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Fluxonium: single Cooper pair circuit free of charge
offsets
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The promise of single Cooper pair quantum circuits based onunnel junctions
for metrology and quantum information applications is seveely limited by the
influence of “offset” charges — random, slowly drifting microscopic charges
inherent to many solid-state systems. By shunting a small jaction with the
Josephson kinetic inductance of a series array of large capédance tunnel
junctions, thereby ensuring that all superconducting islaads are connected to
the circuit by at least one large junction, we have realized aew superconduct-
ing artificial atom which is totally insensitive to offset charges. Yet, its energy
levels manifest the anharmonic structure associated withisgle Cooper pair
effects, a useful component for solid state quantum computen.

Electric charge can be manipulated at the level of a singhkegehquantum() in two types
of superconducting circuits with different topologies.€eTiminimal example of the first type of
circuit is the Cooper pair box, which consists of an isolatigolerconducting electrode (“island”)
connected to a superconducting reservoir on one side by & &mael junction, and on the
other side by a gate capacitance in series with a voltagesoiihe dynamics of the island is
described by two variables: the integer number of Coopespaicupying the island and its
conjugate, th@r-cyclic superconducting phase difference between thadséad the reservoir.
The junction area must be chosen sufficiently small suchttieelectrostatic energy of the
island due to an extra Cooper pair is larger than the Josepdsergy of its coupling to the
reservoir, thus confining fluctuations of the number of Coqpeirs below unity. Stated in
electrical engineering language, one neggs> Rg, where the junction reactive impedance
Z; = (L;/C;)"? is defined by the Josephson characteristic inductdncand capacitance
C; (2), and where the superconducting impedance quantum is Qivé, = 1/(2¢)? ~ 1 kQ,
denoting Planck’s constahtand the charge quantum The second type of circuit is based on
a superconducting loop connecting the two electrodes ofall $amction with an inductance
which exceedd.;. The circuit conjugate variables are now the magnetic fltnegated by the
persistent current in the loop and the displacement changbeplates of the small junction
capacitance. Wheff; 2> R, the large loop inductance is submitted to quantum fluabuaati
of flux larger than the flux quantusk, = 27h/2¢, and therefore according to Heisenberg
principle, the junction charge fluctuations are reducedwéehe valuee.

In practice, the realization of both circuit types facesdamental difficulties. Islands are
exposed to random electric fields due to fluctuating chargegalirities which are ubiquitous
in most solid-state environments and whose compoundedt eéffelescribed by a noisy offset
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charge. Although the fully developed charging effects wagmonstrated for the Cooper pair
box (3,4), it soon became clear that the low-frequency offset chaaige was a major source of
decoherence for charge qubits derived from this devie@)( This state of affairs has prompted
the development of alternative superconducting qubitedas large junctions witll; < Ry,
avoiding the single Cooper pair regime and the related ehaffget problem&-10. On the
other hand, implementing the island-free circuit, whichmsnune to charge offset noise, is an-
other hard problem. This is because any finite-length with wiductancd. always comes with
self-capacitancé€’ which reduces the total charging energy of the circuit ardetore steers
it away from the charging regime, unlegs/C)'/? > Rg. In fact, a purely electromagnetic
inductance is incompatible with the single Cooper pairafeince(L/C)"/? is then bounded
by the vacuum impedandg/so)'/? ~ 377 Q < R, po andes, being vacuum permeability
and permittivity (L1,12.

In this paper, we present experimental results on a novglesfdooper pair circuit based on
a superconducting loop, which solves both the inductandetenoffset charge noise problems.

The small junction of our circuit is shunted by a series awégarefully chosen larger
area tunnel junctions (Fig 1A-C). Here, all islands are emted to the rest of the circuit by
at least one large junction so that quasistatic offset @saan all islands are screened. The
large capacitances of the array junctions prevent phgsewithin the array, and for excitations
whose frequencies are below the junction plasma frequéheyarray effectively behaves as
an inductive wire. By choosing a sufficiently large numberaofiy junctions it is possible to
create an inductance exceeding that of the small junctiblovAenergies, the loop is effectively
described by the loop flu® and the small junction chargg, satisfying[®, Q] = if.

To form a charge offset-free inductively shunted junctimuyr conditions involving the ef-
fective inductancé ;, and capacitanc€’; , of the N array junctions are required: (N' L4 >
Ly, (i) e 8Ba/Zia < ¢ < 1, (iii) Ne8Ba/Zra <« e=8Fa/Zs and (V)N < (Cya/C,)Y2 In
the first relation (i), we simply estimate the total arrayunthnce to bé\V' L ;4 and require that
it exceeds the small junction inductance, allowing it to mung the large flux fluctuations of
the loop. The second relation (i), whefg 4, = (Lj;4/Cy4)"/? is the array junction reactive
impedance, dictates the minimum size of the array junctimtessary to reducéJ) the un-
controlled offset charge on the islands of the circuit betbe desired value of the order of
2e x e. The third relation (iii) ensures that the inductive roletloé array is not jeopardized by
guantum phase slip44). Specifically, the probability amplitude of a phase sligm®vwithin
the array (I.h.s.) must be negligible compared to that irsthall junction (r.h.s.). According to
relation (iii) a fluxon tunnels in and out of the loop predoanitly via the small junction, thus
effectively erasing the discrete character of the arragtlizarelation (iv) states that the induc-
tance of the array is not shunted by the parasitic capa@saiicof array islands to ground. It
is obtained by estimating the array parasitic resonanciénecy to be(L ;4N x C,N)~Y2,
and requiring that it is larger than the junction plasmadietgy(L;4C;4) /2. Remarkably, it
is the relation (iv) which, with present junction technofpgiost severely limits the maximum
number of junction in the array and, thus, its maximum indoce.

We have implemented the above array proposal and conddractew superconducting arti-
ficial atom which we have nicknamed “fluxonium”. It contaiks= 43 Al-AlOx-Al Josephson
junctions (5) such thatZ;4 ~ 0.5k and a small junction witl¥; ~ 1.5R, (16). The above
four conditions being realized, the fluxonium can be mode(leig. 1D) as a small junction
shunted by an inductanck, (17). The three characteristic energies of this model, namely
Ep = (99/27)?/La, E; = (®y/27)?/L; and Ec = ¢/ (2C;) have values corresponding to
0.52 GHz, 9.0 GHz and2.5 GHz, respectively. The additiondlzCr resonator, capacitively
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Figure 1: (A) Sketch of a small Josephson junction shunteahgrray of larger area junctions.
The two superconducting leads of the small junction are lemlgapacitively to a quarter-wave
microwave resonator, a “parallel wire” transmission lineided on the opposite end. The
resonator itself is probed capacitively and symmetricaliytwo 50 2 microwave ports, result-
ing in a loaded quality factor of00. The whole device is made with a single step standard
Al/AlIOx/Al double angle evaporation through an e-beamdghaphy mask on a high resistivity
Si substrate. (B) Close-up view of the small junction reg&imowing top and bottom junction
electrodes (grey) and their thin oxide layer (green). Ajuagtions are about one order of mag-
nitude larger in area and spaced as tight as e-beam lithlmgragolution allows, minimizing
microwave parasitics. (C) Electrical circuit representabf the loop formed by the small junc-
tion (black), with Josephson inductantg and capacitanc€';, shunted by the array of larger
junctions (purple), with the corresponding inductahgg and capacitanc€; 4. Islands formed
between the array junctions have small capacitance to groyn(D) Simplified circuit model
of the fluxonium, consisting of three sections: i) circuitie@lent to a Cooper pair box, where
the small junction with capacitanc¢g; and non-linear Josephson inductariges capacitively,
with capacitance’., coupled to the probe (solid black), such tiigt/C;)'/? > h/(2¢)? ; ii)
giant inductancd., > L; provided by the junction array (purple); iii) a parallel cbhimation
of Cr and Ly such that(Lg/Cr)"/? ~ 500 < h/(2¢)? which is the circuit model for dis-
tributed transmission line resonator (grey). (E) Potésgan by the reduced fluxand energy
spectrum of the circuit (D) for two values of external fllrg;. At &, = 0, energy levels pos-
sess well-defined parity as indicated with ‘+" and ‘-’ sigrexhto level numbers. Note that, in
contrast with the RF-SQUID or flux qubit, there is on averagly one level per local minima.
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Figure 2: Modulation of the reflecte®l18 GHz microwave signal with externally applied flux
d.. The signal is clearly flux-periodic indicating that the ¢tion ring is closed and super-
conducting. The values @b, at which the signal undergoes full swings correspond to the
anticrossings of the — 1 transition frequency of the device with the resonator bexguency,
later inferred to be&.1755 GHz. The measurement tone populates the resonator with less tha
0.01 photon on average.

connected to the small junction (Fig. 1D), reads out therfeiim a manner analogous to the dis-
persive measurement of CQED qubitS), It is implemented by a quarter-wave superconduct-
ing coupled microstrip resonator (Fig. 1A) with quality fac400 due to capacitive coupling to
the two50 2 measurement ports. The resonator frequengy- (LrCr)~'/? ~ 27 x8.17 GHz
is pulled by the reactance of the fluxonium circuit and is rtareid by standard ultra low noise
microwave reflection technique. The fluxonium reactancesddp on its quantum state, an
effect leading to a purely dispersive state measureni)t (An externally imposed, static
magnetic flux®.,; threading the loo,-periodically modulates the spacings of energy levels
of our artificial atom.

Introducing the operatord’ = (/2¢ and$ = 2ed/h, describing the reduced charge on
the junction capacitance and its conjugate reduced fluxabpe(l), the Hamiltonian of the
fluxonium coupled to its readout resonator can be written as

~ « 1 ~
H =4EcN? + §EL¢2 — Ejcos (¢ — 2mPe /®g) + gN (@ + ') + hwra'a (1)

Herea is the photon annihilation operator for the resonagas the atom-resonator coupling
constant. The second term and the range of definitioh afid V, whose eigenvalues are here
both on the entire real axis, distinguishes the form of Haomian (1) from that of the Cooper
pair box in cQED experimentd8). There are three important points to note concerning this
Hamiltonian @): i) it is invariant under the transformatioN — N + Noget (Nogset Stands
for offset charge value) hence the “charge-free” charawteur device; ii) it differs from that
of the transmonX3) since offset charge influence is screened for all statetsjuso for the
low-lying states; iii) its second term, despite the fact thg is the smallest of the fluxonium
energies, has a non-perturbative influence on the full gngpgctrum of this artificial atom,
which presents strongly anharmonic transitiod$) (Fig. 1E). Our experiment probes these
transitions by microwave spectroscopy, from which we itifersize of charge fluctuations.

To characterize the fluxonium, we first measure the grourid staonator pull as a function
of ®.;. The results (Fig. 2) show the expecteg- periodicity as well as the avoided crossings
of the resonator frequency and the ground to excited stateitrons. This confirms that the
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Figure 3: Phase (colored circles) of reflected readout tare fanction of spectroscopy tone
frequency taken ab.; = 0.05®,. Data for the first three resonances (further identified as
transitions from the ground state to state® and3) is shown from left to right in red, orange
and green respectively. Resonances are well-fitted by tzieers (solid black lines) for a broad
range of spectroscopy powers. Insets on the two sides ofreaohance show the dependence
of the resonant peak height (left) and width squared (righthe spectroscopy tone power. Data
in all insets follow the predictions (solid black lines) ofdBh equations describing relaxation
dynamics for a spin /2 and indicate that all transitions involve one photon.

entire44 junction loop is superconducting and that the resonatmmatystem is in the strong
coupling regime of cavity QED2Q).

Next, we perform a two-tone spectroscopy measuren23eg a fixed flux®.,, = 0.05P,
during which, in addition to the fixed frequency readout tome probe the transition frequen-
cies of the atom through a second, variable frequency spsatipy tone. The resulting peaks
(Fig. 3), correspond to the later-determirted 1, 0 — 2, and0 — 3 transitions from the atom
ground state. The peaks are well-fitted by Lorentzians aeu gower-dependent widths and
heights are well-explained by the Bloch equations of preogsspinl /2 (24) as shown in the
insets of (Fig. 3). Extrapolating fitted linewidths to zepestroscopy power, we obtain lower
bound estimates of their decoherence tim&sat 250 and80 ns respectively.

Our main result is the spectroscopic data collected as difumof both spectroscopy fre-
quency and flux (Fig. 4A). Note thdt,,; variations sparR0% of ¢, around®,,; = 0 instead
of the usuall% or less around, /2 in flux qubit experiments9). In (Fig. 4B) we compare the
measured peak center frequencies with the prediction ®@b th 1, 0 — 2, 0 — 3 and the two-
photon0 — 4 transitions obtained from numerical diagonalization oftlgonian (Eq. 2). Note
that we are in effect fitting more than three flux dependenttions, i.e. the flux dependent
transition frequencies, with only three a priori unknoweegiesE, E;, andE; so the problem
is severely overconstrained. The fit of the line (Fig. 4B)lad SR (for array self-resonance)
requires a minor extension of the model taking into accoamagitic capacitances across the
array (L5). Apart from introducing another resonator mode coupletthéoatom, this extension
by no means invalidates the inductive character of the patdgast as far as tlte— 1 and0 — 2
transition of the fluxonium are concerned. Even the pertioshaf the0 — 3 and0 — 4 transition
frequencies by this extra mode is less thé&h

Based on the excellent agreement between theory and exqerime infer the wavefunc-
tions of the first three energy levels, and plot their amgisiboth in charge (Fig. 4C) and flux
(Fig. 4D) representations fob.,, = 0. In the ground state, we find that the ratio of charge
to flux fluctuations iSAN/Ap = 0.56, about5 times smaller than the fine structure constant
allows for a conventional resonator. This confirms that tharge in our circuit is indeed lo-
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Figure 4: (A) Phase of reflected readout tone as a functiohegpectroscopy tone frequency
and external flux. The color scale encodes the value of paasecorresponding to the mauve
background, blue to positive values (peaks) and red to vegealues (dips). The grey re-
gion shows the reflected phase of a single tone, swept clogeteesonator bare frequency
exhibiting a50 MHz vacuum Rabi splitting of the resonator with the fluxoniunmgidon0 — 1.
The inset in (A) zooms in the central region of the- 2 transition and confirms that it is in-
deed symmetry-forbidden at.., = 0. (B) Measured peak frequencies (blue circles) fitted
by numerically computed spectrum of Hamiltonian (2) (sokd lines) and its modification
(see supplementary online text) to explain the additio@aldition labeled “SR” (dashed black
lines). (C) Amplitude of fluxonium wave functions for levelgblack), 1 (red) and2 (orange)
computed in charge representation at zero flux bias, ushegitiparameters extracted from
the fits. (D) Same as in (C) but in flux representation. The fepresentation wave func-
tions demonstrate that the reduced flux is delocalized cosdp@ the size of the Josephson
well while charge wave functions confirm that the localiaatof charge on the junction is less
than a single Cooper pair charge. Note that in this cirché,junction charge is a continuous
variable, in contrast to the Cooper pair box, and flux swirfgeare thar2 are allowed.



calized at the single Cooper pair levdA{V = 0.53, Ap = 0.95). The wavefunctions in flux
representation (Fig. 4D) can be interpreted as simple pop#ions of states in which the re-
duced fluxy is localized in the wells of the Josephson cosine poteritiadgn states, hence the
name fluxonium). The parity of fluxonium states, which fosbide0 — 2 transition at zero ex-
ternal flux, manifests itself explicitly by a remarkable f&bin the corresponding spectroscopic
line (Fig. 4A, inset). The allowed transition between thessal and third level (data not shown)
is particularly spectacular since it corresponds to matibtme total flux in the fluxonium loop
by two whole flux quanta. This is to be contrasted with 1h& of flux quantum or less flux
motion involved in transitions of the flux and phase quiBt®). Nevertheless, despite the large
flux fluctuations of the system and the corresponding chairg@ny, the circuit has complete
immunity to offset charge variations: the data of (Fig. 4A%lbeen taken piecemealithours
and no jumps or drifts have been observed during this period.

We have thus demonstrated that an array of Josephson jusetith appropriately chosen
parameters can perform two functions simultaneously:tstiosuit the offset charge variations
of a small junction and protect the strong non-linearitytefliosephson inductance from quan-
tum fluctuations. The data shows that the array possessesrawaie inductancé0? times
larger than the geometric inductance of a wire of the s2fnen length. The reactance of such
inductor is abou8 R, ~ 20 k2 at 10 GHz while its resistance is less tharf2. The spectrum
of the fluxonium qubit suggests it is as anharmonic as the flbitdput as insensitive to flux
variations as the transmon qubit. Possible applicatiotisi®tingle Cooper pair charging effect
immune to charge noise include the observation of fully tigyed macroscopic quantum coher-
ent oscillations between fluxon stat@8), the search for aA” or “ V” transition configurations
for the shelving of quantum informatio2€) in superconducting artificial atoms, topological
protection of superconducting qubit7j, and finally the long-sought quantum metrology of
electrical current via Bloch oscillation2§, 29.
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Supporting Material

1 Materials and Methods

Sample fabricationThe device is made on a high-resistivity Si substrade, .m thick. Both
Josephson junctions and the readout resonator are fagtigata single step using e-beam
lithography, double angle Al e-beam evaporation and lifttechniques. The Al evaporation
and oxidation is conducted in an e-gun evaporator at pressess than0—> Pa, AlOx grown

in the environment 0680 Pa of 15% oxigen-in-argon mixture during0 minutes. The areas
of the small junction and array junctions are designed t6.De< 0.3 ym? and0.25 x 2 um?,
respectively. All43 array junctions are equally spaced at less tk@hnm so that total length
of the array is onl\20 um. The loop area of the array-small junction ringdisc 20 pm?.

Sample mouniThe Si chip is glued using GE varnish to the copper base ohaduatlosing,
custom-made microwave sample holder, shielding the safrgie both residual RF, infrared
and optical photons. The holder provides two well-matchadditions from the Anritsu K-
connectors on the outside of the holder to the two micrositigs made on a PCB inside the
holder. The resonator’s on-chip launching pads, scheaibtimdicated as two sections of a
coaxial cable and marked0 2" in (Fig. 1A), are then wirebonded to the ends of the two
microstip lines.

Cryogenic setupThe experiment is performed in a dilution refrigerator withse temper-
aturel10 — 20 mK. Both resonator and the qubit are differentially excitea e A-port of a
180° hybrid (Krytar,2 — 18 GHz), whose two outputs are connected to the two ports of the
sample holder. Incoming and outgoing signals are sepavéthd directional coupler (Krytar,

2 — 20 GHz). The incoming signal line is attenuated usirigand20 dB microwave attenuators
(XMA) at all temperature stages of the refrigerator, to reenon-equilibrium noise. The out-
put line is amplified at the K stage with a low-noise HEMT amplifier (Caltech;- 12 GHz,

30 dB gain). Two cryogenic isolators (Pamteeh;- 12 GHz, 15 dB) are placed between the
amplifier and the sample, at tl#0 mK stage and at the base stage, again to remove non-
equilibrium noise, especially that coming from the amptifiS§tainless steel SMA cables are
used to connect between the different temperature stagksomponents are thermally an-
chored to the proper refrigerator stages~A cm diameter custom made superconducting coil
is glued to the sample holder, a femmn away from the chip, to provide perpendicular magnetic
flux bias. The sample holder together with the coil is placed & Cryoperm cylinder to shield

it from stray quasistatic magnetic fields.

Room temperature measurement sefidpe readout resonator is excited with Agilent E8257D
signal generator, the spectroscopy signal is generated Agjilent E8267D vector signal gen-
erator and Tektronix 520 AWG. Both signals are combined abréemperature and sent into
the inputline of the refrigerator. The reflected® GHz readout signal from the refrigerator out-
put line is amplified at room temperature with two Miteq arfipis (1 — 12 GHz, 30 dB gain),
mixed down with a local oscillator (a third Agilent E8257) &n IF signal of0 — 50 MHz,
filtered and amplified with the IF amplifier (SRS SR445A), amdly digitized usingl GS/s
Agilent Acqiris digitizer. A software procedure then exdisithe phase and the amplitude of the
digitized wave. The experiment is typically repeatéd times to average the Gaussian noise to
an acceptable level. Because the duration of each expdrimaboutl0 microseconds, every
averaged data point is taken in a fraction of a second. Alfomiave test equipment is phase
locked using a Rb precisioi) MHz reference (SRS FS725). The magnetic coil is biased in
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Figure 5: Models for the fluxionium device. (A) Inductivelpunted junction model. (B)
Extended fluxionium model, including the capacitive conglto the mode of a transmission-
line resonator, and parasitic capacitances across thg aNambers in cyan enumerate the
nodes of the circuits.

series with a resistor with Yokogawa 7751 voltage source.

Comments on the datdhe data in (Fig. 2) shows the digitized homodyne (zero I1§hal
as a function of magnetic field, with the spectroscopy gedonetarned off. The data in (Fig.
3) shows the phase of the digitized heterodysteNIHz IF) signal, as a function of frequency
of the spectroscopy generator. The data in (Fig. 4A) is takdhe pulsed regime, when the
spectroscopy generator outputs as saturating pulse followed immediately by thes readout
pulse. This way we ensure that the sample is exposed to oalipoe at a time, avoiding various
spurious effects. The image presented in (Fig. 4A) contaifis< 4597 data points.

2 Supplementary Text

In our analysis of the fluxonium device, we use two simple nwddnose corresponding cir-
cuits are depicted in Figufeé 5: (A) the inductively shuntedction model, (B) the extended
fluxonium model, describing the fluxonium coupled to a traission-line resonator.

Inductively shunted junction modelThe simplest model of the fluxonium device is the
inductively shunted junction model, see Hi@). 5(A). It netgeparasitic capacitances across the
fluxonium’s Josephson junction array, and assumes thattelinal degrees of freedom of the
array are frozen out. In this limit, the fluxonium consistsadgdingle Josephson junction with
capacitancé€’; and Josephson ener@y;, shunted by a large inductante Quantization of this
circuit (1) is straightforward and leads to the Hamiltonian

. 1 Pex
HO:4E0N2+§EL@2—EJCOS<@—27T(I)t), (2)
0

where the charge on the junction capacitanééin units of 2¢) and the reduced fluy are
canonically conjugate variables;, N] = 4. Structurally, this Hamiltonian is identical to the
Hamiltonian describing one-junction flux qubits, and fluaded phase qubits. However, the
regime of large inductances relevant for the fluxioniumedgffrom typical parameters in flux
and phase qubits, and has been discussed in Ref. (

Extended fluxonium modeFor a more complete modelling of the spectra obtained in the
experiment, we take into account the coupling of the fluxondevice to a transmission-line
resonator. In addition to this resonant mode, the expetiahelata shows another resonance
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coupling to the fluxonium device. Such additional resonarare expected when accounting

for the parasitic capacitances of the Josephson juncti@y.aThe simplest effective model

accurately describing the experimental data includes feyof these capacitances, and ap-

proximates the array by a combination of inductances andatmces as shown in F[g. 5(B).
The Lagrangian describing this circuit can be written infthren

L= %Cb?» - %(Cb?» — Pex)? + By cos (27@3) +C', — 92 2 904 21%1;, i 3)

+%¢3904 + Clys,

WhereC} = Cc/2 +~CJ —0—201)\% +Cg)\§, A = LZ/L, C' = 9(01 +202))\%)\%, L = L/(9)\1)\2),
Cr=Cr+ C./2,C =6 A X2(C1 A — C2)2), and we have disposed of another resonant mode
which does not couple to the fluxonium device. In terms of thgimal generalized flux;

at each node, the relevant variables arg (associated with the fluxonium subsystem), the
resonator mode, = ¢, — ¢5, and the additional resonant mogle—= —m(@ — 1 — Aah3).
Employing canonical quantization of this circuit, we fine tbffective Hamiltonian

H= H0+Zhw a]+th] a+a] 4)

Jj=12 j=1,2

describing the inductively shunted junctialfy, coupled to two resonant modgs= 1,2 with
coupling strengthg; andg,, respectively.

Theory fits to experimental dat®esign and fabrication of the fluxonium system only allow
for imprecise estimates of the system parameters. Thuspth@arison between experimental
data and theoretical prediction requires the fitting of themurves to determine the system
parameters with more accuracy. The parameters at our dispes E;, E, and £, (for both
the inductively shunted junction and the extended fluxormoodels). In addition, the extended
fluxonium model takes the resonant mode frequencies andingigtrengthsy; , andg; » as
input. Fits are obtained by extracting the center frequeEnfiom the experimental data and
employing a least-squares fit algorithm.

Fit to inductively shunted junction modé\ simultaneous fit to the full flux-dependence of
the 0—1 and 0-2 transitions around the zero-flux point fulliedmines the fluxonium parame-
tersE¢q, E;, andE (see Tablell for the obtained parameter values). A compabistween the
resulting theory prediction of higher transitions can therused as a consistency check. While
the agreement for the 0—1 and 0-2 transitions is good, we yistésatic deviations for higher
levels. The reason for these deviations lies in the effeth@fdditional resonance on the 0-2
transition: the additional resonance leads to significeagufency shifts of the 0-2 transitions.
Ignoring this effect leads to a systematic error in the eatiiom of the fluxonium parameters.

Fit to extended fluxonium modélor best agreement, both resonator and additional resonan
mode are taken into account. Using the full experimentad dag obtain a fit for the extended
fluxonium model, which shows excellent agreement with thia.da'he resulting parameter
values are given in Tablé 1.
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inductively shunted extended fluxonium model
junction model

Ec/h 2.39 2.47
E;/h 8.93 8.97
Ep/h 0.52 0.52
wy/2m n.a. 8.18
wo /21 n.a. 10.78
g1/2m n.a. 0.135
g2/2m n.a. 0.324

Table 1: Fluxonium system parameters obtained from lepsves fits to the inductively
shunted junction and the extended fluxonium model. All velare given in GHz. The coupling
constants are expressed in terms of the coupling strengthddluxonium 0-1 transition.
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