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Dephasing in Fluxonium Qubits from Coherent Quantum Phase Slips
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Phase slips occur across all Josephson junctions (JJs) at a rate that increases with the impedance of the
junction. In superconducting qubits composed of JJ-array superinductors—such as fluxonium—phase slips
in the array can lead to decoherence. In particular, phase-slip processes at the individual array junctions
can coherently interfere, each with an Aharonov-Casher phase that depends on the offset charges of the
array islands. These coherent quantum phase slips (CQPS) perturbatively modify the qubit frequency,
and therefore charge noise on the array islands will lead to dephasing. By varying the impedance of the
array junctions, we design a set of fluxonium qubits in which the expected phase-slip rate within the
JJ array changes by several orders of magnitude. We characterize the coherence times of these qubits
and demonstrate that the scaling of CQPS-induced dephasing rates agrees with our theoretical model.
Furthermore, we perform noise spectroscopy of two qubits in regimes dominated by either CQPS or flux
noise. We find that the noise power spectrum associated with CQPS dephasing appears to be featureless at
low frequencies and not 1/f. Numerical simulations indicate that this behavior is consistent with charge
noise generated by charge-parity fluctuations within the array. Our findings broadly inform JJ-array-design
trade-offs, relevant for the numerous superconducting-qubit designs employing JJ-array superinductors.
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I. INTRODUCTION

Superconducting qubits are a promising hardware
platform for quantum computation [1,2]. Supercon-
ducting weak links, especially superconductor-insulator-
superconductor Josephson junctions (JJs), are central
to superconducting-qubit design, often providing the
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nonlinearity necessary to define the qubit subspace within
a spectrum containing many other noncomputational states
of the quantum circuit. The strength of this nonlinearity
is correlated with the magnitude of quantum fluctuations
of the gauge-invariant phase difference of the supercon-
ducting order parameter across the JJ. In the regime of
large phase fluctuations, JJs can also undergo frequent
“phase slips” [3,4]—2m phase discontinuities that neces-
sarily preserve the single-valuedness of the macroscopic
wave functions of its superconducting leads [5]. Here,
the JJ is often thought of as a nonlinear inductor. In a
complementary role, arrays of JJs can be used to real-
ize nearly linear inductors, including superinductors with
impedances approaching or exceeding the resistance quan-
tum, Rp = h/(2e)* ~ 6.45 k<2, at the gigahertz operating
frequencies typical of superconducting qubits [6,7]. In this
application, it is crucial that phase slips in the array are
sufficiently rare.

Phase slips can be viewed as the dual process to
Cooper-pair tunneling [8—10] and thereby underpin the
dynamics of JJs in superconducting qubits and many

Published by the American Physical Society
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other mesoscopic quantum devices. Phase-slip processes
have been shown to coherently interfere in arrays of JJs
[11-13], a phenomenon referred to as coherent quantum
phase slips (CQPS). The coherent nature of this process
implies very little intrinsic dissipation and opens up the
possibility of realizing a reproducible metrological link
between current and frequency [3,14] based on phase-
slip elements [8]—the direct analogue of voltage standards
based on Josephson elements [15].

The absence of dissipation is critical for the use of
“slippery” Josephson elements as building blocks of super-
conducting qubits. Of particular note is the fluxonium
qubit, with its recently demonstrated state-of-the-art per-
formance, including coherence times surpassing 1 ms
[16-18], as well as single- and two-qubit gate fidelities
exceeding 99.99% [17,18] and 99.9% [18,19], respec-
tively. The fluxonium circuit is realized by shunting a
single slippery JJ with a large superinductor [20], which
effectively suppresses sensitivity to both low-frequency
charge noise across the JJ, akin to the transmon [21] regime
of the Cooper-pair-box circuit [22], and flux noise when
compared to flux qubits with small inductive shunts [23].
This inductance can be realized in a number of modali-
ties, including arrays of JJs [6,7], high-kinetic-inductance
nanowires [24-26], or a geometric superinductor [27].
In a Josephson-junction array (JJA), every junction pro-
vides a location for phase slips and, as has been shown
by Manucharyan et al. [28], a nonzero rate of CQPS in
the JJA shunt inductor of a fluxonium qubit can rein-
troduce charge-noise-induced dephasing via fluctuating
Aharonov—Casher-type [29] interference. More recently,
theoretical efforts have explored mesoscopic models of this
CQPS dephasing mechanism [30,31], which motivate fur-
ther experimental work to probe the charge dispersion in
fluxonium.

In this work, we expand upon the pioneering experi-
ments of Ref. [28] to quantify the contributions of CQPS
dephasing in fluxonium qubits across a broad design space
of junction-array superinductors. We systematically tune
the phase-slip rate by changing the impedance of array
junctions across six fluxonium qubits and show a scaling
of CQPS dephasing rates over several orders of magni-
tude. We characterize the fluctuations in qubit frequency
to extract the noise power spectral density (PSD) for two
qubits in regimes limited either by flux noise or CQPS
dephasing due to charge noise in the JJA. Moreover, we
perform numerical simulations that illustrate that charge-
parity switching in the many islands of the JJA results
in a Lorentzian-like noise power spectrum, consistent
with our measurements for the CQPS-limited qubit. Our
experimental results corroborate theoretical models for
CQPS-induced dephasing and reveal quantitative bounds
for fluxonium design parameters in order to avoid this
channel of decoherence. The coupling of charge noise to
the CQPS process has implications for superconducting

quantum processors based on fluxonium and other noise-
protected qubit circuits that rely on JJA superinductors
[32-34].

II. THEORETICAL OVERVIEW OF CQPS
DEPHASING IN FLUXONIUM

The CQPS dephasing mechanism is inherent to any
superconducting qubit containing a closed loop in which
phase slips can occur at multiple locations. Here, we quan-
titatively consider the specific case of a fluxonium qubit
constructed with a JJA. CQPS dephasing comprises sev-
eral components: (i) quantum phase slips at the array
junctions or, equivalently, fluxon tunneling into and out of
the superconducting loop of the qubit through the array, (ii)
the Aharonov—Casher phase that the fluxon acquires from
tunneling around offset charges on the array islands, (iii)
the coherent addition of these geometric phase factors as
multiple fluxon-tunneling paths interfere, and (iv) the tem-
poral fluctuations of these offset charges, which broadens
the qubit energy levels. For completeness, we first discuss
phase slips in a single JJ (Sec. I A), the fluxonium circuit
(Sec. 11 B), the CQPS process in a JJA (Sec. I1 C), and how
it contributes to dephasing in fluxonium qubits (Sec. 11 D).

A. Phase slips in a Josephson junction

When considering the dynamics of the phase degree of
freedom across a JJ, the periodicity of the superconduct-
ing order parameter allows for 2z phase slips to occur
at the weak link. The magnitude of the quantum fluctua-
tions of the phase across a JJ is governed by its Josephson
energy E; and charging energy E¢. The phase-slip energy,
€ps, for a JJ can be computed using the generalized WKB
approximation [28,31,35], and is given by

[2 ;/ 8E. | 8E,
€ps = 2 ;\/ 8EJEC E—; exp (— E—;) (1)
e (1), o
b4 z nz

In the second line, we recast this equation in terms
of the reduced junction impedance, a dimensionless
quantity defined as z =Z/Ry, where Z = \/L,;/C, =
(Rp/2m)~/8Ec/Ey is the impedance, hw, = h/+/L;C; =
V/8E E¢ is the plasma frequency, and L; = ®y/(2x1,) is
the inductance for a JJ critical current /..

Crucially, this phase-slip energy is exponentially sen-
sitive to the junction impedance. For small junction
impedance, i.e., large E;/Ec, the phase fluctuations are
small. We also note the similarity between Eq. (1) and the
charge dispersion of the Cooper-pair box/transmon circuit
[21,36].
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B. Fluxonium

The fluxonium qubit serves as the platform in which we
explore these phase slips. The fluxonium circuit consists
of a single high-impedance JJ (often called the “small” JJ)
shunted by a large inductor [20], as shown schematically
in Fig. 1(a). The circuit Hamiltonian is given by

R E @
H=4Eci? —Ejcosg + = (¢ + 27
2 @,

where ¢ is an operator describing the phase difference
across the small JJ, 7 is its conjugate variable for the
Cooper-pair number, Oy is the external flux through the
loop, and ®y = //2e is the superconducting flux quan-
tum. The fluxonium [20] resides in a regime of the gen-
eralized flux qubit circuit [37] that supports low qubit
operating frequencies, large anharmonicities [38,39], pro-
tection against quasiparticle tunneling [16], and nontriv-
ial resonator-qubit interactions [40—42]. Specifically, the
Hamiltonian parameters must satisfy the criteria £; < E;
and typically 1| < E;/Ec < 10.

Realizing small £} in physical devices can be challeng-
ing and there are a few different approaches to constructing
the necessary large inductance [6,7,24—27]. Here, we con-
sider a superinductor that is implemented using an array
of JJs, depicted schematically in Fig. 1(b). The relative
ease of constructing JJAs and their process compatibility
with standard qubit fabrication make them well suited for
extensible qubit architectures. These arrays are typically
formed with many (N 2 50) JJs. For N identical junc-
tions, the fluctuations of ¢ are uniformly distributed and
therefore reduced by 1/N across each junction, enabling
the linear approximation of the inductor with £;, = Ejs /N,
where Eja is the Josephson energy for an individual array
junction.

Fluxonium qubits are often operated at Oy = Po/2, a
“sweet spot” where the qubit is first-order insensitive to
flux noise. At this flux-bias point, the qubit frequency is
dictated by the rate of phase slips across the small junction
(typically in the tens or hundreds of megahertz range). We
note that thus far, the degrees of freedom infernal to the
JJA have been neglected.

C. CQPS in a Josephson-junction array

The exponential sensitivity of the phase-slip rate on the
ratio of the Josephson and charging energies of a junction
has implications for circuits with many JJs. In the case
of fluxonium, the low-impedance junctions in the JJA are
constructed with large Ej5 /Eca and therefore phase fluctu-
ations across them are small compared to 277. Thus, phase
slips at the array junctions are rare and can be treated as a
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FIG. 1. (a) An idealized fluxonium circuit, with a single JJ

shunted by a linear inductor and capacitor. (b) An expanded
fluxonium schematic in which the inductor is implemented by
a series array of JJs. Phase slips are more likely to occur at the
small junction than within the JJA (illustrated by the relative
widths of the purple arrows). CQPS dephasing arises from series
pairs of phase-slip processes where one phase slip occurs at the
small junction and the other occurs at one of the array junctions.
Corresponding fluxon tunneling for two representative trajecto-
ries is shown by the green solid and red dashed lines. Such paths
can interfere with different Aharonov-Casher phases depending
on the total charge between the small junction and the par-
ticular array junction. The jth superconducting island between
JJs has an offset charge, n,; € [0, 1), in units of Cooper-pair
charge 2e. (c)+e) Computed fluxonium features using parame-
ters E;/h = 3.2 GHz, Ec/h = 1.4 GHz, and E; /h = 0.25 GHz.
(c) The potential energy landscape (black curve) and correspond-
ing fluxonium eigenstates at ey = Py/2. (d) The ground- and
first-excited-state wave functions (¥ and |, respectively) in
the phase basis (offset vertically for visibility) and the corre-
sponding 27 displacements due to a phase slip in the array. (e)
The calculated broadening of the fluxonium transition frequency
fo1 near half-flux due to CQPS. The shaded region indicates the
standard deviation of the fy; distribution around its unperturbed
value (black dashed curve), shown for two different values of the
array-junction reduced impedance z4.

perturbative correction to the fluxonium Hamiltonian [28],

N
A € . . N
Ay ealva)ul + ) e ™ sl it the., ()
o

j=1

perturbation

where €, and |, ) are the eigenvalues and eigenstates of
the unperturbed Hamiltonian. Replacing the perfect induc-
tor with a JJA makes it relevant to consider an offset
charge across the small junction [Fig. 1(b)] and to include
a charge offset in the first term of Eq. (3) (for details, see
Appendix F). Here, m™ is a phase-slip operator and € is
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the absolute value of the phase-slip amplitude correspond-
ing to the jth junction in the array. This Hamiltonian is
implicitly defined in terms of the winding-number operator
associated with the phase, m, which equivalently repre-
sents the number of flux quanta stored in the loop. More
precisely, ¢ = —2mm + €2, where < is the so-called inter-
band potential [36]. (The latter does not play a crucial role
in the discussion that follows, but some of the details asso-
ciated with it are discussed for completeness in Appendix F
and [43].) Equation 4 incorporates two approximations
within the perturbation term: it ignores plasmon excitations
of the array junctions and it assumes that no correlated
phase-slip processes take place at a single array junction.
Both of these approximations are valid for typical junction-
array parameters due to the large plasma frequency of the
array junctions and their low impedance, which exponen-
tially suppresses the probability of having more than one
phase slip at a given junction.

More importantly, Eq. (4) has a simple interpretation:
in the same way in which the small junction in fluxonium
enables the coherent coupling of the persistent-current
states |m) (m eigenstates), the array junctions contribute
to this process with a largely suppressed fluxon-tunneling
amplitude, which is charge-offset dependent. Each super-
conducting island in the JJA can have an offset charge
ng; € [0,1) in units of Cooper-pair charge, 2e. Due to the
Aharonov-Casher effect [29,44], the phase-slip amplitude
at the jth junction in the JJA picks up a geometric phase
that depends on the total aggregated charge between the
small junction and the jth junction in the array where the
phase slip has occurred, 1, = Zﬁ;(l) g k.

The perturbative correction to the circuit eigenenergies
is

N
€psj . ~
dey = ) e P (Yl ) + e (5)
Jj=1

to first order in the phase-slip amplitude. It is instructive
to separate out the eigenstate dependence of the above
equation from the phase-slip components. We can define
the total CQPS energy as

N
—i27Ng ;i
ECQPSZE €psje e (6)
j=1

which contains the phase-slip energies for each junction
in the array, €, and the offset-charge dependence of the
Aharonov-Casher phase in the 7, ; term.

The matrix elements (Y, |m™|¥,) encompass the 27
displacement of the wave function generated by a phase
slip through the array. While this term can be obtained in a
numerically exact fashion by representing the fluxonium
Hamiltonian in the basis of eigenstates of m, a simpler

expression follows from the approximation

(Yol W) & (Yo le™ 2™ |yry). (7)

The right-hand side of this equation links the matrix ele-
ment of the phase-slip operator with that of a displace-
ment operator, neglecting the contribution of the inter-
band potential as an approximation. Crucially, however,
(Vale ™ |9r,) can be computed in any basis of choice for
the fluxonium Hamiltonian, including, e.g., the phase or
Fock basis. For transitions between qubit states |1/, ) and
|g), the difference between these matrix elements can be
expressed in the phase basis as

Fop = (gl 1Y) — (Yol [a) ®)

~ / do V(@) Vs — 2m)
- / do Vi @Valp —20), ()

where we refer to F.4 as the “structure factor” associated
with this CQPS process, similar to the notation in Ref. [28].
Note that ¥, (¢) is the eigenstate of the unperturbed flux-
onium Hamiltonian in Eq. (3). In Fig. 1(c), we illustrate
the unperturbed fluxonium spectra at ¢y = /2, while
Fig. 1(d) depicts the overlap of the shifted wave functions
relevant for calculating the structure factor of the ground
state and the first excited state. This overlap function is
determined by the circuit parameters and is maximal at
CDeXt - q>() / 2

Subtracting the ground- and first-excited state correc-
tions in Eq. (5), we arrive at the expression

héfor = Re[Ecqps Foil, (10)

which depends on the instantaneous value of Ecqps, deter-
mined by the configuration of offset charges in the array.
For nyo = 0, the structure factor is strictly real and we
recover h6f01 = Re[Echs]}"()l [28]

D. Fluxonium dephasing from CQPS

Since the correction to the unperturbed qubit frequency
depends on the offset charges in the superinductor, charge
noise gives rise to temporal fluctuations of the total CQPS
amplitude Ecqps. We now compute a bound on the CQPS-
induced shift of the fluxonium transition frequency and
discuss how this effective linewidth translates to qubit
dephasing. For a homogeneous JJA where €),; = €, for
all j € [1,N], the total CQPS energy is restricted to a
range —Neps < Re[Ecqps] < Neps. However, the charges
on each of the islands in the JJA are not typically con-
trolled experimentally, so Ecqps will sample a smaller
range of values generated by the time-dependent distri-
bution of {ng;}. In order to mathematically convert from
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a noisy Ecqps to a qubit-frequency line width o7, we
assume that Ecqps samples from a random distribution
that varies slowly compared to the time scale of a mea-
surement. This quasistatic assumption holds in the case
of qubit-frequency fluctuations that are slow compared to
the Ramsey-dephasing time Tz, such that the frequency is
randomly sampling the Gaussian distribution during each
instance of a Ramsey sequence. We note that this assump-
tion is not necessarily guaranteed but is consistent with
plausible models of local charge fluctuations, which we
discuss later.

Given the N & 100 junctions in the array, we can use
the central limit theorem to approximate the probability
distribution of Re[Ecqgps] as a Gaussian with zero mean
and standard deviation /N /2¢,,. Consequently, the range
of expected qubit frequencies is Gaussian distributed with
a standard deviation oy around its unperturbed value given

by
N
hloy| =, > €ps 1ol

To compute the corresponding dephasing rate, under
the assumptions of quasistatic noise [45] and Gaussian-
distributed qubit-frequency fluctuations, the Ramsey decay
envelope will be given by the characteristic function of
the distribution, resulting in a Gaussian decay with a
dephasing rate

(11)

Tye =2m |of| = nv/New | Forl . (12)
In Fig. 1(e), we illustrate the qubit-frequency distribution
for two different values of the array junction impedance
z4 = (1/27)s/8Eca/Eja, Where Ejp and Ecs are the
Josephson energy and single-electron charging energy
for an individual array junction. The shaded regions in
Fig. 1(e) correspond to oy. In this plot, the Hamilto-
nian parameters E;, Ec, and E; are fixed and are similar
to those in our experimental devices. Qualitatively, the
rapidly increasing oy for larger z4 is due to the exponential
sensitivity of the phase-slip amplitude €, to z4 [Eq. (2)].
Interestingly, at the @y = Po/2 flux-noise sweet spot,
the structure factor F;; and therefore FSI?PS are maximal,
indicating that this bias point is a CQPS anti—sweet spot.

III. EXPERIMENT

A. Fluxonium device

In this experiment, we focus on a single chip with
six uncoupled planar fluxonium qubits. The qubits are
designed to have nominally identical values for E;, Ec,
and £} but the impedance of the array junctions is var-
ied in order to engineer vastly different CQPS dephasing
rates. By keeping the Hamiltonian parameters approx-
imately fixed, we probe CQPS dephasing absent other

10 E
m
3 — Q5
10 — Q4
— Q3
10°F  — a2

A PRI B B 1‘1 1 1 1 1

20 24 28 0.0 0.1 0.2 0.3 04 05
g(l-‘vm) Dy /Dy

FIG. 2. Fluxonium designs to probe CQPS dephasing. (a) A
scanning electron micrograph of a fluxonium device with the
small junction and its shunt JJA highlighted. (b) The inset shows
a tilted scanning electron micrograph of the array junctions. The
labeled dimension £ is varied in order to tune the fluxonium sus-
ceptibility to CQPS dephasing. The reduced impedance z4 as a
function of ¢ for an individual array junction, calculated using
parameters for the six measured devices. The number of junc-
tions in the array is adjusted along with £ in order to maintain
the same nominal Hamiltonian parameters across all fluxoniums.

(c) The theoretical CQPS dephasing time Ti,?PS as a function of
Dy, given by Eq. (12), plotted for the z,4 values shown in (b).

qubit-dependent variables. An SEM image of one fluxo-
nium is shown in Fig. 2(a), where the small junction is
shunted by a superinductance formed by an array of JJs.
Each qubit is addressed by an independent microwave
drive line and is capacitively coupled to an individual
readout resonator, hanger coupled to a shared microwave
input-output line. A global flux-biasing coil, mounted to
the lid of the chip package, is used to tune Py of the
six fluxonium qubits simultaneously. As the mutual induc-
tance between this coil and the individual qubits varies,
the following experiments were serially performed on the
different qubits.

We explicitly change the phase-slip rate associated with
the junctions in the array by varying their impedances
z4 = (1/27)/8Eca/Eja and compensate with the num-
ber of junctions in the JJA in order to keep E; = Eja/N
fixed. We achieve the requisite range of z4 by changing
the length ¢ of the array junctions [see the dimension label
in Fig. 2(b), inset], while the nominal width w = 200 nm
remains fixed in our Dolan-bridge-based [46] junction-
fabrication process. For an individual array junction of
area ay = {w, its capacitance is given by C = c,a,, where
¢, 1s the specific capacitance (the capacitance per unit
area) associated with the JJ. The Josephson energy also
depends on the junction geometry, with £, = ®gl./(27)
and /. = J.ay, where J. is the critical current density of
the JJ. For our device, we find ¢; & 49 fF/pum? (extracted
from CQPS dephasing rates as described in Sec. I11 B) and
J.~ 0.15 pA/pum? (extracted by matching Hamiltonian
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TABLE I. The design parameters for the JJA, the extracted Hamiltonian parameters, and the measured coherence times at @y =
0.5y, as well as the reduced array-junction impedances and flux-noise amplitudes for each of the six fluxonium qubits.

Ql Q2 Q3 Q4 Q5 Q6
Design parameters
Number of array JJs, N 85 89 95 99 103 139
Length of array JJs, £ (um) 1.85 1.95 2.05 2.15 2.25 3.00
Inferred from measurement
E;/h (GHz) 3.22 3.165 3.1 3.315 3.13 32
Ec/h (GHz) 1.41 1.38 1.45 1.43 1.37 1.39
Er/h (GHz) 0.25 0.26 0.26 0.27 0.28 0.3
Measured values at half-flux
Jfo1 (GHz) 0.412 0.417 0.467 0.423 0.435 0.454
Ty (ws) 56.5+6.0 8859+ 79.8  579.1 £45.6 1650+ 414 1264 + 14.1 235.6 £ 19.6
Tor (18) 0.21 £ 0.01 0.31 £ 0.01 0.76 + 0.01 2.16 = 0.06 3.93 +£0.06 121.1 £ 4.8
Ty (118) 235+£0.5 620+ 1.1 132.6 £34 85.6+3.2 140.1 £5.9 1420+ 54
From fits
z4 for ¢, = 49 fF/pm? 0.101 0.094 0.089 0.083 0.079 0.057
Ao (uPo/~/Hz) from Typ 3.35 3.30 3.50 3.45 3.30 4.5

parameters to measured qubit spectra). Consequently, the
array junction impedance scales inversely with its area, as
z4 « 1/ay. Thus, by varying the length of the junctions in
the JJA, we control their impedance, as shown for our six
qubits in Fig. 2(b). Table I contains the full list of designed
and measured parameters for each of the qubits on the chip.

In Fig. 2(c), we plot the inverse of the expected CQPS
dephasing rate, ngPs, calculated according to Eq. (12),
for the six qubits using their z4 as shown in Fig. 2(b).
The overall shape of Tﬁj,?PS versus ®.,; is indicative of
the flux dependence of the structure factor Fy; [Eq. (8)].
The magnitude of the dephasing depends on the phase-slip
amplitude in the JJA, determined by z4. We include a con-
trol qubit (Q6) that is designed to not be limited by CQPS
dephasing, with an expected ngps that exceeds 1 ms over
the entire flux range.

B. CQPS dephasing characterization

We first perform two-tone spectroscopy for each fluxo-
nium over a large frequency and external flux range. We
compare the measured transition frequencies to Hamil-
tonian simulations in order to extract the corresponding
E;, Ec, and E; for each qubit (see Table I). In Fig. 3(a),
we show the measured spectroscopy around the @y =
®/2 operating point, where the transition frequency fj,
is approximately 450 MHz. All six qubits show similar
transition spectra. This confirms that our device designs
maintain similar Hamiltonian parameters, independent of
the expected CQPS dephasing rate.

Next, we examine the fluxonium coherence times
around half-flux as a probe of CQPS dephasing. We char-
acterize each qubit by measuring 77, Thz, and Thg. In
Fig. 3(b), we plot T,r, the Ramsey pure-dephasing time,

having accounted for the 77 contribution to the decay func-
tion (for details, see Appendix A). Consistent with our
assumed form of Gaussian noise in Eq. (12), the dephasing
contribution to the Ramsey decay functions is fitted with a
Gaussian envelope. The data show striking differences in
T, across the set of qubits—both in terms of the shape of
the curves as well as the coherence times around half-flux.
The distinctive peak in T,z for the control qubit (Q6) is
characteristic of the flux-noise sweet spot, where the qubit
is insensitive to first-order flux noise. In contrast, the other
qubits (intended to be limited by CQPS dephasing) do not
show that characteristic improvement of their coherence at
half-flux and, in fact, exhibit a slight dip in T, due to the
enhanced CQPS sensitivity at this bias point.

We compare these data to a model that includes both
CQPS and flux-noise dephasing, with characteristic rates
F(SI?PS and Fg’R, respectively. We assume that these two
noise mechanisms are independent and Gaussian dis-
tributed; thus, the total dephasing rate is given by the
quadrature sum of the two noise channels, 1/T,zr = Iy =

CQPS
\/ (T

of E;, Ec, and E; extracted from spectroscopy and assumes
the designed area for the junctions in the array. For flux
noise, we independently constrain I',z by relating it to the
qubit-specific 1/f flux-noise amplitude obtained from fit-
ting T»r measurements, discussed in detail in Appendix B.
Thus, our model for the total dephasing rate contains
only one free parameter: the specific capacitance of the
array JJs, which contributes to the FCI?PS term. Moreover,
since ¢, is determined solely by the fabrication process,
we restrict it to be the same for all qubits, as it is not
expected to vary significantly across the 5 x 5 mm chip.
We find that a value of ¢, =49 fF/um? shows good

)2 4 (FS’R)z. The model incorporates the values
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FIG. 3. (a) The measured transition frequency fo; (dots), overlaid with the calculated spectrum (lines), for the six fluxonium qubits

studied in this experiment. (b) The corresponding measured Ramsey-dephasing times (open circles) and theoretical curves (solid
lines), accounting for a combination of CQPS and first-order flux noise. The specific capacitance used to obtain the CQPS dephasing
rates is fixed to be the same for all qubits at ¢, = 49 fF/jum?. The flux-noise amplitude is determined on a per-qubit basis from Tz
measurements and is not a free parameter in this model (see Appendix B). (c) The measured Ramsey-dephasing rates at @y = P/2
versus the theoretically expected dephasing rates from CQPS. The dashed line has unity slope; Q1—-Q5 match well to the expected
CQPS scaling and Q6 has been designed to not be limited by this mechanism. The y-axis data points and error bars for Q1—Q5 are
obtained from the average and standard deviation, respectively, of the seven points nearest @y = Po/2. For Q6, we plot the maximum
measured 7,z value and corresponding fit uncertainty. The x-axis error bars correspond to FSI?PS calculated for ¢; = 49 + 2 fF/pum?.

agreement with the measured dephasing rates [solid lines
in Fig. 3(b)]. Within these assumptions, we validate
this minimal theoretical model for CQPS dephasing,
with a single free parameter ¢, across all six measured
qubits.

In Fig. 3(c), we show measured values for I',z at
Doyt = 0.5 compared to the theoretical prediction for
dephasing arising solely from CQPS. We see that for the
five qubits designed to be limited by CQPS dephasing,
our model accurately predicts I',z across nearly 2 orders
of magnitude. The control qubit (Q6) is not limited by
CQPS. We suspect that its coherence time at @, = 0.5P
also contains contributions from a combination of second-
order flux noise [45] and photon shot-noise dephasing
[47]. These results indicate that nearly identical Hamilto-
nian parameters [see Eq. (3)] can have drastically different
CQPS-limited dephasing times dictated by chosen param-
eters of the array junctions. The implications that this has
for fluxonium designs, including JJA parameters, will be
discussed in Sec. IV.

C. Noise spectroscopy

To further validate our model and elucidate the ori-
gins of the charge noise leading to CQPS dephasing, it is
insightful to compare the control qubit (Q6)—with dephas-
ing dominated by flux noise—to qubit (Q1)—with dephas-
ing dominated most strongly by CQPS. In the following,

we focus on measurements that probe different aspects of
the dominant noise sources in these two fluxonium qubits.

First, we examine the dependence of the dephasing rate
over the entire range of external flux biases. In Fig. 4(a),
we highlight the strikingly different behavior for these two
selected qubits. For the control qubit (Q6), I'yz evolves in
a manner characteristic of flux noise, showing significant
drops at the sweet spots (minimum and maximum fluxo-
nium f;1), where the qubit becomes first-order insensitive
to flux noise. In contrast, the qubit most susceptible to
CQPS (Q1) exhibits the opposite behavior, with increased
dephasing at the flux-noise sweet spots. These data corrob-
orate that flux-noise sweet spots are anti—sweet spots for
CQPS-induced dephasing—a feature that arises from the
flux dependence of the structure factor Fy; [Eq. (8)]. In
both cases, the data are well captured over the entire flux
range by the theoretical model, which includes contribu-
tions from flux noise and CQPS dephasing, as discussed
earlier.

Next, we measure the noise power spectra of the mag-
netic flux noise and charge noise leading to CQPS dephas-
ing by characterizing fluctuations in the qubit frequency
across repeated measurements. To do this, we perform
1000 consecutive Ramsey measurements for qubits Ql
and Q6 at different @y bias points, where the dephasing
is limited by these two noise sources. We fit the oscilla-
tions in each Ramsey trace in order to obtain the qubit
frequency; deviations in this frequency around its mean,
fo1() — fo1, are plotted as a function of laboratory time in
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FIG. 4. (a) The measured ',z as a function of f;; for two dif-

ferent qubits, Q1 (yellow dots) and Q6 (blue dots). The expected
theoretical dephasing curves over the entire flux range, show-
ing the contribution of CQPS dephasing only, I‘SSPS (dashed
lines), and the combined effect of CQPS and flux noise, I'yz =

\/ (FSSPS)Z + (F;?R)2 (solid lines). The calculations use the
respective JJA phase-slip energies and scaled Ramsey flux-noise
amplitudes for Q1 (red) and Q6 (black). The total dephasing
rates (measured data and solid lines) illustrate the difference in
functional forms of dephasing dominated by CQPS (Q1) com-
pared to flux noise (Q6). (b) The frequency power spectral
density (PSD) obtained from repeated measurements of 7,z for
Q1 (yellow) and Q6 (blue), showing distinct noise behavior for
each of the two qubits. Data from each qubit are fitted to the
equation M /(w/2m)*, giving best-fit values of . = 0.00 £ 0.06
for Q1 (red dashed line), and p = 1.00 = 0.06 for Q6 (black
dashed line). The extracted flux-noise amplitude for Q6 is Ao ~
5.9 u®o/~/Hz. The inset shows the qubit-frequency fluctuations
extracted from repeated Ramsey experiments, fo;(f) — foi, as a
function of laboratory time, which are used to calculate the noise
power spectrum.

the inset of Fig. 4(b). By examining correlations in these
frequency fluctuations, we can obtain the noise PSD. This
quantity, Sy (w), shown in Fig. 4(b), is calculated by taking
the Fourier transform of the autocorrelation of f; (£) — for
and scaling by the sampling period.

The extracted noise PSDs for the two qubits have
distinct functional forms. To increase the measure-
ment sensitivity to flux noise (i.e., where dfy;/dPex 1S
large), we operate Q6 slightly away from half-flux, at
Deyi/Po ~ 0.42. At this bias point, the measured Sy (o)
appears to be well described by the 1/w functional form
characteristic of flux noise [48—51]. From the fit of the
noise power spectrum, we obtain a flux-noise amplitude
of Ay = 5.9,u<I>0/\/E, similar to A¢ extracted from T>g
over the entire flux range for this qubit (see Appendix A)
and similar to values reported in other experiments [39,48,
50,52,53]. This measurement protocol, similar to that of
Ref. [54], will yield a flux-noise amplitude slightly larger
than that extracted from a single Ramsey decay, due to an
extended low-frequency cutoff arising from the buffer time
between subsequent Ramsey experiments [45,55].

To probe the PSD of the charge noise giving rise to
the CQPS dephasing, we repeat this measurement proto-
col for Q1 at &y = 0.5, where the qubit is maximally
sensitive to charge fluctuations. In contrast to the flux-
noise-limited Q6, for the CQPS-limited Q1 we extract a
featureless noise PSD over our sampling frequency band,
as shown in Fig. 4(b). However, we find that 75z values
for this qubit show a significant increase compared to 7oz
(see Appendix A), indicating that the noise spectrum is
not featureless at higher frequencies (up to approximately
1/T>E). Thus we posit that the noise PSD has a distribution
that is constant at low frequencies but rolls off at higher
frequencies.

D. Noise modeling

We propose a possible physical mechanism that could
be responsible for a Lorentzian-like noise PSD due to
charge noise in the array. Our noise spectroscopy results,
discussed above, highlight that CQPS dephasing does not
obey 1/f fluctuations. The charge on a superconducting
island has two components, the continuous-valued off-
set charge and the discrete charge parity. Offset-charge
drifts on small superconducting islands have been shown
to have an approximately 1/f functional form [56-58].
Interestingly, it has recently been shown that the charge
noise sensed by larger superconducting islands can exhibit
stronger time correlations, with PSDs scaling as 1/
with @ ~ 1.9 [59]. As neither of these describe our data,
we turn to considering the charge-parity switching within
the array as the source of CQPS dephasing. The random
telegraph noise associated with charge-parity jumps has
been studied previously in other charge-sensitive circuits,
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FIG. 5. Simulations of charge-parity switching in a JJA. The

top inset is a schematic depicting quasiparticle tunneling, the
mechanism that changes the charge parity of individual islands.
The bottom inset shows a subset of a simulated time trace of
Re[Ecqps] normalized to eps. The main panel shows the normal-
ized noise PSD extracted from averaging ten different 10*-s-long
simulated evolutions of Re[Ecqps] (yellow points). For com-
parison, the functional forms for a Lorentzian line shape (red
line) characteristic of random telegraph noise, 1/w noise (blue
line), and white noise (horizontal green line) are also shown.
The green box highlights the sampling frequency range probed
experimentally in Fig. 4(b).

including Cooper-pair transistors [60] and offset-charge-
sensitive transmons [59,61—64]. This Poissonian process is
known to give rise to a Lorentzian charge-noise spectrum
in those devices.

Here, we model charge noise within the JJA by sim-
ulating the time dynamics of discrete quasiparticle tun-
neling events between the superconducting islands of the
array (upper inset of Fig. 5). We express the charge on
the j th island as g (1) = ng; (0) + 8ng; (1) + 1 Ngp; (£), in
units of Cooper-pair charge, 2e. Here, ng;(0) is the ini-
tial offset charge, sampled randomly between [0, 1) and
independently between islands; éng; is the slowly vary-
ing continuous-valued offset charge drift, and Ny, ; () is
the discrete number of quasiparticles on the jth island.
The characteristic time scale for quasiparticle tunneling,
Tqp, determines the probability for a charge-parity switch
to occur in a time interval At given by 1 — exp (—A#/1gp).
If the charge parity changes on the j th island, a correlated
charge-parity change is enforced on an adjacent island,
in accordance with a quasiparticle tunneling to the left or
right in the JJA (upper inset of Fig. 5).

In the simulations shown in Fig. 5, we use the param-
eters for the JJA of Q1 and assume the same 74, = 10
ms between each of the islands. We note that the exact
value of g, is not important for a qualitative match to
the data in Fig. 4(b), so long as approximately 1/7q, is
larger than the maximum sampling frequency. We assign a
fixed random value of ng;(0) and initialize the array with
ten quasiparticles distributed at random positions on the
N = 85 superconducting islands. After Ny, ; is calculated
for every island at a particular time step, Ecqps is calcu-
lated in accordance with Eq. (6), by coherently summing
over all possible phase-slip trajectories and their enclosed
charge. The process is then repeated to obtain the time
trace for Ngp ;i (#), from which we calculate the simulated
time dependence of Ecqps(#) (lower inset of Fig. 5). In
accordance with Eq. (10), the real part of Ecqps is pro-
portional to perturbative shift of the qubit frequency and
its time trace captures the temporal fluctuations of df;.
The PSD of the resulting Ecqps(?) is obtained by taking
the Fourier transform of the autocorrelation of Ecqgps(f)
and normalizing by the sampling period. In Fig. 5, we plot
the average of ten simulations realized with different ini-
tial quasiparticle positions in the JJA, in order to capture
the characteristic charge-parity switching behavior. The
simulations show a Lorentzian-like noise power spectrum
that is constant at low frequencies and rolls off at a fre-
quency below 1/7,g, which is consistent with our repeated
Ramsey and spin-echo measurements.

Importantly, our results highlight that charge-parity
switching, as opposed to 1/f charge noise, in the JJA is a
plausible cause of CQPS dephasing. This work motivates
further studies of charge noise in arrays of JJs, especially in
the presence of various quasiparticle mitigation strategies
[65—67].

IV. OUTLOOK

A. Design considerations

We now briefly consider some relevant design choices
regarding arrays of JJs in order to mitigate CQPS dephas-
ing in fluxonium qubits. We summarize a possible work
flow for fluxonium design accounting for CQPS dephasing
due to charge noise in a JJA. The first step is to choose
a Hamiltonian of interest, which includes identifying the
parameters E;, Ec, and E;. The target E; and fabrica-
tion restrictions on the junction dimensions and materials
sets a range of reasonable J. options. The selected J,
and £, determine the size and number of array junctions,
since £; = Ejp/N. Finally, within the parameter space of
{Er,J. a4, N}, one must ensure that CQPS dephasing is
not a limiting factor for coherence of the qubit.

Given the wide range of parameter choices in a flux-
onium design, we present several different parameteriza-
tions to examine trade-offs within the design space. The
first consideration for CQPS dephasing is the structure
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FIG. 6. Trade-offs within the design parameter space of fluxonium qubits with JJA superinductors. (a) The structure factor Fy,
corresponding to the overlap of the fluxonium wave functions displaced by 2z for different ratios of E;/Ec and E;/Ec. (b) The
Ramsey-dephasing-time limit from CQPS for different values of £, and the area of the array junctions a4, allowing the number
of junctions N to vary in order to maintain the target E;. Here, E;/h = 3.2 GHz, Ec/h = 1.4 GHz, and J. = 0.15 pA/um? are
fixed. (c) The CQPS-induced Ramsey-dephasing rate for different J,. values and varying N. Here, E; /h = 3.2 GHz, Ec/h = 1.4 GHz,
and E;/h = 0.25 GHz are fixed. The dashed line indicates a 7, = 1 s coherence limit. (d) The dephasing limit from CQPS over a
range of typically accessible values for J,. and a4, with fixed target Hamiltonian parameters £, /h = 3.2 GHz, Ec/h = 1.4 GHz, and

E;/h =025 GHz.

factor, which is intrinsic to the Hamiltonian of interest and
is determined solely by the qubit wave function and its
translation by 27 due to a phase slip, as given by Eq. (8).
In Fig. 6(a), we show the structure factor at @y = Dy/2
and its dependence over a broad range of circuit param-
eters. In cases in which Fy; is of order zero, the effect of
CQPS dephasing will be negligible. On the other hand, Fg,
is of order unity when E; /Ec > 1 and E; /Ec < 1. These
limits include the heavy-fluxonium regime [38,68], a cir-
cuit under active research where careful consideration of
CQPS dephasing would be valuable.

Next, we investigate the impact of JJA geometry on
CQPS dephasing. In Fig. 6(b), we plot the theoretical esti-
mate for TSI?PS at Oy = O(/2 as a function of £; and ay,
assuming that E;, E¢, and J, are fixed, with N allowed to
vary to achieve a particular £;. For a desired superinduc-
tance, one must fabricate large enough junctions for the
JJA such that CQPS dephasing is not the limiting deco-
herence channel. From the parameters chosen in Fig. 6(b),
array junctions with an area greater than approximately
0.7 um? are sufficient to maintain CQPS-limited dephasing
greater than 100 ms. In Fig. 6(c), we illustrate the exponen-
tial scaling of F(S]?PS with a4 for three different values of J...
This calculation assumes that £, Ec, and E; are fixed, with
the corresponding number of junctions N in the array com-
pensated accordingly to maintain the desired £ . The black
dashed line in Fig. 6(c) corresponds to ngps =1 sec-
ond, indicating that it is possible to choose realistic qubit
parameters such that CQPS is not the limiting dephasing
mechanism.

Finally, we examine the dependence of CQPS dephas-
ing times on the two parameters commonly tuned by the
design and fabrication process—the critical current density
and the array junction area. The plot shown in Fig. 6(d)

covers a relevant range of critical current densities often
used in Al/AlO,/Al junction fabrication. We find that
CQPS dephasing can exceed 1 s over a large physically
realizable range of both J, and ay.

Although the general trend from these different parame-
terizations point toward making arrays from many, larger,
junctions rather than fewer, smaller junctions, it is worth
cautioning against using this strategy arbitrarily. Junc-
tion arrays have self-resonant modes, which can couple
to the qubit and degrade coherence. The density of these
modes will increase with increasing N due to increasing
a4 [6]. A quantitative consideration of such array modes
would require reliable estimates of stray capacitances to
ground. Additional theoretical investigations have pointed
to a potential reduction in 7 for large-N arrays [30]. More-
over, as the size and number of array junctions is increased,
the area of the loop formed by the array necessarily
increases. Previous experiments investigating the effects
of flux noise on the geometry of superconducting loops
embedded in qubits have found an increase in the magni-
tude of flux noise, 44, with increasing loop perimeter [50].
For these reasons, it is desirable to choose Hamiltonian and
junction parameters that ensure that CQPS does not limit
qubit coherence, while not pushing the array junction size
and number too large. By studying the CQPS dephasing
mechanism in detail, we show that it is necessary to con-
sider details of the JJA design beyond simply the Hamilto-
nian parameters but it is possible to make design choices
to ensure that this is not the dominant noise channel.

B. Conclusions

As the performance of superconducting qubits continues
to improve, it is essential to understand all the mech-
anisms that can impact the performance of current and
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future devices. Moreover, it can be valuable to revisit qubit
design choices to ensure acceptable sensitivity to deco-
herence mechanisms. As an example, when the coherence
times of transmon qubits improved beyond the first proof-
of-principle demonstrations, relaxation via the multimode
Purcell effect [69] was found to limit coherence. This lim-
itation has since been addressed sufficiently, though not
removed entirely, by designing transmons with frequencies
below that of the readout resonator and implementation of
band-pass Purcell filters [70,71]. In a similar vein, we have
systematically studied the effects of CQPS in fluxonium
qubits specifically designed with varying sensitivity to this
dephasing mechanism. Our results verify the theoretical
models necessary to design fluxonium qubits that suffi-
ciently mitigate CQPS dephasing. Furthermore, we present
measurements of the PSD for charge noise within a JJA
inductor and show qualitative agreement with a plausible
model in which quasiparticle tunneling between the array
junctions is the primary source of charge noise. Although
the presently reported CQPS dephasing can be improved
by spin-echo sequences, mitigating this decoherence chan-
nel would avoid the additional overhead of algorithm-
specific dynamical decoupling sequences necessary for
high-fidelity qubit operations.

Our results confirm the predicted magnitude and scal-
ing of CQPS dephasing over nearly 2 orders of magnitude
in I'yr as the impedance z, of the array junctions is var-
ied in fluxonium qubits. With this in mind, there appear
to be no fundamental reasons why the coherence limit due
to CQPS for typical fluxonium qubits cannot be extended
beyond 1 s for practical experimental parameters, solely by
reducing sensitivity to phase slips in the JJA via thoughtful
design choices. State-of-the-art coherence times for fluxo-
nium are approximately 1 ms [17], indicating that further
improvements to flux-noise and dielectric loss can be made
without hitting the CQPS coherence limit. Separately, it is
important to be mindful of this limitation of JJ arrays in the
superinductance regime, as it pertains to other intrinsically
noise-protected superconducting qubits [72].
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APPENDIX A: EXPANDED EXPERIMENTAL
DETAILS

1. Qubit details

Table I contains additional device parameters extracted
for each of the six qubits under test, such as the Hamil-
tonian parameters £;, E;, and E¢, obtained from fitting
two-tone spectroscopy data for the first three transitions of
each qubit to Eq. (3). Figure 7 contains the Ty, Ty, and
T,k data taken near ®.,; = ®o/2. All T, data for Ramsey
and echo dephasing are fitted to a Gaussian decay using a
functional form

[ () =e"?h e 0/Tp)? cos(wt + ). (A1)
In the fit, we use the measured 7 value to account for the
T contribution. Fitting the pure dephasing to a Gaussian
decay envelope is consistent within the bounds of 1/f flux
noise, as well as for the case of quasistatic noise with a
Gaussian distribution of the qubit-frequency fluctuations
discussed in the main text.

We emphasize that flux noise and CQPS are both
expected to independently result in the Gaussian dephas-

ing envelope oc e~®/T) Therefore, the net dephasing rate
is given by the quadrature sum of dephasing from these
two mechanisms, (M%)? = (rg,?"s)Z + (T p)?.

We suspect that the variation in 7' values around half-
flux is likely due to the presence of spurious two-level
system (TLS) modes that vary from qubit to qubit, consis-
tent with what is seen by many groups [53]. We note that
the shape of T,z measurements versus flux indicate that
the echo coherence times are limited by flux noise. More-
over, the enhancement in T, compared to 7, is consistent
with a noise PSD for CQPS dephasing that is constant at
low frequencies but rolls off at a frequency below the echo
filter function.

2. Data acquisition

For qubits with long 7 times or a significant excited-
state population at low qubit frequencies, adding an addi-
tional measurement pre-pulse before a pulse sequence and
comparing the pre- and post-measurement results (denoted
my and mj, respectively) can significantly increase readout
signal visibility and decrease the time between succes-
sive pulse sequences, i.e., to avoid waiting several T for
the qubit to return to thermal equilibrium. To that end,
where f;; < 1 GHz, the data have been acquired with
said pre- and post-measurement sequence, which results
in near-unity visibility, up to measurement error due to
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FIG. 7. Measurements of (a) 71, (b) Tyr, and (c) T, for all qubits near @y, = 0.5®. To increase readout visibility, the data have

been obtained with the pre- and post-measurement correlation scheme described in Appendix A. The increase in T,z compared to Typ

is most apparent for Q1-Q4, the qubits with the largest FSI?PS.

T events during each of the two measurements. The /-
and Q-quadrature voltages from each measurement are
binned into the either the |0) and |1) qubit states and then
compared to each other to obtain the ensemble-averaged
measurement correlation function, (m;m,). An example is
shown for 7, measurements in the lower panels of Fig. 9.
For fo1 > 1 GHz, the equilibrium excited-state popula-
tion is sufficiently small and the readout visibility is large
enough such that a single post-sequence measurement
results in an acceptable signal-to-noise ratio.

APPENDIX B: FLUX NOISE
We write the PSD for 1/f flux noise as

%@=4( (B1)

2w X 1Hz)
|l ’

where A¢ is the flux-noise amplitude. Away from the
flux sweet spots, the qubit is sensitive to first-order per-
turbations of the flux bias (dwg;/0Pext # 0). The decay
envelope of the off-diagonal term of the qubit density
matrix due to 1/f noise is expected to be Gaussian with
a dephasing rate given by

dwo1
8(Dext

rg::‘ AaE, (B2)

where & is a numerical factor characteristic of the filter
function of a particular measurement sequence [45,55].
The filter function governing the free-induction decay in a
Ramsey experiment diverges at low frequencies and there-
fore the Ramsey decay rate depends on the infrared cutoff
wir (set by the total duration of the Ramsey experiment),
with & =~ In(1/wyt) + 1, which is measurement specific.
However, for a Hahn-echo experiment, the filter function
converges independent of the measurement details and w;;
is effectively set by 1/T»g, with &g = In2.

1. Extracting the flux-noise amplitude

We perform measurements of 7,z over the entire range
of flux biases in order to extract the flux-noise amplitude
for each qubit. Away from the zero- and half-flux sweet
spots, the qubit is sensitive to first-order flux noise as given
by

ApvIn2.

o _
FwE—

0
‘ w1 (B3)

a cI)ext

In Fig. 8, we plot the measured echo dephasing rate I,
as a function of the qubit frequency and the expected
first-order flux-noise dephasing rate (solid line), given
a particular A and the qubit-specific dwy;/0Dext. The
extracted flux-noise amplitudes for the six qubits that we
have measured fall into a range of A¢ ~ 3-—-5udy/ VHz
(see Table I), in agreement with values reported in other
experiments [23,50,53].

2. Flux-noise contribution to Ramsey dephasing

We use a minimal model to fit the Ramsey-
dephasing rate shown in Fig. 3(b), which includes con-
tributions from CQPS and flux noise, 1/Tyr = 'yr =

\/ (I‘SI?PS)2 + (T gz)?. The CQPS dephasing is given by
Eqn. 12. The contribution from flux noise has the func-
tional form

dwo1
8<bext

Cyr = Ari

) (B4)

where Az = Ao~/Er ~ Ap/In(1/wi:t) + 1. Although the
T,g data provide an independent measure of A4, the IR
cutoff has not been held constant for all Ramsey measure-
ments, which results in variable Ag;. Instead of allowing
Ag) to be a free parameter for each fit, we have chosen
a proportionality constant Az; = 444+/In2. In the case in
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The measured values of 'y for all six qubits over the entire range of external flux biases, plotted at their corresponding

qubit frequencies fo;: (a) Q1; (b) Q2; (c) Q3; (d) Q4; (e) Q5; (f) Q6. The solid line is a fit to a dephasing model that only includes
first-order flux noise, with the corresponding value of A¢ listed for each qubit in the plot legend.

which 'y is dominated by first-order flux noise, the ratio
of I'yr/ T'ye & 4 is determined by the duration of the Ram-
sey experiment and is similar to values observed in other
works [52].

APPENDIX C: NOISE POWER SPECTRAL
DENSITY

1. Repeated Ramsey measurements

To extract the PSD of the qubit-frequency fluctuations,
we perform a series of repeated Ramsey measurements.
Each Ramsey sequence consists of 100 equally spaced
delay times between the two /2 pulses, 500 averages for
each delay, and a trigger period of 1 ms between succes-
sive measurements, for a total measurement time of 58 s
per point with data transfer overhead time included. This
protocol is repeated 1000 times to give approximately three
decades of sampled frequencies.

2. Q6 flux-noise amplitude from noise PSD

In Fig. 4(b), we show that the frequency fluctuations
for Q6 as extracted from repeated Ramsey measurements
follow a noise PSD of the form Sy (w) = 27 M /|w|. The

qubit-frequency fluctuations can be converted into a mea-
sure of flux noise by taking into account the qubit sensitiv-
ity to external flux,

dfor \’
Sy =S , Cl
(@) = 5o () 1
with a flux-noise amplitude given by A =

M /(dfy1/d®ex)?. The repeated Ramsey measurements
for Q6 in Fig. 4(b) have been performed at @y = 0.42Dy.
From the fit of Sy (w), we obtain Ag = 5.9;/,d>0/\/E,
similar to the value for this qubit from 7, measurements.

APPENDIX D: MODELING PARITY SWITCHING
IN THE JJA

For the noise simulations in Fig. 5, we consider ten
quasiparticles (charge 1e), with randomly initialized loca-
tions in the array at t = 0. This choice of quasiparticle
population in the array corresponds to a quasiparticle frac-
tion xgp = 4 x 1077, based on an estimate of the total
superconductor volume used in the JJ array of ~67 um? x
0.1 um = 6.7 pm® and a Cooper-pair density of ncp ~
4 % 10° wm™3 [73]. Within the simulation, we allow quasi-
particle tunneling with equal probability to the left or right,
such that if the charge parity changes on the jth island,
a corresponding change of opposite sign is implemented
on the adjacentj — 1 orj + 1 island. We enforce periodic
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(a),(b) Every tenth trace of 1000 repeated Ramsey measurements for (a) Q1 and (b) Q6. (c),(d) Data from an individual

Ramsey experiment for each qubit and corresponding fits with Gaussian decay envelopes for (c) Q1 and (d) Q6. (e),(f) Histograms
of frequency fluctuations for each qubit and the corresponding fit to a Gaussian distribution with zero mean: (e) Q1 is measured at
Doyt = Po/2, while (f) Q6 is measured at P = 0.42d to enhance the sensitivity to CQPS dephasing and flux-noise dephasing,

respectively.

boundary conditions, in order to keep the number of quasi-
particles in the array fixed. To cover a similar range of
frequencies probed in the repeated Ramsey measurements,
we calculate the number of quasiparticles on each island,
Ngpj (), in 500-ps steps for 10* s. Although, in princi-
ple, dng; can change in time, we find that a fixed offset is
sufficient to match the data measured from Q1 over the fre-
quency range of interest. The value of 7q, = 10 ms used in
the simulations for Fig. 5 is meant to be illustrative. More-
over, to avoid numerical artifacts arising from a particular
configuration of initial quasiparticle positions in the array,
we repeat the entire simulation process 10 times and take
the average of the noise PSD to generate the trace in Fig. 5.
From the repeated Ramsey measurements, Sy () is found
to be frequency independent below 10~2 Hz. Additionally,
from the increase of T,z compared to Tyr, one can infer
that the PSD is reduced near 1/, ~ 10* Hz. The choice
of 7g, = 10 ms places the roll-off frequency for the noise
spectrum between these reference points and is consistent

with the measured data. These simulations leave open the
possibility of future studies to probe the noise spectrum
at higher frequencies, as well as to investigate intentional
changes to the array junctions to modify zyp.

APPENDIX E: STRUCTURE FACTOR

We plot the flux dependence of the structure factor Fy,
[Eq. (8)] for all qubits in Fig. 10. A larger Fy; value makes
the qubit more susceptible to CQPS dephasing, as seen
here around half-flux.

APPENDIX F: FLUXON-TRANSITION
BROADENING DUE TO COHERENT QUANTUM
PHASE SLIPS

1. Phase-slip representation and perturbation theory

In this appendix, we present a self-contained theory
to derive the broadening of the fluxon transition due to

030341-14



DEPHASING IN FLUXONIUM QUBITS. ..

PRX QUANTUM 5, 030341 (2024)

1.0
08}
06}

<
0.4

02}

OO I 1 1 1 1 L L L 1 1 1 1 1 1 1 1 1 1 L L
0.0 0.1 0.2 0.3 0.4 0.5

<Dext/ (DO

FIG. 10. The structure factor versus the flux for all qubits,
using values reported in Table 1.

coherent quantum phase slips. More precisely, we use
Bloch theory to arrive at the fluxonium Hamiltonian in a
representation that reveals the phase-slip rate due to the
high-impedance small junction first, and then propose an
extension of this model to include phase slips in the junc-
tion array. We then use the full-circuit Hamiltonian to
calculate a correction to the fluxon-transition frequency
due to the combined effect of charge fluctuations and a
“slippery” superinductance, which can then be used to
compute an effective pure-dephasing rate associated with
this noise channel.

We begin with the fluxonium Hamiltonian [Eq. (3)],
which we rewrite here, for simplicity,

A ~ 2 ~ EL A 2
H =4Ec(n —ng)” — Ejcos @ + 7(<p + @ext)”. (F1)

Note that we account for the offset-charge bias 7., which
is typically excluded in the literature. This omission is
in most cases justified, as a time-independent n, can be
removed from the Hamiltonian by a gauge transforma-
tion [36]. However, we show below that preserving the
parametric n, dependence of Eq. (F1) throughout a few
theoretical steps leads to a form of the fluxonium Hamilto-
nian that highlights the impact of charge noise, which we
focus on in this work.

A Bloch basis has been used before to study the £;, — 0
limit of the fluxonium circuit [36]. Our derivation largely
follows the pioneering work of Koch et al. but it differs
from it in the treatment of n,. It will become clear below
that this seemingly small change is crucial for the purposes
of our work.

We split the fluxonium Hamiltonian into two terms, with
one of them being the 27 -periodic portion

I:Ip = 4Ec(i — ng)* — E; cos . (F2)

While this Hamiltonian looks identical to that of charge (or
transmon) qubit, no 2m-periodic boundary conditions are
imposed to the eigenstates of Eq. (F2). This is because the
fluxonium degree of freedom ¢ € (—o0,00) is noncom-
pact and the cosine-potential minima located at 27/ with
| € Z are distinguishable. According to Bloch’s theorem,
the qu eigenstates are quasiperiodic and have the general
form

Uh(p) = e ul (9), (F3)

where the u’g(gb) are 2w -periodic functions of the phase,
ke[—1/2,1/2) is a continuous quantum number analo-
gous to the “crystal momentum” in solid-state systems, and
b is an integer-valued quantum number that represents the
band index. The Bloch eigenstates satisfy the orthogonal-
ity relation (Y} |1//1’)‘,/ ) = 8pp8(k — k), with the first § being
of the Kronecker variety and the second denoting a Dirac
delta function in the & basis.

The 2r7-periodic part of the eigenstates in Eq. (F3)
is determined by the eigenvalue equation A, |1/fb)
hwab) which can be rewritten as

[4Ec(i + k — ng)* — Ey cos ¢] up) = hajluy),  (F4)

where u]g(qb) = (¢|ulg). Note that Eq. (F4) is subject to
27 -periodic boundary conditions u’[j () = u’g (¢ + 2m); in
other words, the |uf) are the eigenstates of a charge
qubit, with E¢ and E; denoting the single-electron charg-
ing and Josephson energies, respectively, and effective
offset-charge bias ny — k.

In this new basis, Eq. (F2) takes the diagonal form:

H, = / Reof | (W | dk. (F5)
b0

For any nonzero value of £}, the quadratic potential asso-
ciated with the inductance breaks the 27 periodicity of the
Josephson potential. As a consequence, the Bloch-basis
indices k and b are no longer good quantum numbers.
Regardless, the Bloch basis remains useful to analyze the
fluxonium Hamiltonian, provided the representation of the
phase operator is transformed as follows [36]:

¢ — iop + 2. (F6)

The first term in Eq. (F6), id;, couples Bloch eigenstates
with different crystal momenta, generating a translation
in k-space within a single Bloch band. In addition, Q
is a k-independent interband potential that couples Bloch
states belonging to different bands (b # &'). With these
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definitions, the fluxonium Hamiltonian takes the form

A= 2/ R V) 1k + 2 (i + @ + )

b>0
(F7)

where & (b) must now be regarded as a compact (integer-
valued) degree of freedom k — k b— lAa). Note that b is
analogous to a photon number—an interpretation that will
become clearer below.

To further simplify our analysis, we rewrite Eq. (F7) in
the basis where the conjugate charge m associated with kis
a diagonal operator, i.e., it = ), ., m|m)(m|. This change
of basis is implemented by a Fourier unitary 0ps, under
which Eq. (F5) transforms as

a, —>Z|:ha)

b>0

Xfmfhamnw+H&}MwL

>0
(F8)

Here, ha, is the average energy of the bth Bloch band,
€ps (D, 1) is the Ith phase-slip energy associated with band b,
and |b)(b| is a band projector. [The meaning of the name
given to €y5(b, /) and its functional form in terms of the
fluxonium parameters are discussed below.] To write down
the general Fourier decomposition in Eq. (FS8), we use the
fact that the eigenvalues hw’g are 1-periodic functions of
k — ng. [Such a periodicity is a well-known property of the
charge-qubit eigenenergies, and can be shown in two steps:
(i) implement the translation k — n, — k —ny = 1 in the
eigenvalue problem given in Eq. (F4), and (ii) displace
the charge operator as # — 7 F 1, returning the eigenvalue
equation to its original form.] The phase operator in Eq.
(F6) transforms as

¢ — =27+ Qps, (F9)
with st = Z,SSAZ Ups, leading to
. E 2
fr="" <(pext—27rm+9ps>
éps(0,) _p ol (~ 4
B ik b)(b| + h.c., (F10
+) D e G ) b (bl + hie., (F10)

b>0 >0

where we have introduced the phase-slip operators m* =
27k with m*|m) = |m £ 1), and omitted a constant-
energy term. The qualifier “phase-slip” is motivated by
Eq. (F9): a displacement m — m + [ with [ € Z leads to
a shift of the fluxonium phase by 27/ units (disregarding
the effect of the interband potential). The Hamiltonian in
Eq. (F10) has a simple interpretation: in fluxonium, the

persistent current or “fluxon” states |m), which are eigen-
states of the inductive or “loop” Hamiltonian, are coupled
by the phase-slip potential that describes the effect of the
JJ. In other words, the JJ behaves as a tunneling element
for fluxons in and out of the fluxonium loop.

We use this qualitative picture to propose a generaliza-
tion of Eq. (F10) that can account for the internal degrees
of freedom of the superinductance implemented by a junc-
tion array. In this scenario, the jth JJ of the array, with
J € [1,N], contributes with (i) a b;-band fluxon-tunneling
amplitude €, (b;, e 272! /2, Wthh depends on the
array-junction parameters Ec; and E;; and an associated
charge parameter 7, ;, and (ii) an independent contribution

to the interband potential st ;- Here,j = 0 corresponds to
the fluxonium high-impedance JJ with parameters £¢ and
E; and an offset charge across the junction ny =ng =
ng0, referenced to ground as depicted in Fig. 1(b). The
physical offset charges associated with each superconduct-
ing island in the circuit factor into the accumulated phase
of the fluxon-tunneling amplitude. The effective charge
parameters that enter into the Hamiltonian depend on the
(inverted) full capacitance matrix, thereby making n,;
nonlocal with respect to ng ; (for details, see Ref. [31]). The
generalization of the Bloch-basis treatment for fluxonium
that we present here ultimately leads to a Hamiltonian that

is consistent with defining n,; = Zk o Mg k- In the main
text, we motivate how this geometric phase arises from
the Aharonov-Casher effect and depends on the cumula-
tive charge between the small junction and the j th junction
in the array.

This analysis leads us to the effective microscopic flux-
onium Hamiltonian

N
. E; . .
Hmicro ~ 7 Dext — 2wm + Z st,j
Jj=0

N
i Z Z Z Gps([;]nl) efi2nng:,-l(fh+)l|bj)<bj|
(F11)

where [b;)(b;| is a diagonal band operator involving the
new band-occupation index b;. This microscopic model
assumes that the effective inductive energy that each junc-
tion in fluxonium is subject to—due to the combined
effects of all other junctions in the circuit—is the same
for all junctions. This approximation is justified in the
fluxonium limit, where the number of junctions is large
and the contribution of an individual junction to the array
inductance is small compared to the total value.

Equation (F11) largely increases the dimensionality of
our fluxonium model to a point at which further analytical
treatment would be impractical. Thus, to make analytical
progress, we introduce two more approximations. First,
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we assume that the interband potential associated with the
jth array junction does not contribute to the low-energy
physics of fluxonium. This approximation is justified by
noting that [36]

1
—’
Cl)k k

()
0; by

(b €205, 10;) o (F12)

where |0;)(b;| is an interband jump operator, and ha)',j,
are the eigenvalues in Eq. (F4) but associated with the
jth array junction, ie., (Ec,E;,ng) — (Ecj,Ejj,Ng;j).
Assuming that the plasma frequency ,/8Ec,;E;; of the
array junctions is large, the interband potential associ-
ated with the array junctions contributes negligibly to
the low-energy physics of the qubit. In other words, this
approximation amounts to a partial-trace operation that
sets |b;){(b;| — 0 forj > 1, and |bg)({bg| — 1, recovering
a low-dimensional fluxonium Hamiltonian that involves
the original degrees of freedom (72, b). The second approx-
imation concerns the ratio E;;/Ec;, which determines
the zero-point phase fluctuations across the array junc-
tions, that we assume to be small compared to 27 (or
E;j/Ec; > 1). We show in Sec. F 2 that this also implies

|€ps,/(bja1)| > |€ps,/'(bj:l> DI, (F13)
or [epsj (bj=1,/ > 1)| ~ 0 forj > 1. With these approxima-
tions, our fluxonium model reduces to

~ Er R N 2
Huicro = ? <¢ext —2mm+ Q)
6ps(b, D ) I
——— e “e0'H c., F14
P e

where we have simplified the notation as €p(0;, 1) — €
and set |0;)(0;| — 1 to simplify the notation.

The first two lines in Eq. (F14) correspond to the fluxo-
nium model in Eq. (F10) and can be put in diagonal form
in terms of its eigenstates |y,) and respective eigenener-
gies €,. In practice, the offset charges ng; are subject to
low-frequency fluctuations, broadening the qubit energy
transition and leading to an effective pure-dephasing rate.
To calculate such a rate, we require an estimation of the
energy shifts de, for o € [0,1] due to the perturbation
(third line) in Eq. (F14). To first order in the phase-slip
amplitudes €, the corrections to the eigenenergies are

N
€psj
Sea =Y Lo i (Y [t |Ye) + e (FIS
€ ,>12€ (Valm™|¥a) + (F15)

The matrix elements (Y, |m™|,) can be computed in an
exact way by diagonalizing the fluxonium Hamiltonian in
the fluxon basis [Eq. (F10)], where the operators m* are

S Phase-slip number, |
W -1 .
= 107" 1 1 (analytical)
= 1:(numerical)  3+(numerical)
£ 1073 4
N
g 10—5 4
©
2
B o
by 10 7
(%]
©
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* 107° ; ; ; ; ; ; ; ;
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Parameter regime, E; ;/Ec,;
FIG. 11. The junction-array phase-slip energies. The phase-

slip amplitudes (in units of the charging energy Ec;) extracted
from a Fourier-series decomposition of the ground-state energy,
hwlgj , as a function of the ratio E;;/Ec;. The dashed line
shows the analytical value predicted by Eq. (F18). Note that
€ps,j (bj, 1) > €4 (b, 1 > 1) for typical E;; /Ec; ratios, justify-
ing the single-phase-slip approximation for the array junctions.

well defined. However, numerically defining the fluxonium
Hamiltonian in this basis is not as straightforward as in
other bases (such as the phase or Fock basis) and not a
choice of preference in the literature. Thus, approximat-
ing Eq. (5) using an alternative description of fluxonium is
useful. Neglecting the interband potential, we can write

(Yol [Wa) & (Yo le™ 2™ |y,), (F16)

which links the matrix element of the phase-slip opera-
tor with that of a displacement operator in phase space.
Subtracting the ground- and first-excited state corrections
in Eq. (F15), we arrive at Eq. (10), previously stated in
Ref. [28]. This completes our derivation of the perturba-
tive effects of coherent quantum phase slips on the fluxon
(qubit) transition of fluxonium.

2. Single and correlated phase-slip amplitudes
The phase-slip energies are determined by Fourier trans-
forming the eigenvalues of Eq. (F4) (solved for the array
junctions) as a function of the “bias” k. In the transmon
regime (E;; > Ec;), itis well known that the ground-state
energy can be approximated by [21]

ha, ~ —eo; cos[2m (k — ng,)], (F17)

where
Lo
€0 =42/ \/BEC;E;;(2Ec; JEs;) V*exp Vi .
(F18)
This analytical estimate is shown in Fig. 11 alongside

higher-order Fourier components for the b; =0 band
potential. Equation (F18) is a very good approximation
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for most junction parameters, improving in the transmon
regime. We also note that the amplitudes of the correlated
phase slips / > 1 are much smaller than that of single-
phase slips, justifying the approximation introduced in
Eq. (F13).
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