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Time-periodic systems allow engineering new effective Hamiltonians from limited physical interactions. For
example, the inverted position of the Kapitza pendulum emerges as a stable equilibrium with rapid drive of
its pivot point. In this work we propose the Kapitzonium: a Floquet qubit that is the superconducting circuit
analog of a mechanical Kapitza pendulum. Under periodic driving, the bit- and phase-flip rates of the emerging
qubit states are exponentially suppressed with respect to the ratio of the effective Josephson energy to charging
energy. However, we find that dissipation causes leakage out of the Floquet qubit subspace. We engineer a
passive cooling scheme to stabilize the qubit subspace, which is crucial for high-fidelity quantum control under
dissipation. Furthermore, we introduce a hardware-efficient fluorescence-based method for qubit measurement
and discuss the experimental implementation of the Floquet qubit. Our work provides the fundamental steps to
develop more complex Floquet quantum systems from the ground up to realize large-scale protected engineered

dynamics.
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I. INTRODUCTION

Superconducting circuits offer flexible qubit designs,
which hold promise for engineering scalable quantum com-
puters [1-11]. Quantum information is encoded in eigenstates
of the circuit, and qubit properties can be engineered with
different circuit designs. Single-mode circuits such as the
transmon and fluxonium have demonstrated long coherence
times and high gate fidelity [1-4]. In addition, their ease of
fabrication and manipulability make them popular choices as
qubits. More complex multimode circuits have been proposed,
such as the 0-7 qubit [5], which in theory provide a greater
level of protection against decay and dephasing. The intrinsic
noise protection of these circuits comes from engineering two
degenerate ground states with disjoint wave functions [12,13].
Many local noise processes are significantly suppressed by
these types of states. However, the protected qubits usually
require circuit parameters that are demanding for current ex-
periments [6,12,13].

Alternative and less demanding approaches to realizing
circuit-level noise protection have emerged over the past
decade. In these approaches, time modulation of the super-
conducting circuit is used to engineer a subspace that is
protected against either bit flips or phase flips or both. Promi-
nent examples of these schemes include the dissipative cats
[14-16], Kerr cats [17,18], and recent proposals and imple-
mentations of autonomously corrected qubits [19-21]. In all
of these works, the modulation frequencies and amplitudes are
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tuned to induce a certain set of transitions, with the notable
exception of Ref. [21], where a Gottesman-Kitaev-Preskill
qubit is stabilized by modulating the Josephson circuit with
a microwave frequency comb. The drive amplitudes are usu-
ally much weaker than the Josephson energy, resulting in
qubit states localized around the single Josephson potential
minimum.

Here we propose a qubit design based on circuits whose
Josephson potentials are strongly modulated in time. The
modulation frequency does not have to align with any partic-
ular transitions, simplifying the handling of ac Stark effects in
the presence of multiple strong drives [20]. In general, the dy-
namics of a time-periodic system is governed by the effective
Hamiltonian from the Floquet theory [22,23]. Engineering the
Floquet Hamiltonian enables new designs of superconducting
qubits [24-26]. The Floquet qubit we study is the supercon-
ducting circuit analog to the mechanical Kapitza pendulum
[27]. In the Kapitza pendulum, the pivot point of the pendulum
is periodically moved up and down [Fig. 1(a)], leading to
qualitatively new dynamics. Notably, the Kapitza pendulum
has two stable equilibria: one at ¢ = 0 and the other at ¢ = 7,
where ¢ is the angle relative to the vertical downward position
of the pendulum. In the qubit that we propose here, superpo-
sitions of the ¢ = 0 and ¢ = m configurations make up the
logical subspace of the qubit. We thus name this Floquet 0-7
qubit the Kapitzonium. Note that the quantum Kapitza pen-
dulum along with its connection to protected superconducting
qubits has been studied in Ref. [23]. In this paper we focus on
the quantum control and noise protection of the Kapitzonium.

Our paper is organized as follows. In Sec. II we introduce
the Kapitzonium and its unitary gates. In Sec. III we consider
the open-system dynamics of the Kapitzonium where heating
effects induced by charge noise are suppressed with engi-
neered cooling. In Sec. IV we discuss some technical aspects

©2024 American Physical Society
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FIG. 1. Schematics of the Kapitzonium. (a) Kapitza pendulum.
(b) Superconducting circuit implementing the Kapitzonium. (c) Ef-
fective double-well potential showing the disjoint wave functions and
degeneracy of |0) and |7).

of the experimental implementation of the Kapitzonium. In
Sec. V we conclude our discussion with potential directions
for future study.

I1. UNITARY DYNAMICS OF THE KAPITZONIUM
A. Kapitzonium Hamiltonian

The Kapitzonium circuit [Fig. 1(b)] is identical to that
of a capacitively shunted superconducting quantum interfer-
ence device (SQUID). The external flux ®.(¢) threading the
SQUID loop is used to emulate the effect of a time-modulated
pivot point of a pendulum. The Kapitzonium Hamiltonian is
derived with the established circuit quantization procedures
[28-31]. The branch flux variable @; across each Joseph-
son junction and the conjugate charge variable 7 satisfy
[@k, Aix] = i for k = 1, 2. The circuit Hamiltonian is

H =" AEci; — Eji cos . (1)
k=1,2

where Ej; are the Josephson energies and E¢; = e?/2C;, are
the charging energies, with Cy the sum of junction capacitance
and shunt capacitance.

Flux quantization sets the constraint of $; — @ = Dex(?).
In the symmetric case of Ej; = Ej; and E¢cy = E¢», Eq. (1)
reduces to the Kapitzonium Hamiltonian

H(t) = 4EcA® — E; cOS ¢ex((t) cOS B, 2)

where @exi (1) = Dext(t)/2. The flux variable 43 = (@1 + @)/2
corresponds to the pendulum rotation angle and 72 = 71| + 71,
is the conjugate charge variable satisfying [¢, 7] = i. The
charging energy is Ec = ¢?/2(C; + C,) and the Josephson
energy is E; = Ej; + Ej».

To realize the analog of the Kapitza pendulum, we set the
external flux to ¢ex(t) = wt. The idling dynamics is described
by a Floquet Hamiltonian

Hy(t) = 4Ech*> — E; cos wt cos ¢ (3)

with a time period of T = 27 /w. The effective Hamiltonian
of Hy(t) has been derived in Ref. [23] and is given by

H.ir = 4Eci* — E; cos 2¢ 4)

up to the second order, where E; = EcE?/w’. Through-
out this paper, we choose Kapitzonium parameters E; /2w =
100 GHz, /27 = 10 GHz, and Ec/2mw = 0.01 GHz unless
specified otherwise. Such a parameter choice guarantees that
higher-order terms can be neglected where the third-order
term is 0 and the fourth-order term scales as EgEJ2 Jw* < Ejy
[22,23]. Since 43 is 27 periodic, H.¢ has two near-degenerate

ground states (|0) £ |w))/ V2 in the deep transmon regime of
E;/Ec = 100. Here |0) and |7) are localized at the two min-
ima of the effective potential V,(¢) = —E; cos 2¢ [Fig. 1(c)]
with exponentially small overlap.

We can understand the noise protection of the Kapitzonium
intuitively from the effective Hamiltonian. Since only two
Cooper pairs tunneling is allowed by cos 26, one ground state
belongs to the even Cooper pair subspace while the other
belongs to the odd Cooper pair subspace. The distinct parities
of the two ground states hold even in the presence of the offset
charge n,, modeled by replacing 71 with 71 — n,. As a result,
the charge operator 71 does not couple the two ground states.
Furthermore, the ground-state wave functions are delocalized
in the charge space since £ /Ec > 1, leading to exponentially
suppressed charge dispersion in n, with E;/Ec = E;/w,
similar to the usual transmon [3]. For more discussion of the
coherence properties of the Kapitzonium, refer to Sec. IV C.

B. Floquet eigenstates

The effective Hamiltonian provides a useful approximate
picture of the potential and the “ground” states of the Kapitzo-
nium; note that the states (|0) & |))/ V2 are only the ground
states of the effective Hamiltonian. To better understand the
states, gates, and noise, we need to move beyond the effective
description and consider the Floquet eigenstates of the qubit.
The Floquet eigenstates |V, (¢)) of the idling Kapitzonium
Hamiltonian Hy(r) satisfy

Ho(1)| W (1)) = i%l%(ﬂ) (5)
and have the form
|We (1)) = e | D (1)). (6)

Here |®,(t)) = |D,(t + T)) are the periodic Floquet modes
and ¢, are the Floquet eigenenergies.

We can calculate the Floquet eigenenergies and eigenstates
to verify the double-well nature of the effective potential.
Here the indices « are sorted based on the overlaps between
|W,(t = 0)) and the eigenstates of He. In Fig. 2(a) we find
a close match between the exact Floquet eigenenergies &,
and the spectrum of H.i, and the lowest few eigenstates
form near degenerate two-level manifolds with ey & €141
for k = 0, 1, 2. Within each manifold, we define the Floquet
modes |<I>k+(t)) = |On(?)) and [P, (1)) = [P 1(7)), Where
+ and — represent whether the wave function has the same or
opposite sign in the 0 well and 7 well. In Fig. 2(b) we plot the
localized Floquet modes defined as

1
| @) = ﬁn@:(r» + D7 ()],
1
@7 (1) = E“QW) — & )], (7)

where |d>2(t)) and |®7 (¢)) are localized in the O well and 7
well, respectively.

In contrast to the eigenstates of a static Hamiltonian, Flo-
quet modes are not stationary but periodic in time. Figure 2(c)
shows the ¢ space probability distributions of the localized
Floquet modes |<1>8(t)) and |®f(¢)). The rapidly inverting
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FIG. 2. (a) Floquet eigenenergies of Hy(r) compared with the
spectrum of H.g. The energy splitting in the ground-state manifold
is (61 — &9)/27m =~ 4.7kHz, which is much smaller than the gap be-
tween the ground and first excited manifolds. (b) Localized Floquet
modes |d>2(t)) and |®7(¢)) att =0 for k =0, 1, 2. (c) Probability
distributions of the localized Floquet modes |®J(¢)) and |®F (1))
from O to T in the ¢ space. (d) Effective potential when performing
different gates.

cos ¢ potential causes ¢ = 0 and 7 to alternate between being
stable or unstable equilibrium points, driving oscillations in
the spreads of the wave functions. Such oscillations are ne-
glected in the effective Hamiltonian description but induce
heating despite a zero-temperature bath, as we discuss in
Sec. III.

A single-qubit state (cg, c1) can be encoded in the Kapit-
zonium as

[V (1)) = colWo(1)) + c1|W1(2)), ®)

where cq and ¢; are invariant under Hy(¢). For (8, — &) /2 &~
4.7kHz, 1/(e; — &p) is much longer than the timescale of any
relevant Kapitzonium operations. We thus assume ¢y = ¢ and
only consider the system at # = nT to simplify our discussion.
In this case, the qubit basis states | W) and |\W;) become static
and are related to |0) and |7r) by the transformations

1
|Wo) = E(IO) + 1)),
1
W) = E(IO) — |7). €))

Note that the |0) state can be initialized by starting from the
ground state of a transmon and then adiabatically turning on
the Floquet drive (see Appendix B).

C. Kapitzonium gates

The encoded qubit state can be manipulated by engineer-
ing the flux drive ¢y (7). The resulting effective potentials
[Fig. 2(d)] provide the intuition for the Kapitzonium gates.
Here we focus on the gate Hamiltonians and details on the
required flux drive are discussed in Sec. V.

1. The X rotation

The X gate Hamiltonian H.(t) = Hy(t) + o cos gener-
ates the rotation along the X axis. The effective potential now
becomes an asymmetric double well Ve(;? (¢) = —E; cos2¢ +
oy cos ¢, which lifts the degeneracy between |0) and |r).
Therefore, we have H, (1) ~ a,(|0)(0] — |7)(7]) = a,6, in
the {|Wo), |W)} basis, leading to Rabi oscillation between
|Wo) and [Wy).

2. The Z rotation

The depth E; of the effective double-well potential can
be controlled dynamically with the flux driving frequency w.
Increasing o reduces E;/Ec = (E;/w)* and induces stronger
coupling between |0) and |7). We choose w,/2m =20 GHz
for the Z gate, which lifts the degeneracy between |\W,) and
W) with a splitting (&; — &9)/2m ~ 1.8 MHz. This imple-
ments a phase gate for |\Vy) and |\W;), i.e., the rotation along
the Z axis.

3. Two-qubit XX rotation

We couple two Kapitzoniums with a Josephson
junction to realize the XX gate Hamiltonian H () =
Ho(t) + oty cos(d31 — q@z). Replacing the Josephson junction
with a SQUID makes the coupling tunable. The joint effective
potential is  V.U(¢y, ¢2) = —E; cos 2 — Ej cos2¢, +
oy cOS(¢p; — ¢2), which lifts the degeneracy between
{100), |} and {|O7), |w0)}. Therefore, we have Hy. (1) ~
o (100)(00] + [ ) (mw| — [0 ) (07 | — [ 0)(7O]) = ctxxx
® 6, in the {|Wy), |¥)} basis, generating the X X rotation.

II1. OPEN-SYSTEM DYNAMICS OF KAPITZONIUM
A. Heating problem

In an open quantum system, a coupling between the sys-
tem and bath allows the bath to induce transitions between
different eigenstates of the system. Both the form of the cou-
pling and the temperature of the bath go into determining the
transitions and their rates. For simplicity, we consider only a
zero-temperature bath in this paper. For time-independent sys-
tems, any transition from lower to higher energy will require
energy to be absorbed from the bath. Because of this, static
systems coupled to zero-temperature baths eventually decay
to their ground states.

Considering the level structure in Fig. 2(b), we would
naively expect the zero-temperature bath to induce only the
downward transition |W,;) — |W¥,), with the opposing tran-
sition |Wy) — |W;) being suppressed as that would require
absorption of energy from the bath. This intuition is incor-
rect because the Kapitzonium is a Floquet system, which
is constantly exchanging energy with the Floquet drive. As
a result, the bath-induced transitions happen in both direc-
tions between the Floquet eigenstates: Both [V,) — |Wy) and
|Wo) — |Wy) transitions are allowed in a Kapitzonium inter-
acting with a zero-temperature bath. Therefore, in contrast to
the static 0-r qubit [5], the Floquet |0) and |7r) can still decay
out of the qubit subspace through what looks like a heating
process.

Consider a generic Floquet system Hy(t) = Ho(t + T)
coupled to some bath degrees of freedom B(r) via the
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system operator O. The system-bath Hamiltonian in the ro-
tating frame of the bath is

Hsg (1) = Hy(t) + OB(1), (10)
where
Bty =) glbre™ ™ + bje ™). (11)
k

Here wy > 0 is the frequency of the kth bath mode and g; is
the coupling between the kth mode and the system.

The emission spectrum of the Floquet system can be cal-
culated in the interaction picture of Hy(t). More specifically,
the unitary Uy(r) generated by Hy(z) is given by

Uo(t,10) = Z [Wo (1)) (Wa(0)], 12)

where |W, (7)) are the Floquet eigenstates of Hy(r), and
Uy(t, tp) satisfies the Schrodinger equation

d A n N
lEUo(l, to) = Ho(H)Uo(t, to). (13)
Now we could perform the unitary transformation Uo(t, 1),

and the system-bath Hamiltonian in the interaction picture
becomes

HAsp (1) = O()B(), (14)
where
O(t) = U (¢, 10)0U0(t, 19) = ) Oup(t)|We (10)) {Wp (t0)],
of
(15)

with Oup(t) = (\Ila(t)lél\llﬂ (1)). We set tp = 0 without loss of
generality.

Since the Floquet modes |®,(¢)) are periodic in time, we
Fourier expand Oyg(t),

Oup(t) = (D, (1)| O] (1))

[o¢]
— ei(so,—sﬁ)l Z Oaﬁneinwt, (16)

n=—0o0

where O, together with {g,} gives the emission spectrum.
Since all 5k modes are in vacuum, the transition ¢ — S from
|We(tp)) to |Wg(fy)) is only possible if &, — g5 +nw > 0,
with the transition rate determined by |00(,g,,|2 and the bath
spectral density at frequency &, — € 4+ nw. Furthermore, the
transition « — B could emit photons at multiple frequencies
and both « — B and f — « could occur, which is different
from the relaxation of static systems.

In Fig. 3(a) we plot |00(,3,,|2 for various transitions of
the Kapitzonium under charge noise with O = 7. The dom-
inant heating processes 0 — 2 (red cross) and 1 — 3 (red
dot) occur at near-degenerate frequency around wg, /2w ~
w13/2w & 9.5 GHz. The reverse cooling processes 2 — 0
(blue cross) and 3 — 1 (blue dot) are also allowed at a dif-
ferent frequency around w;y/27w =~ w3 /2w ~ 10.5 GHz.

Assuming the bath spectral density is flat, we trace out
the bath degrees of freedom and derive a master equa-
tion for the Kapitzonium. In the interaction picture, the master

A

equation is p = xkD[O_(t)](p) (see Appendix A), where
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FIG. 3. (a) Emission spectrum of the Kapitzonium under charge
noise. The upper (lower) m — n label within each rounded rectangle
corresponds to the cross (dot). Only transitions involving |V 3) with
emission frequencies less than 25 GHz are shown here. (b) Schematic
for the Kapitzonium coupled to a bandpass filter. (c) Two different
regimes of the emission spectrum, which determines whether the
qubit can be protected or not. (d) Idling and gate fidelity for different
intrinsic loss rate k, with (crosses and diamonds) and without (dots)
the filter.

(ATA, p}. Here « is the intrinsic loss rate

O_(t1) =) 05 ()| Wa(t0)) (W (1)), a7)
ap

where

05 (t) = e/ee—n) Z Oupne™. (18)

&g —eptnw<0

Numerically the matrix elements |O5,(¢)| and |03, (¢)| are of
order 1; therefore, the intrinsic loss rate « is approximately the
heating rate from the logical subspace. For a flat bath spectral
density, « also corresponds to the amplitude damping rate of
the transmon when the Floquet driving is turned off.

Selection rules

We can derive the selection rules for the Kapitzonium
under charge noise to better understand the emission spectrum
in Fig. 3(a). The selection rules come from the symmetry of
the Floquet modes |®,(¢)) under two different charge parity
transformations I1; = >, |—n)(n| and I, = > (=1 n)(nl,
where {|n)} are the charge eigenstates.

The Kapitzonium Hamiltonian (3) is invariant under I,
with [I1,, H, (t)] = 0; therefore, the Floquet modes are parity
eigenstates where I1;|®4 (1)) = (—=1)"@| D, (1)), 7 (a) =
0, 1. The parities m;(cr) for the first 12 Floquet modes are
given in Table I, which agrees with the eigenstates of He
under transformation IT,. The parity is the same within
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TABLE 1. Parities 7 () and m,(«) for Floquet modes |, (¢))
transformed under transformations ﬁl and ﬁz.

«a O 1 2 3 4 5 6 7 8 9 10 11

m@ 0 0 1 1 0 0 1 1 0 0 1 1
me@ 0 1 1 0 0 1 1 0 0 1 1 0

each two-level manifold, whereas it alternates between even
and odd parity for different manifolds. Since IT;All; =
—n, transition between two Floquet eigenstates |V, (¢)) and
[Wg(t)) is forbidden, i.e., (Wq(1)|A|Wg(t)) =0, if mi(a) =
m1(B). Therefore, the only allowed transitions are between
{0,1,4,5,...} and {2,3,6,7,...}, which agree with the
emission spectrum in Fig. 3(a). For example, transitions be-
tween {2, 3} and {0, 1, 4, 5, 8, 9} are allowed while transitions
between {2, 3} and {6, 7, 10, 11} are forbidden.

Furthermore, each allowed transition can happen at multi-
ple frequencies, and we can derive additional selection rules
to characterize the emitted photon frequencies from the par-
ity transformation [1,. Note that f[zﬁo(t)ﬁz = Hy(t + T/2);
the transformation of the Floquet modes are therefore given
by [T ®a (1)) = (—1)™@| @y (t + T/2)), ma(a) =0, 1. The
parities my(«) for the first 12 Floquet modes are given in
Table L.

We can Fourier transform the Floquet modes as

oo
[Da()) = Y Care™™|Du). (19)
k=—00
which leads to
Oupn = Y CorCpiin(PakO1Pprsn).  (20)
k=—o00

The Fourier components |®,;) are parity eigenstates of I1,:

1| ®g) =

T
/ dt ¢ 1,y (1)

Cak JO

I :
— (_l)ﬂz(d)Tk / dl e*lkwt|q)a(t + T/2)>
o 0

= (=)D ). (1)
Since 1,41, = A, for charge noise O = 7 we have
[1 = (=1 @m0y, = 0. (22)

Therefore, 2 | my(a) + m2(B) + n is a necessary condition to
have Oqg, # 0. For example, the transitions 0 <> 2and 1 <> 3
can only emit photons at odd n, such as the emissions around
10 GHz with n = 1 [Fig. 3(a)]. On the other hand, the tran-
sitions 0 <> 3 and 1 <> 2 can only emit photons at even n,
such as the emissions around 0 and 20 GHz with n = 0 and 2
[Fig. 3(a)].

To summarize, the selection rules for the Kapitzonium
under charge noise are (i) the transition between two Flo-
quet eigenstates |W,(¢)) and |Wg(r)) is only possible if
mi(a) 4+ m(B) = 1 and (ii) for each allowed transition, pho-
ton emission at frequency nw = (g, — £g) is only possible if
2 [ ma(er) + m2(B) + n.

B. Enhanced cooling with a filter

The frequency dependence of the cavity emission suggests
that we can enhance a specific transition rate by increasing
the bath’s spectral density at the transition frequency [32,33].
More concretely, we propose to capacitively couple the Kapit-
zonium to a bandpass filter around 10.5 GHz with 800 MHz
bandwidth [Fig. 3(a) gray shaded region]. The bandpass filter
enhances the cooling processes without causing extra heating,
which preserves the qubit basis states {|\Wy), [V;)}. Further-
more, the environment cannot distinguish whether the emitted
photon comes from the 2 — 0 or 3 — 1 transition since
wy ~ w3;. Therefore, the phase coherence between | W) and
|\W) is also preserved by the cooling processes, enabling fully
autonomous protection of the qubit subspace.

The bandpass filter can be modeled as a chain of linearly
coupled harmonic oscillators aj, ..., ay [33]. The first filter
mode a; also couples capacitively to the Kapitzonium via the
interaction grni(a; + &I). The full Hamiltonian is [Fig. 3(b)]

N
A(t) =Ho(t) + oy Y ajay + gh(a +af)
k=1
N—1
+J ) (@l + i), (23)
k=1

where w; is the center frequency of the filter and J is the
coupling rate between two adjacent filter modes. The last filter
mode ay decays into a zero-temperature bath at rate « ¢, which
is described by the Lindblad dissipator « s D[ay].

The qubit subspace is autonomously protected when the
engineered cooling rate is sufficiently larger than the intrin-
sic loss rate k¥ of the Kapitzonium. Following Ref. [33], we
choose N =3, ky =2J, and g =«,/5 such that the filter
bandwidth is 2« ; and the filter modes are only weakly excited.
The cooling rate is about k. = 4g> /K5 =4Kkyr/25 after adia-
batically eliminating all filter modes [33—35], which has been
derived in the Appendix of Ref. [33]. For xy/2m = 400 MHz
we have k./2m = 64 MHz. In Fig. 3(d) we plot the average
fidelity of the Kapitzonium idling for 50 ns with (blue crosses)
and without (blue dots) the filter for different values of 1/k.
The cooling enhanced by the filter reduces the idling infidelity
by more than two orders of magnitude.

C. Gate protection

The filter that protects idling may not protect the Kapit-
zonium gates since the emission spectrum could be different
during the gates. The filter performance is determined by two
quantities of the emission spectrum. One quantity is the fre-
quency spacing B = (w0 + w31) — (wp2 + @13)]/2 between
the dominant heating and cooling transitions. The 3 limits the
filter bandwidth «; and thus the maximal cooling rate «.. The
other quantity is the degeneracy of the two heating (cooling)
transitions measured by A = |wgy — w13 = |w0 — w31]. In
the degenerate regime where A « k., such as idling with
A /27 =~ 0.2 MHz, the qubit subspace is protected [Fig. 3(c)].
In the nondegenerate regime where A 2 k., the environment
could distinguish which cooling transition the emitted photon
comes from and dephase the qubit [Fig. 3(c)]. Therefore, the
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qubit basis states |Wy) and |W) are protected but not their
coherent superpositions.

For the X gate with relatively small o, /27 ~ 5.2 MHz,
the emission spectrum is similar to the idling emission spec-
trum. Therefore, the idling filter also protects the X gate, with
A /2w ~ 0.8 MHz well within the degenerate regime.

For the Z gate with w,/2mr = 20 GHz, we have B/2n ~
468 MHz and A /2w ~ 27MHz. A different filter is required
with center frequency at about 20 GHz. The Z gate is un-
protected, since the largest possible cooling rate 48/25 ~
75 MHz is comparable to A.

The full protection of the X gate can be verified numeri-
cally, and the gate infidelity is reduced by about two orders
of magnitude with the filter [Fig. 3(d), orange diamonds and
dots]. The partial protection of the qubit basis states during
the Z gate is verified in Appendix B. In principle, the XX gate
should also be fully protected for o, on the order of a few
megahertz, since its A and B are similar to those of the X
gate. However, we did not simulate the XX gate due to the
high computational cost. The simulations are done by first
finding the Floquet eigenstates in the charge basis and then
transforming into the interaction picture with a cutoff of 30
Floquet eigenstates, keeping all terms with |Ogg,[* > 107* in
Eq. (16). Following Ref. [33], we choose four basis states for
the three filter modes restricted to the zero- and one-excitation
manifolds.

The design and noise protection of Kapitzonium gates lead
to various factors to consider when choosing the Kapitzo-
nium parameters Ec, E;, and w. First, the Z gate requires
smaller E;/w, to lower the effective potential well. This sets
an upper limit on the permissible value of E; since otherwise
w, would exceed the range of current microwave generators.
Second, the idling and X gate favor larger E;/w, as a deeper
effective potential well widens the gap between the ground
and first excited manifolds, resulting in larger spacing B and
higher cooling rate .. Finally, Ec/w < 1 is essential to sup-
press higher-order terms in the effective Hamiltonian (4), and
numerically we find Ec/w ~ 1073 suitable to preserve the
0-7 nature of the Kapitzonium. Given these considerations,
we have chosen the parameters E; /2w = 100 GHz, /27 =
10 GHz, and E¢ /27 = 0.01 GHz in Sec. II.

D. Fluorescence-based state measurement

Kapitzonium measurements can be performed by engi-
neering a measurement Hamiltonian Hoeas(t) with Floquet
eigenstates {|\W, )} in the unprotected regime. By measuring
the frequency of the emitted photon through the cooling filter,
we learn about which transition it comes from and randomly
project the system to either [W;) or |¥}) [Fig. 4(a)]. For the X
measurement, we choose Hueas(7) = Ho(t) + o, cos 43, which
is similar to the X gate but with a much larger ¢, to lift
the degeneracy between wyy and w3;. In this case, |[¥;) and
|[W{) are localized in either well, which corresponds to the
measurement basis {|0), |7)} [Fig. 4(b)]. On the other hand,
we choose Hyeas as the unprotected Z gate which dephases
the qubit and naturally performs the Z measurement with
measurement basis {|Wy), |¥;)} [Fig. 4(b)].

The measurement rate is proportional to the occupation
of the excited states |W,) and |W}). We could increase the

@ ) = [¥5)
' LAK .
Charge ) ' Qutput Fourier / o w
drive 3 E E field > 5(0) transform > S(w) \ 9 1)
iy ! T—‘—» w
--------- w31
(b) (d)

pn(t) — Do J41
C
© 100 H 0
! 0 0.5 1 15 2
fo) t (us)
c
5 50{ |w,) ') o T
S S(w) :
0 I -100 -50 0 50 100
S<0 0 S5>0 w/2m (MHz)
e
© w/2r =10 GHz w/2r =20 GHz = w/2r =20 GHz
N1.5 ; I 250
= €4 €5 0.4 &2 1
5 —_—— =—=—==x| 25y A
1.0 E9 €3 0.3 €3 5.
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S 05 - 0.2 & / w \
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FIG. 4. (a) Kapitzonium measurement by measuring the fre-
quency of the emitted photon. (b) The measurement basis depends
on how the degeneracy is lifted between wyy and ws;. (¢) Quantum
trajectory simulation of the Kapitzonium X measurement. (d) Single
trajectory corresponding to the red dashed line in (c), where S(w)
is plotted in the rotating frame of w;. (e) Charge sensitivity of the
Floquet eigenenergies and the emission spectrum.

measurement rate by capacitively driving [¥() <> |¥)) and
W) <> |W}) at the heating transition frequency [Fig. 4(a)].
From Eq. (15), the charge operator within the {|¥;_;)} sub-
space is

At) = [Wo) (W] (noae™™" + nype™" ")
+ W (W3l (n13€ Y + n3je )+ He.,  (24)

where we include only the dominant transitions, and for
each transition n,g4(¢) has only one dominant Fourier com-
ponent (16), which we define as npy ~ nyy ~ nj3 ~ n3; ~ 1.
We apply a charge drive 2Q2[cos(wyt) + cos(wgat)]ii(t) to the
Kapitzonium where wy; = w2, w2 = w13, and Q K A, k..
This leads to the coupling (g |Wy) (W5| + n3|Wi) (W] +
H.c.) after the rotating-wave approximation (RWA). Further-
more, {|W)), |W})} are only weakly excited since Q < «,
which decay back to {|W)), |¥{)} after the measurement with
the charge drive turned off.

Kapitzonium measurements can be simulated with quan-
tum trajectory methods [36]. Here we demonstrate the X
measurement, while the Z measurement results are similar
(see Appendix C). Starting from an initial state of (W) +
1))/ /2, we monitor the output field from the filter with a
heterodyne measurement for 2 us and then calculate the power
spectrum S(w) for each measurement record S(¢). Depending
on whether the system is projected into |W¥() or |¥}), S(w)
shows a peak at wyy or w3 [Fig. 4(a)]. We therefore define
the signal as § = S31 — 820, where S;; is the integrated power
within a narrow frequency window around w;;; S < Oor§ > 0
represents a measurement result of 0 or 1. The measurement
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fidelity is about 99.4%, estimated from a total of 3000 tra-
jectories [Fig. 4(c)]. We plot a single trajectory in Fig. 4(d)
showing the measurement result S(¢), the occupation p; of
|W/) during the measurement for i = 0, 1, and the spectrum
S(w).

IV. EXPERIMENTAL IMPLEMENTATION

A. Parameter disorder

Ideally, the SQUID in Fig. 1(b) should be symmetric to
engineer the Kapitzonium Hamiltonian (2). However, in ac-
tual experiments, there always exists some amount of disorder
which requires a more general treatment of the circuit.

The circuit Hamiltonian in the presence of parameter dis-
order is [29,37]

N ~  C
H(t) =4Eci® — Ej cos <¢ - C_zq)ext(t)>
>

_ Epcos <<£ + ﬂd%xt(t)), (25)
Cs,

where Cy = C; + C; is the total junction capacitance and

Ec = ¢*/2Cs. To symmetrize the flux allocation inside the

two cosines, we move to another reference frame by perform-

ing the unitary transformation

G -G
2Cs

where the Hamiltonian becomes

. 1
H(t) =4Ec* — Ej cos <¢ - 5%‘(“)

U = exp (iﬁ <I>m(t)>, (26)

G —C . .
T}jlq)ext(t)n-

27)

~ 1
- EJZ Cos <¢ + §®exl(t)> -

We will drop the unwanted term proportional to .y (1)A since
in principle it can be compensated for with the gate voltage at
the cost of increased control complexity.

For disorder in junction energies, we define 8, = (E;; —
Ep)/(Ej + Ejp). With the idling flux drive ¢ex () = wt, the
effective Hamiltonian is

Her = 4Eci® — Ep(1 — 8%) cos 2. (28)

Therefore, disorder in junction energies reduces the effective
Ej, and for small §, on the order of 0.05 this reduction is likely
negligible.

B. Flux control

Here we discuss the flux control for implementing
the Kapitzonium gates and measurements. The flux drives
Pext (1) = ot (idling) and Pex (1) = w.t (Z gate and Z measure-
ment) are not feasible experimentally, since the required bias
current grows linearly with time. One natural solution is to use
a triangle waveform instead

u(t), 0 <ult) <27

¢exl(t) = {47.[ — u(t), 2m < u(t) < 4m, 9

where u(t) = ¢exi(r)(mod4rr). Such a flux choice is ex-
actly equivalent to the ideal flux drives since cos[@ex(f)] =

cos[@ex(1)], making qgexl(t) suitable for implementing idling,
the Z gate, and the Z measurement. On the other hand,
cos[@exc(t)] has a zero dc component, while a nonzero dc
component is necessary for the X gate and X measurement.
To achieve a nonzero dc component for cos[@exc(t)], We can
choose a triangle waveform with maximal flux ¢n. # 27
such that @e (¢) increases from 0 to ¢max and then decreases
to 0.
Alternatively, we could set ¢ex(f) = o cos wt with

€08 fext (1) = Jo(@) +2 Y _(=1)"Jo(er) cos 2nwt,  (30)

n=1

where we have applied the Jacobi-Anger expansion and J,(x)
is the nth Bessel function of the first kind. The effective
Hamiltonian for Eq. (2) now becomes

H.it =4Ech* — EjJo(a) cos

o Z (Jznrfot)
n=1

In principle, we could choose o = o, where oy = 2.4 is the
first zero of Jy(«) for Kapitzonium idling, the Z gate, and
the Z measurement, and o = «g + S such that Jy(a) # 0
for the X gate and X measurement. For the X gate, we have
S & a,/EpJ{(ag) &~ 107*. However, it may be challenging
to achieve a rather large flux modulation o with a precise
control over §«. Furthermore, the multifrequency flux drive
[Eq. (30)] may cause unwanted effects beyond the effec-
tive Hamiltonian description, which will be left for future
explorations.

2
) cos2q§. 3D

C. Coherence properties

In this section we give a preliminary discussion of how
various noise processes, such as offset charge, flux, and quasi-
particle noise, may affect the coherence of the Kapitzonium.
Our focus is to qualitatively understand possible effects of
the noises, particularly whether or not the qubit subspace and
gates are protected. Quantitative estimations and noise mitiga-
tion require technical details in implementing the flux control
as well as more accurate modeling of the noise processes,
which are beyond the scope of the present work.

In the ideal scenario without any imperfections, both
the bit-flip rate 1/7; and phase-flip rate 1/7, are O since
(W @®)|n|Wp(t)) =0 for a, B € {0, 1} (see Sec. III A). With-
out cooling, the dominant error is the leakage from the qubit
subspace due to the Floquet driving, with a leakage rate
1/T; « k. The filter implemented in Sec. III suppresses the
leakage rate by « /«., so 1/T; o< k% /k.. Such a cooling process
also induces dephasing error due to the frequency difference
A in the emitted photons, with a rate of 1/7; « %(%)2.
In the deep-potential-well regime E;/w >> 1, we have A «

exp(— g;g;) and the induced dephasing rate is exponentially

small in E;/w.

1. Offset charge noise

With a deep potential well E;/w > 1 during idling, the
first few Floquet eigenenergies [Fig. 4(e), left graph] and
Floquet eigenstates are insensitive to ng,. Numerically, both
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bit-flip and phase-flip rates are exponentially small in E;/w
with n, # 0 (see Appendix D). The weak dependence of the
Floquet eigenenergies on n, also holds when adding «, cos é
to the Hamiltonian. Therefore, idling, the X gate, and the X
measurement are all insensitive to charge noise.

Due to the shallow potential well, the Z gate and Z mea-
surement are not robust to charge noise where the emitted
photon frequencies wyp and ws; depend on n, [Fig. 4(e),
middle and right graphs]. For example, the Z gate and Z
measurement cannot be performed at n, = 0.5 where the two
cooling transitions emit photons at the same frequency since
€0 = &1, & = €3, and wyo = w;31. This n, dependence poses
challenges to the practical application of the Kapitzonium due
to the offset charge drift and charge parity jumps [38,39]. One
strategy to mitigate these challenges is to track and correct the
Z errors with quantum error correction using, for example, a
repetition code.

2. Flux noise

The flux imposed on the loop will be invariably accom-
panied by additional flux noise §¢, which typically has an
f~% spectral density [12] and thus a small spectral weight
at high frequencies. The effects of §¢ depend on how we
choose to drive the flux. For ¢ex () = wt + §¢p(mod4r), §¢
corresponds to a shift in time which does not change the
Floquet eigenenergies. Because the idling gate, the Z gate, and
the Z measurement can be implemented in this way [Eq. (29)],
all these operations are robust to flux noise. However, experi-
mental constraints in implementing a flux drive, as well as the
proposed approach to the X gate and X measurement, make
other driving schemes such as ¢ex(#) = @ cos wt (Sec. IV B)
more attractive. In this case, flux noise leads to an imposed
flux of ey () = o cos wt + §¢ where §¢ has a nontrivial ef-
fect on the effective Hamiltonian.

Flux sensitivity at arbitrary flux bias occurs in other pro-
tected qubits subject to experimental constraints. For example
it is also present in the static soft O-7 qubit [12,13]. Nonethe-
less, as in the case of the soft 0-7 qubit [13], it is possible
to operate at a flux sweet spot where the dephasing rate is
protected to first order against flux noise. For a Kapitzonium
with a noisy periodic flux drive @ex(t) = o cos wt + §¢, the
effective Hamiltonian is

H¢(8¢) =4Ech? — E;Jo() cos(8¢p) cos

— E; cos (5¢)Z (Jz”( )) cos 24

—4E,sm2(5¢)Z(J2"—‘()> 0524, (32)

1

which is also insensitive to first order to §¢ around §¢ = 0
with leading-order terms scaling as 8¢2. Therefore, operating
at the sweet spot 6¢p = 0 can reduce errors of the X gate and
X measurement.

3. Quasiparticle noise

Quasiparticle tunneling changes the charge parity. This
may induce both energy relaxation and dephasing [3,40-44]
of the Kapitzonium. Here we note that in a highly simplified

model of quasiparticle dynamics, the frequency shifts in the
{10}, |r)} basis induced by quasiparticles are proportional to
(0] sin 210) ~ (—1)*!'sin 24© 'where k = 1,2 is the index
of the junction, and (7| sin %|n) cos fal ‘pe“(’) . Therefore, for
Pext(t) = ot, |0) and |7) on average do not accumulate extra
phase and should be robust to quasiparticle tunneling. This
analysis may not hold when ¢ex(f) = o cos wt. A more ac-
curate model of quasiparticle tunneling is also likely to be
needed to better understand the effects of quasiparticles in the
Kapitzonium, such as the photon-assisted effects [45] induced
by the modulation drive.

D. Higher harmonics of the Josephson junction

A single cos ¢ potential may not be adequate for a precise
description of the Josephson junction, and in reality multiple
Cooper pairs can tunnel simultaneously, giving rise to higher
harmonics of the Josephson potential energy [46]. Here we
derive the effective Hamiltonian for the Kapitzonium cir-
cuit [Fig. 1(b)], taking into account higher harmonics of the
Josephson junctions.

Assuming symmetric circuit parameters, the circuit Hamil-
tonian is

ﬂ(t) =4Ec(h — ng)2 — ZE]m(COS m@; + cos m@y)

m>1

=4Ec(h — ng)2 -2 ZE_]m COS mwt cos mq3 33)

m>1

where ¢ = (@1 + #2)/2, Ejn is the Josephson energy for m
Cooper pairs tunneling together, and we have applied the
flux quantization condition ¢; — @ = 2wt. The second-order
effective Hamiltonian of Eq. (33) can be derived as [22,23]

Her = 4Ec(h — ng)’ — —- Z<Em> cos2mp,  (34)

m>1

where ¢ =0, 7 are the two degenerate potential minima.
Since only an even number of Cooper pairs tunneling is
allowed, the two ground states belong to even and odd
Cooper pair subspaces, respectively. Furthermore, in the deep-
potential-well regime, the charge dispersion in n, is still
exponentially suppressed. In practice, the higher harmonics
Ej, (m > 1) are often only a few percent of Ej; [46], and
we expect the Kapitzonium to be protected in the presence of
higher Josephson harmonics.

V. CONCLUSION

We have proposed a quantum Kapitza pendulum in a su-
perconducting circuit as a Floquet 0-w qubit. We identified
how single- and two-qubit gates can be implemented and
proposed a cooling scheme to protect the Kapitzonium against
charge noise. Remarkably, we found that this exceedingly
simple Floquet superconducting circuit, a flux-modulated ca-
pacitively shunted SQUID loop, can support a protected qubit
subspace. Our work revealed some of the subtle features of
Floquet qubits: We elucidated the challenges associated with
noise-induced heating, as well as how they can be overcome
using filter cavities and even used to our advantage to realize
a fluorescence-based method for qubit state measurement.
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Our work lays the groundwork to study new Floquet systems
for quantum information processing with superconducting
circuits and outlines a path towards experiments with such
devices.
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APPENDIX A: FLOQUET MASTER EQUATION

In this Appendix we derive the Floquet master equa-
tion [47] and the Kapitzonium dissipator. The system-bath
Hamiltonian H(r) = O(t) ® B(t) in the interaction picture
generates the dynamics

d A
Ef’SB(t) = —i[H(t), psp(t)]

= —i[ﬁ(f), psp(0) — i/o [H(7), ﬁSB(T)]dT]
= —i[H(t), psp(0)]
- [ﬁ(t),fo [H(t), ﬁsg(f)]df}- (Al)

Now we make the Born approximation psp(t) = p(t) ® pPp,
where p(t) is the system density matrix and pp is the station-
ary bath density matrix. In addition, we also make the standard
assumption that Tr[ﬁ(t)foB] = 0 [48]. The system dynamics
becomes

d N r
E'b(t) = —TYB[H(I),/O [H(r =), p(r — T)®/33]df]

= fot[éa —0)p(t = 1)00)
— 010t — T)p(t — )]
x Cg(t,t —t)dt + H.c., (A2)
where we define the two-point correlation functions
Cy(t. 1 — 1) = (BBt — 1)
= Trp[B")B(t — 1)ps] = Cp(t — 7, 1)". (A3)

To proceed, we assume that the bath is stationary with a very
short correlation decay time. In other words,

Cp(t,t — 1) = Cp(1,0) = Cp(r) ~ /%, (A4)

where tp is much shorter than any timescale we are interested
in. Assuming weak system-bath coupling, we have |O(r) —
O(t — t3)| ~ |0] and |p(t) — p(t — )| ~ |0, which is
second order in the coupling strength. Therefore, we could

make the Markov approximation and replace p(+ — t) with
po(t) in Eq. (A2). Since only t =~ 0 contributes significantly
to the integration, the upper limit of the integration can be
extended to oo:

d x© o A A
Ef)(f) = /o (0@ — )p)O) — O@)O(t — T)p(1)]
x Cp(t)dt + H.c. (AS)

For Floquet systems, we have o) = Y O(w)e " with
O(w) = O (—w) since O(¢) is Hermitian. Therefore,

/ h O(t — 1)Cy(v)dT = Z O(w)e ™ T'(w), (A6)
0 w
where
M) = / ooe"wfcg(r)dr. (A7)
0

We could decompose I'(w) into its real and imaginary parts as
['(w) = 1y(®) + iS(w), where

y(w) = / N e Cp(t)dr,

© o’ 1
S(w):/ %y(d)”P(m) (A8)

Physically, the real part y (w) represents the decay rate while
the imaginary part S(w) can be absorbed into the system
Hamiltonian, which we will ignore for now.

Consider a zero-temperature bath with a flat spectral den-
sity function

w>0

w<0 (A9)

y(w) = {g

as an example. We could decompose O(t) into positive- and
negative-frequency parts where

O.(t)=>) O™, 0_(t)=> Owe™, (Al0)

w<0 w>0

and O, (1) = O' (t). Therefore,

fo Ot — 1)Cy(t)dT = %g@(w)eiw’ - %0_0)

(A11)
and Eq. (AS) gives the Floquet master equation

Loy = Lo_pn0w) — LOnO_1)p(t) + He
dt 2 2 - o

= yD[O_(1)1p(1),

where we apply the RWA to drop O2 (¢) terms. This justifies
the Kapitzonium dissipator (17) in the main text.

(A12)

APPENDIX B: GATE SIMULATION
1. Average gate fidelity

We benchmark the Kapitzonium gates with the measure of
average fidelity F [49,50]. Intuitively, F' describes how well
the qubit subspace is preserved under some quantum process.
More specifically, the average fidelity of a quantum channel
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M over all states |yr)
qubit subspace is

= 22121 cp|n) in an N-dimensional

= /dlﬂ T M) (DI ) (V1]

= Y T M(|m) (1)) o), (B1)

mn

where

Pon = f dv cncil) 1 =Y 1R f dy cucienc]
kl

1
=8 mm)(’ﬂ + ; mm)(/d
1
+ (1 - 5mn)m|n)<m|- (B2)

Therefore, the average fidelity can be simplified as

F= N(NH)ZTr(M(In n|)2(1+8nk)|k)(k|)

mZRe{TrM(ImMnI)In)(mH} (B3)

To compare M with some target unitary U, we could compare
M’ with identity instead, where M'(p) = UTM(p)U.

2. Unitary case

The gates are designed such that the system Hamiltonian
adiabatically evolves from the idling Hy () to the gate Hamil-
tonian Hgate(t) and then adiabatically evolves back to Ho(t)
after a certain amount of gate time. The average gate fidelity
is calculated for the single-qubit subspace with N = 2 or the
two-qubit subspace with N = 4. We choose the pulse shape

. 7t\2
sin (Z) , 0<r<rt
a(tvtgate, T)=11, 5 TS Slgae — T
. T (tgate—1)
sm (%) ) tgate —T <t < tgatev

(B4)
where fg, is the total gate duration and 7 is the adiabatic

ramping time.

a. The X gate
The Hamiltonian is
H(t) = Ho(t) + a1, 1y, T,) cos (B5)

where ¢, = 60 ns, 7, = 10 ns, and o, /27 & 5.2 MHz. The X
gate implements the mapping of |Wy) — |¥;) and |¥) —
|Wo) with an infidelity of 1.7 x 1077,
b. The Z gate
The Hamiltonian is
H.(t) = 4Ech* — Eja.(t) cos d, (B6)
where

o, (t)=[1 —ualt,t, r;)]coswt + «(t,t,, T,)cosw,t. (B7)

We choose t, = 296.2 ns, 7, = 20 ns, and w,/27 = 20 GHz.
The Z gate implements the mapping of |Wy) — |Wy) and
|W;) — —|W¥;) with an infidelity of 4.6 x 107°

Another Floquet drive that seems reasonable at first is to
have frequency modulation instead of amplitude modulation:

a (t) =cos{[(1 —alt, t;, )]o +alt, t;, )w Jt}. (BY)

However, this Floquet drive always leads to unstable dynam-
ics which heats up the Kapitzonium even with very slow
ramping.

c. The XX gate

The Hamiltonian is

ﬁxx(t) = ﬁél)(t) + ﬁéz)(t) + axxa(t9 Iyx, txx) COS(le - (52)»
(B9)

where ﬁéi)(t) = 4Ecﬁl-2 — E; cos wt cos ¢; is the idling Hamil-
tonian for each qubit with i=1,2. We choose ¢, =
39ns, 1, = 12ns, and «,,/2r = 10MHz. The XX gate
implements the mapping of |WoWy) — |V W), |[Yo¥;) —
|\I-’1\I/0), |\I/]\IJO> —> |\I’Q\I—’1>, and |‘-I/1\IJ1> —> |\I—’Q‘~IJ0> with an
infidelity of 2.4 x 1077,

d. State initialization

To initialize the system state into |0), we could start from
the ground state of the static transmon Hamiltonian H =
4Ech? — Ej cos ¢ and adiabatically apply the Floquet drive

H(t) = 4Eci* — Ej{a(t) cos wt + [1 — a(t)]} cos p, (B10)

where «(?) increases from O to 1.

3. Open system without a filter

In the open-system simulation without a filter, the Floquet
drives are identical to the unitary case. The only difference is
that during ¢ € [T, tgae — 7] We add loss to the system. More
specifically, the simulation is performed in the interaction
picture with Hamiltonian O and a single Lindblad dissipator
xkD[O_(t)]. Notice that the interaction picture here is defined
with respect to ﬁgm (¢) instead Hy(?).

During the ramping parts of the Floquet drive, the Hamil-
tonian is not strictly time periodic, which makes it difficult to
calculate the time-dependent dissipator. Therefore, the ramp-
ing parts are always assumed to be unitary and the simulation
is done in the laboratory frame.

4. Open system with a filter

Due to the hybridization between the Kapitzonium and
the filter, | W, (¢)) ® |0y) is no longer the Floquet eigenstates
of the full Hamiltonian (23), where [0f) is the ground state
of the filter. Therefore, we work with the dressed Floquet

eigenstates |@\(_t/)) of Eq. (23) instead. The qubit basis states

{|Wo(t)), |W1(¢))} are chosen based on their overlap with
{IWo(0)) & |0y), [W1(1)) ® |0f)}.

The Floquet drive parameters require a slight fine-tuning
due to this hybridization. During the gate time ¢ € [, fgaye —
7], the simulation is performed in the interaction picture

042607-10



QUANTUM CONTROL AND NOISE PROTECTION OF A ...

PHYSICAL REVIEW A 109, 042607 (2024)

(a) (b)
1.00
\ 30
0.98 ®
2 €20
ns_ 0.96 8 [To) [wy)
0.94{ —|Tg) —|+) C10
Ty - |-
0.92 [91) - -[-) o
0 50 100 150 200 S<0 0 S>0
Time (ns)

FIG. 5. (a) The Z gate simulation with a filter for different initial
states. (b) The Z measurement results.

defined by I-?gate (t) with Hamiltonian O and two Lindblad dis-
sipators KD[O_(t)] and xyD[ay(t)]. Here ay(¢) is calculated
similarly to Eq. (17) with O = ay + &ITV. To remove any tran-
sient effects at the beginning of the cooling [51], we prepare
the initial states for benchmarking the gates by evolving the
qubit basis states for 50 ns of idling until the system reaches
equilibrium.

In Fig. 5(a) we simulate the unprotected Z gate for different
initial states. Here |W,) and |W;) are the dressed Floquet
eigenstates with w/27 = 20GHz and |+) are their even
and odd superpositions. We choose wys/2m ~ 20.234 GHz,
ky/2m =200 MHz, J = «;/2, and g = ks/5 for the Z gate
filter.

We use QUTIP [52,53] for all the simulations and modify
the built-in mesolve function to speed up the open-system
simulation with time-dependent dissipators.

APPENDIX C: MEASUREMENT SIMULATION

The full Hamiltonian including the charge drive and the
filter modes for the measurement simulation is

H(t) =2Q[cos(wait) + cos(waat)]At)
+ gh(t)(@e™" " + ajer)

N—-1
+J Y (@al,, + dan), (C1)
k=1

which is in the interaction picture of the measurement Hamil-
tonian Hipes () and the rotating frame of the filter modes. Note
that the simulation only includes the first four Floquet eigen-
states with 71(¢) in Eq. (24) represented by a 4 x 4 matrix.

For the X measurement, we choose Hiess(t) = Ho(r) +
o, COS <£, with «,/2m = 500 MHz, and calculate 7i(t) from
the emission spectrum of Hpeas (t). The charge drive frequen-
cies are wpy /27w & 9.44 GHz and w3/2m ~ 9.52 GHz. The
emitted photon frequencies are wy/27w =~ 10.56 GHz and
w31/27 ~ 10.48 GHz. We choose 2/27 = 6.4 MHz and the
filter parameters g, J, and w; are the same as for the idling
filter.

For the Z measurement, Hyeqs(¢) is the same as for the Z
gate. The charge drive frequencies are wy, /2w ~ 19.78 GHz
and w;3/27 ~ 19.75 GHz. The emitted photon frequencies
are wy/2m ~ 20.22 GHz and ws3;/27 ~ 20.25 GHz. We
choose /27 = 2.3 MHz and the filter parameters are the

1074,
1077,
1071(] i

0 lo—B,

a—f3

10716,

10—19 i

‘EJ/W

FIG. 6. Kapitzonium transition rates for n, = 0.3. The junc-
tion energies are E;/2m = 60, 80, 100, 120, 140, 160 GHz, with
w/2n =10 GHz and E¢ /2w = 0.01 GHz fixed.

same as for the Z gate filter. Starting from the initial state
(|Wo) + |W1))/+/2, we simulate 1000 trajectories for the Z
measurement with a measurement time of 10 us [Fig. 5(b)]
and the measurement fidelity is about 99.8%.

We would like to make a few comments on Kapitzonium
measurement. First, the charge drive could be slightly off-
resonant from the heating transitions with wy; =~ wy, and
wg2 & wy3, which shifts the emitted photon frequencies as
well. Second, the charge drive frequency should be outside the
filter passband. In principle, setting w;; & wyo and wy ~ w13
also drives the Rabi oscillation via the cooling transitions.
However, this could cause measurement error if there is any
direct leakage from the charge drive to the output of the filter.
Finally, choosing €2 to be comparable to or larger than A will
cause measurement error due to crosstalk between the drives.
On the other hand, a very small €2 reduces the measurement
rate and requires a long measurement time.

APPENDIX D: KAPITZONIUM LIFETIME ESTIMATION

The Kapitzonium Hamiltonian in the presence of offset
charge n, is

Hy(t) = 4Ec(i — ny)* — Ej cos wt cos ¢. (D1)

For ny # 0, Hy(r) does not have the symmetry under I1, and

the bit-flip and phase-flip rates are no longer exactly O (see

Sec. IIT A). However, since the Kapitzonium is in the deep-

potential-well regime E;/w > 1, we still expect the Floquet

eigenstates to be insensitive to n,. We define the total transi-
tion rate from | W) to |Wg) as

Fop = Z

eq—épt+nw>0

|0pnl®s (D2)

where 1/T1 ~ Flﬁo and 1/T2 ~ Foﬁo, Flﬁl. In Flg 6 we
plot the transition rates for different values of Ej/w at ng =
0.3. The results indeed show an exponential suppression of
both the bit-flip and phase-flip rates with E; /w.
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