. A second layer of SPR220 photoresist is used
to form a bridge structure. Finally, the excess metal is dry
etched in BCl;/Cl, inductively coupled plasma. Residual
resist is then removed in NMP and cleaned in O, plasma.

APPENDIX C: MICROWAVE EXPERIMENTAL
SETUP

The device under investigation is measured in a dilu-
tion refrigerator at 10 mK (Fig. 6). Signals are gen-
erated using an arbitrary waveform generator (Keysight
M3202A) and rf synthesizers (SignalCore 5502A), fol-
lowed by up-conversion in /Q mixers (Marki 1Q4509 and
1Q0307). Excitation and dispersive readout signals are
combined using a directional coupler and sent to the fridge,
where they are attenuated by 60 dB to reduce thermal

Qubit control

io% %\

0]
E]

T

O

Signal
processing

Readout

Downconvertion

Outside fridge

4K

800 mK

100 mK

20 mK

DUT

FIG. 6. Schematic of experimental setup to measure the sam-
ple depicting room-temperature equipment and line configuration
inside the BlueFors dilution refrigerator, with the base tempera-
ture of 10 mK.

noise reaching the sample. The response from the read-
out resonators located on the sample is amplified using a
HEMT and room-temperature amplifiers. Finally, the read-
out signal is down-converted and digitized at a 100-MHz
IF frequency using a Spectrum Instruments m4x PXI card.
Using this scheme, qubit spectra are obtained under con-
tinuous excitation and readout. Artificial atoms’ coherence
times are characterized using conventional time-domain
techniques [3,51].

APPENDIX D: ANHARMONICITY OF HIGHER
TRANSITIONS

APPENDIX E: CAVITY COUPLING

To plot the model curves describing the dependence of
the resonator frequency on the magnetic flux (the upper
panels of Fig. 3), we solve the following Hamiltonian in
the ¢ basis for the kinemon and in the Fock basis for the
cavity:

» » AtA n n d
Heqep = H + hoy@'a+1/2) + hg@' —a) ® 3¢’

where H is defined by Eq. (1), @ is the bosonic annihila-
tion operator, and the capacitive coupling term is derived
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FIG. 7. Transmission spectroscopy for all resonators coupled
to kinemons with varying energy ratios. |S;| includes the atten-
uation and amplification in the measurement chain. Avoided
crossings occur when a qubit’s |0) — |2) transition (or even
higher levels for kinemons VII and VIII) intersects with its read-
out cavity frequency. Some very sharp avoided crossings are just
barely resolved in the simulations. Also, some of the predicted
features are smeared in experiment due to the power-broadening
effects (located around 1.1 mA for VII and 1.4 mA for VIII).

using the canonical quantization expression for the 7 oper-
ator, [71, ¢] = i. The corresponding coupling coefficient g
is defined by fitting the model to the data.

For numerical solution of the stationary Shroedinger

equation for H.qep, we use separate finite difference

----- Kin. | a 3
200 4 — Kin. la, i
----- Kin. VIl a X
—— Kin. VIl a3
N 1004
I F |
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S o :
[} B \\
< S
& —-100 F i 7 \w
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FIG. 8. Comparison of higher-level transition anharmonicity
(aa/h = E»3 — Ej») and anharmonicity (o/h = E1» — Ep1) as a
function of external flux bias (¢.) for kinemons I and VII is pre-
sented. Kinemon VII maintains the harmonic regime at higher
levels when ¢, = 7w + 27k, k € Z, while for kinemon I « differs.

formulas of the sixth order to approximate the first and the
second derivatives. This allows convergence of the neces-
sary low-lying eigenenergies to be achieved on a rough ¢
grid of 30 to 50 nodes, which then facilitates execution of
the computationally demanding fitting algorithms.
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FIG. 9. Simulated spectra for the kinemon I, obtained from the
master equation solution. Color shows the expectation value of
the cavity field |(a)| (top) and the depopulation of the ground
state, | — P(|g)), (bottom). Simulation parameters: /27 = 200
MHz for the kinemon spectrum (= 0.1 MHz for the cavity spec-
trum), w,/2m = 7.1851 GHz, g/2m = 64 MHz, k = 2.5 pus~!,
y =10 ps~L
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(a) Calculated spectrum of the optimized single-junction kinemon (group A) near the lower sweet spot and the correspond-

ing eigenstates for the parameters Ec/h = 10.00 GHz, E; /h = 5.00 GHz, E; /h = 4.50 GHz. (b) Calculated spectrum of the optimized
double-junction kinemon (group B) near the lower sweet spot and the corresponding eigenstates for the parameters E¢/h = 5.00 GHz,

Eji/h =9.00 GHz, E;;/h = 7.00 GHz, E; /h = 16.00 GHz.

To reproduce the multiphoton transitions, which can be
observed in the lower panels of Fig. 3, we also perform
a time-domain simulation by solving the GKSL equation
based on the ﬂCQED-deﬁned unitary evolution and dis-
sipative energy-relaxation dynamics characterized by the
collapse operators /ka and \/78, k,y being the corre-
sponding decay rates. Here, the kinemon lowering operator
b for each value of @, 1s constructed from the lowest
eigenstates |E,),

b=1,® ) E)Ensl.

Then, at a given ¢,, the master equation is solved with
an addition of a resonator driving term to 7:(CQED of the
form hQ2(a" + @) cos wqt. The driving frequency wq/2m
is scanned through the same range that is used in the
spectroscopy, i.e., from 2.5 to 5.5 GHz, and the result-
ing steady-state density matrices are saved for further
calculation of the observables.

We show the results for both the transmission spec-
troscopy and the two-tone spectroscopy in Fig. 9. We note
overall a good agreement with the experimental data, but
find an extra spectral line in Fig. 3(a), having its minimum
at around 4.7 GHz, which is not reproduced in the sim-
ulation. We attribute it to a sideband two-photon process
taking one thermal photon from the cavity and exciting
the kinemon to its fourth excited state located around 12
GHz above the ground state at the lower sweet spot (in
the modeling, the cavity it at zero temperature, so such
a process cannot be observed). The upside-down-looking
spectral line having a maximum frequency of 4.5 GHz is a
vice versa process, depopulating the kinemon from |e) to
|g) and exciting the cavity. It is observable in the simula-
tion as |e) is slightly populated for ¢ € [—1.2,—0.8] due
to the numerical errors.

APPENDIX F: OPERATION MODES OF
KINEMONS

In our current work, we have selected the E,;/E;/E¢
parameters to develop a family of proof-of-concept devices
that is compatible with typical experimental setup con-
straints. All of the qubits operate within a single well
potential (insets in Fig. 10). This operational characteris-
tic primarily stems from the relatively high value of E;
(Fig. 1) that we have employed. As a result, the wave func-
tion of the qubits is strongly confined around the minimum
of the potential well, mirroring the behavior typically seen
in transmon qubits.

In future research, we plan to investigate devices fea-
turing higher E¢c values while maintaining them within
the transmon frequency range. For example, for kinemon
qubits of the second type (group B) with optimized E¢
value set to 5 GHz, the corresponding Ej;, Ej;, and E}
values can be chosen to be 9, 7, and 16 GHz, respectively,
to fulfill the frequency condition (x = 0.5). This choice
results in the anharmonicity of approximately +2 GHz at
the lower sweet spot (the only parking spot). We demon-
strate the numerical spectrum (the main and the two-
photon transitions) and the potential landscape associated
with these parameters in Fig. 10(b). It can be seen, though,
that the anharmonicity drops quickly with the detuning
from the parking spot, so this type of kinemon will prob-
ably be most useful in the fixed-frequency regime with
tunable couplers to perform two-qubit gates. Likewise,
group A can be utilized similarly, featuring a single bottom
sweet spot and positive «, resulting in an anharmonicity of
a® = 4+2.07 GHz, as illustrated in Fig. 10(a).
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