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Superconducting qubits

• Quantum counterpart of classical bit; 

• Possibility to have superposition states 
; 

• Any two-level quantum system can be 
operated as a qubit;

|ψ⟩ = α |0⟩ + β |1⟩
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|ψ⟩ = cos θ
2 |0⟩ + eiϕ sin θ

2 |1⟩



Superconducting qubits

• Superconducting circuit with a 
Josephson Junction; 

• The Josephson Junction acts as a 
non-linear inductor that produces an 
anharmonic energy spectrum; 

• The anharmonic energy spectrum 
allows us to populate only the first 
two energy levels, operating the 
circuit as an effective qubit.
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Qubit coherence
• Interactions with the environment make the qubit state change unpredictably; 

• When they occur the information stored by the qubit is lost; 

• This phenomenon is called decoherence;
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jwi ¼ a j0iþ b j1i ¼ cos
h
2
j0iþ ei/ sin

h
2
j1i: (36)

The Bloch vector is stationary on the Bloch sphere in the “rotating
frame picture.” If state j1i has a higher energy than state j0i (as it gen-
erally does in superconducting qubits), then in a stationary frame, the
Bloch vector would precess around the z-axis at the qubit frequency
ðE1 $ E0Þ=!h. Without loss of generality (and much easier to visualize),
we instead “choose” to view the Bloch sphere in a reference frame
where the x and y-axes also rotate around the z-axis at the qubit fre-
quency. In this “rotating frame,” the Bloch vector appears stationary
as written in Eq. (36). The rotating frame will be described in detail in
Sec. IVD1 in the context of single-qubit gates.

For completeness, we note that the density matrix q ¼ jwihwj
for a pure state jwi is equivalently
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where I is the identity matrix, and~r ¼ ½rx;ry; rz) is a vector of Pauli
matrices. If the Bloch vector ~a is a unit vector, then q represents a
pure state w and Tr(q2) ¼ 1. More generally, the Bloch sphere can be
used to represent “mixed states,” for which j~aj < 1; in this case, the
Bloch vector terminates at points “inside” the unit sphere, and
0 * Trðq2Þ < 1. To summarize, the surface of the unit sphere repre-
sents pure states, and its interior represents mixed states.6

2. Bloch-Redfield model of decoherence

Within the standard Bloch-Redfield109–111 picture of two-level
system dynamics, noise sources weakly coupled to the qubits have

short correlation times with respect to the system dynamics. In this
case, the relaxation processes are characterized by two rates (see Fig. 4),

longitudinal relaxation rate : C1 +
1
T1
; (40)

transverse relaxation rate : C2 +
1
T2
¼ C1

2
þ Cu; (41)

which contains the pure dephasing rate Cu. We note that the defini-
tion of C2 as a sum of rates presumes that the individual decay func-
tions are exponential, which occurs for Lorentzian noise spectra
(centered at x ¼ 0) such as white noise (short correlation times) with
a high-frequency cutoff.

The impact of noise on the qubit can be visualized on the Bloch
sphere in Fig. 4(a). For an initial state (t¼ 0)

jwi ¼ aj0iþ bj1i; (42)

the Bloch-Redfield density matrix qBR for the qubit is written
112,113

qBR ¼
1þ ðjaj2 $ 1Þe$C1t ab'eidxte$C2t

a'be$idxte$C2t jbj2e$C1t

 !
: (43)

There are a few important distinctions between Eqs. (43) and (39),
which we list here and then describe in more detail in Secs.
III B 2 a–III B 2 c.

• First, we have introduced the “longitudinal decay function”
exp ð$C1tÞ, which accounts for longitudinal relaxation of the qubit.

• Second, we introduced the “transverse decay function” exp ð$C2tÞ,
which accounts for transverse decay of the qubit.

• Third, we have introduced an explicit phase accrual exp ðidxtÞ,
where dx ¼ xq $ xd, which generalizes the Bloch sphere picture to
account for cases where the qubit frequency xq differs from the
rotating-frame frequency xd, as we will see later when discussing
measurements of T2 using Ramsey interferometry,114,115 and in Sec.
IVD 1, in the context of single-qubit gates.

• Fourth, we have constructed the matrix such that for t , ðT1; T2Þ,
the upper-left matrix element will approach a unit value, indicating

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state jwi ¼ a j0iþ b j1i. The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to rz terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to rx
and ry terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x–y plane and drives transitions j0i $ j1i. A qubit in-state j1i emits energy to the environment and relaxes to j0i with a rate C1# (blue arched arrow).
Similarly, a qubit in-state j0i absorbs energy from the environment, exciting it to j1i with a rate C1" (orange arched arrow). In the typical operating regime kBT - !hxq, the
up-rate is suppressed, leading to the overall decay rate C1 . C1#. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate C/. (d) Transverse relaxation results in a loss of coherence at a rate C2 ¼ C1=2þ C/, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state 1=

ffiffiffi
2
p$ %
ðj0iþ j1iÞ, initially pointed along the x-axis. Additionally, the excited state component of the

superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.
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Qubits and radioactivity
• Radioactivity was first proposed as a limit 

for superconducting qubits coherence in 
2018 (DEMETRA project, INFN); 

• Incident particles can deposit energy in 
the qubit substrate, producing charges 
and phonons; 

• Phonons break Cooper pairs and produce 
quasiparticles; 

• Quasiparticles can be responsible for the 
loss of coherence.
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Recent results
• Radioactivity affects the performances of 

superconducting quantum circuits 
[Cardani et al., Nature Communications 
(2021)]; 

• Radioactivity will limit the coherence time 
of next-generation qubits [Vepsäiläinen et 
al., Nature (2020)]; 

• Radioactivity is a source of correlated 
errors in multi-qubit chips [Wilen et al., 
Nature (2021), McEwen et al., Nature 
Physics (2022)].
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Radioactive sources
• Two categories of radioactive sources: 

• Far sources 

• Environmental gammas (measured); 

• Cosmic muons (literature); 

• Neutrons (measured); 

• Close sources 

• Contaminations (measured).
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Simulations

• Experimental setup reconstructed in a Geant4 
simulation; 

• For the far sources we generated particles 
around the cryostat with the given energy and 
angular distributions; 

• For close sources we simulated radioactive 
decays in the setup components; 

• Contributions estimated from the fraction of 
simulated events with interactions in the chip.
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Simulations

• Greatest contributions in a “standard” laboratory from far sources; 

• Contributions from close sources depending on the materials used to make 
the chip and the other elements of the setup;
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Going underground

• Mitigation strategies developed for particle 
physics experiments can also be used in 
qubit experiments; 

• Contribution from cosmic muons can be 
abated by moving the experiment to an 
underground laboratory; 

• In the LNGS underground laboratories the 
muon interaction rate is attenuated by a 
factor 106;
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Figure 30.8: Vertical muon intensity vs depth (1 km.w.e. = 105 g cm≠2 of standard rock). The
experimental data are from: ⌃: the compilations of Crouch [84], ⇤: Baksan [85], ¶: LVD [86],
•: MACRO [87], ⌅: Frejus [88], and —: SNO [89]. The shaded area at large depths represents
neutrino-induced muons of energy above 2 GeV. The upper line is for horizontal neutrino-induced
muons, the lower one for vertically upward muons. Darker shading shows the muon flux measured
by the SuperKamiokande experiment. The inset shows the vertical intensity curve for water and
ice published in Refs. [90–93]. Additional data extending to slant depths of 13 km are available
in [94].
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Going underground
• The LNGS underground laboratories also have a lower gamma background compared to 

other above ground laboratories; 

• Measurements with a NaI crystal showed that, by shielding the cryostat with 10 cm of lead, 
the gamma interaction rate is attenuated further by a factor 8.
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Supplementary Note 9: Background Sources

In this section we budget the counting rate due to cosmic rays and environmental radioactivity in the laboratories
where the measurements were performed. We used the GEANT4 toolkit to simulate interactions in the sapphire chip
and its copper enclosure. The cryostats and the magnetic shield were schematically modelled as a series of nested
vessels made of copper, aluminum, and µ-metal.

The absolute muon flux in the R and K laboratories is expected to be ⇠1 µ/cm2/min. We simulated 109 muons
with energy and angular distribution reported in Ref. [18]. The resulting rate of energy deposits in the sapphire
chip at R is 0.6 mHz, with an average energy of 0.8 MeV. This value includes the interactions of both muons and
secondary particles produced by muons interacting in the material close to the device. In K we predict a ⇠20% lower
flux because, in contrast to R, the cryogenic facility is located in the basement and thus is partly shielded by the
building above and the ground surrounding it. The G facility benefits from a 1.4 km thick rock overburden, which
suppresses the flux of cosmic rays by six orders of magnitude. We highlight that in all the experimental facilities, the
interaction rate due to cosmic rays is negligible compared to the measured one.

A major source of QP bursts is environmental radioactivity. Its contribution was measured through a cylindrical
NaI �-spectrometer (300 diameter and height) in all the measurements sites. In G we also repeated the assay by
surrounding the spectrometer with the same 10 cm lead shield used during the measurements with resonators. The
results are shown in Supplementary Figure 9.
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Supplementary Figure 9. Measurement of environmental radioactivity. Histograms of NaI scintillation spectroscopy
performed in the R (blue), K (orange), and G (red) setups. In G we repeated the measurement surrounding the NaI detector
with the same lead shield used for the measurements (green), suppressing the laboratory radioactivity by almost a factor 8. All
the spectra show the signatures of 40K (1.46 MeV peak), of isotopes belonging to the Thorium chain (e.g., the 2.6 MeV peak
of 208Tl) and to the Uranium chain (e.g., the 1.76 MeV peak of 214Bi).

In each spectrum, we could clearly identify the typical signatures of 40K, 232Th, 238U and their daughters, the most
common ambient contaminants. We constructed a background model of the G setup by generating 40K, 232Th and
238U uniformly distributed on a spherical surface around the NaI spectrometer, and by simulating the interactions
of their decay products in the detector. The relative weights and rates of the contaminants were fixed by fitting the
results of the simulation to the measured spectrum. We obtained an absolute � flux in the G site of 0.6 � cm�2 s�1

This flux was used as input for the simulation to predict the rate of energy deposits in the chip. We set the same
threshold in the simulated spectrum and in the spectrum measured with the three resonators (i.e. 60 keV). However,
we repeated the same analysis varying the energy threshold up to 120 keV and obtained consistent results. Our
simulation predicts that, in G, the laboratory radioactivity is responsible for a rate of energy deposits of 4 ± 1 mHz;
such rate has to be compared with the average rate of QP bursts measured by the resonators of 6.6 ± 0.7 mHz. We
followed a similar procedure to predict the rates due to laboratory contamination in the other measurement sites. The
expected laboratory contribution to the chip rate after shielding the cryostat with the 10 cm thick lead shield is 0.5

Cardani et al., Nat. Commun. 12, 2733 (2021)
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Shielding
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Expected contributions

• In our setup the total rate of interaction is expected to drop from tens of 
mHz to less than 1 mHz; 

• Better attenuations are achievable by improving the shielding.
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The IETI Underground Facility
• Hall C of LNGS Underground 

Laboratories; 

• Pulse Tube based 3He/4He 
dilution refrigerator; 

• Pulse Tube decoupling plus 
custom made 3 stage 
mechanical decoupling 
system between cold plates 
and detectors; 

• 3 cm internal lead at 4K + 
additional 3 cm lead at 10 mK;

14Francesco De Dominicis

40 K

4 K

0.5 K

0.06 K

10 mK

https://ieti.sites.lngs.infn.it/index.html

TAUP 2023, 29 August 2023, Wien

https://ieti.sites.lngs.infn.it/index.html


The fluxonium qubit

• Measurements in collaboration with 
the Karlsruhe Institute of Technology, 
that produced the qubit studied; 

• Fluxonium qubit: superconducting ring 
interrupted by a Josephson Junctions 
and shunted by a large inductance; 

• Two Josephson Junctions to make it 
flux-tunable; 

• The qubit is coupled to a resonator for 
state readout;
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arrays of mesoscopic Josephson junctions (JJs) [38,39].
Even though grAl can be modeled as an effective array
of JJs [40], it operates in a distinctly different region of
the parameter space: (i) its intrinsic nonlinearity can be
engineered to be orders of magnitude lower compared to
JJ arrays with the same inductance, and (ii) its plasma fre-
quency is about one order of magnitude higher than that
of JJ superinductors, reaching values comparable to the
spectral gap of the superconductor. These changes sup-
press nonlinear multimode mixing, and might explain the
higher resilience of the grAl fluxonium to non-QND effects
at large n̄ when compared with JJ array fluxoniums with
similar spectra, which are susceptible to non-QND effects
starting from n̄ ≈ 2 [29].

The large readout dynamic range accessible in the
grAl fluxonium enables the measurement of the photon-
number-dependent dispersive shift for states |g〉 and |e〉.
We show that the dispersive shift decreases with increasing
readout power, as expected from the numerical diago-
nalization of the Hamiltonian, nevertheless, the signal-to-
noise ratio (SNR) continuously improves with increasing
n̄. At n̄ = 74 we demonstrate 99% and 93% active state

preparation fidelities for |g〉 and |e〉, respectively, with-
out the use of a parametric amplifier. From a practical
perspective, combining a strongly nonlinear spectrum and
a high-power QND readout provides a route for hard-
ware efficient measurement in large quantum processors
or superconducting detector arrays.

II. FLUXONIUM-RESONATOR CIRCUIT

A schematic of the electrical circuit used for readout and
control of the fluxonium atom is shown in Fig. 1(a). The
fluxonium inductively coupled to the readout resonator
is fabricated on a c-plane sapphire chip placed inside a
rectangular copper waveguide [41,42]. The readout res-
onator with a bare frequency fr0 = 1/(2π

√
LrCr) = 7.244

GHz, where Lr = 22.5 nH, has a capacitor Cr = 21.5 fF
designed in the shape of a dipole antenna [37] that provides
κ/2π = 1.16 MHz coupling to the microwave reflection
readout setup (see Appendix B). All inductors shown
in Fig. 1(a) are implemented using a 40 nm thick grAl
film deposited at room temperature, with resistivity ρ =
0.8 × 103 µ$ cm, corresponding to a sheet inductance of

(a)

(b)

(c)

(d)

FIG. 1. Fluxonium artificial atom with in situ tunable Josephson energy. (a) Schematics of the measurement setup (black), read-
out resonator (red), and artificial atom (blue). The fluxonium consists of a superconducting quantum interference device (SQUID)
junction, shunted by a superinductance L = 231 nH, and is dispersively coupled to the resonator via a shared inductance Ls (violet).
The capacitance C = 6.9 fF is determined by the sum of the parallel plate capacitance of the Josephson junctions and the coplanar
capacitance of the electrodes. The effective Josephson energy of the SQUID, EJ , can be tuned in situ by the magnetic flux %s, from
its maximum EJ+/h = 24.0 GHz at %s = 0 to its minimum EJ−/h = 0.71 GHz at the SQUID frustration %s = %0/2 [cf. Eq. (1)].
(b) Measured (markers) and calculated (lines) transition frequencies between the ground state |g〉 and the first (dark blue) and second
(light blue) excited states, |e〉 and | f 〉, respectively, versus %ext = %& + %s/2. (c) Dashed lines show the calculated dispersive shift
χge(n̄ = 1) [cf. Eq. (3) and Ref. [36] ] in the vicinity of the two frequency minima highlighted by the green and bordeaux boxes in (b).
The labels indicate the corresponding Ls values, and the markers show the measured χge(n̄ = 1). Note the sign change for χge between
%1 and %2. (d) Decrease of |χge| with increasing resonator photon number n̄. Markers show the measured χge at %1 (green) and %2
(bordeaux). Lines indicate the calculated χge using the values for L, C, E′

J , and E′′
J extracted from the measured spectrum in Fig. 1(b),

and Ls = 0.57 nH. The gray shaded intervals represent Ls ± 5%.
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State measurement
• The resonance frequency of the resonator depends on the qubit state; 

• The qubit state is then measured by sending a pulse at the resonance 
frequency of the resonator and by measuring the output signal.
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FIG. 9. Intrinsic and inherited nonlinearity of the readout resonator. (a) Frequency shift of the readout resonator versus n̄ (blue circle
markers) solely due to the intrinsic nonlinearity of the grAl inductor [40], measured at zero external flux where the fluxonium atom
is decoupled from the resonator. The black line is a linear fit. The labels indicate the self-Kerr coefficient and calculated maximal
photon number at bifurcation nmax = κ/(

√
3K11) [53], where κ/2π = 1.16 MHz is the resonator linewidth. (b),(c) Nonlinearity of the

resonator inherited from coupling to the fluxonium atom, calculated numerically in the vicinity of #ext = #1 (green lines) and #ext =
#2 (bordeaux lines) from the eigenenergies of the fluxonium-resonator Hamiltonian: hα|i〉(n) = (E|n+1,i〉 − E|n,i〉) − (E|n,i〉 − E|n−1,i〉)
for i = {g, e}. The inherited nonlinearity is fluxonium state dependent: for the |g〉 state (dashed lines) at both flux points #1 and #2,
it is in the range of few hertz, while for the |e〉 state, it is orders of magnitude stronger, and it has different signs at #1 and #2. The
inherited nonlinearity also depends on the photon number in the resonator: green and red lines correspond to α|i〉(n = 1) while faded
green and faded red lines correspond to α|i〉(n = 50).

APPENDIX F: IQ DISTRIBUTIONS,
SIGNAL-TO-NOISE RATIO, AND
MEASUREMENT EFFICIENCY

The output field operator of a driven single-port loss-
less resonator obeys âout(w) = [(w − wr − iκ/2)/(w − wr

+ iκ/2)]âin(w) [54], where wr is the resonator frequency,
κ is the coupling rate, and âin(w) is the input mode field
amplitude operator. The dispersive coupling to the qubit
results in a qubit-state-dependent shift of the resonator
frequency wr = wr0 ± χge/2. If the resonator is driven

(a)

(b)

FIG. 10. Phase response of the resonator for |g〉 and |e〉 fluxonium states used to extract the dispersive shift. The phase of the signal
reflected from the resonator as a function of detuning from the bare resonance frequency fr0 = 7.244 GHz is calculated using input-
output theory [53]. The left and right columns of the figure correspond to the external flux bias points #ext = #1 and #ext = #2,
respectively. The photon number is calibrated with the ac-Stark shift of the fluxonium frequency for n̄ < 15, and extrapolated linearly
for higher readout power values. (a) Phase response in the single-photon regime. The dashed and solid lines correspond to the fluxonium
being in the |g〉 and |e〉 states, respectively. The dashed gray lines show the readout drive frequency chosen to give the optimal phase
separation between the I -Q plane pointer states. The dispersive shift is obtained by matching the maximal phase separation between
the curves for |g〉 and |e〉 states to the measured phase between the I -Q plane pointer states. (b) Phase response at the highest photon
number used in experiments, n̄ = 144 at #ext = #1 and n̄ = 181 at #ext = #2.
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Signal amplification

• Readout signals can induce state transitions in the qubit, reducing the 
measurement fidelity; 

• Because of that, weak and short pulses are needed; 

• The output signal, though, could be overwhelmed by noise when measured; 

• A solution is using amplifiers with near-quantum-limited noise;
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The DJJAA
• Parametric amplifier developed at the 

Karlsruhe Institute of Technology; 

• Made by hundreds of Josephson Junctions; 

• Flux-tunable resonance frequency; 

• Amplifier allows to send less photons to the 
resonator to read the qubit state, resulting 
in: 

• Shorter readout time; 

• Lower power of the readout signal.

18Francesco De Dominicis

DIMER JJ ARRAY AMPLIFIERS... PHYS. REV. APPLIED 13, 024015 (2020)

(a) (b) (c)

FIG. 2. Phase response of the complex reflection coefficient arg(S11) measured as a function of the probe frequency f and the
externally applied flux ! for three dispersion-engineered JJ arrays: (a) N = 1200 JJs, Ic ≈ 6.0 µA, Cc = 30 fF; (b) N = 1600 JJs,
Ic ≈ 3.0 µA, Cc = 40 fF; (c) N = 1800 JJs, Ic ≈ 2.3 µA, Cc = 45 fF. The dispersion relation is dimerized by introducing Cc in series
with CJ in the center of the array [see panel (ii) in Fig. 1(a)]. For all plots, the color scale covers the entire range from −π (black)
to π (white). In (a) and (b) we show with dashed lines a typical example of numerical fits to the eigenmodes, used to calibrate the
magnetic-coil current and to extract the device parameters. As expected, the number of modes within a given frequency range (in our
case 4–8 GHz) increases with increasing N and decreasing Ic. When a strong pump tone between two hybridized modes is applied,
nondegenerate power gain exceeding G0 = 20 dB is observed for up to four pairs of modes in a single device, as shown in panel (c).
The arrow and cross symbols in each panel indicate the external flux bias ! and pump frequency fp , respectively, color-coded for each
dimer. The horizontal features visible in the vicinity of 4 and 8 GHz correspond to the frequency band of the circulator attached to the
DJJAA input port.

index m [see Fig. 1(b)]. The slope of this linear regime
is determined by the square root of the ratio between the
capacitance per unit length arising from the junction capac-
itance CJ , and the capacitance to ground C0 [54]. When
the effective wavelength of the eigenmodes becomes com-
parable to the distance between the JJs, the dispersion
relation becomes nonlinear, eventually saturating at the
self-resonance frequency of a single JJ, referred to as the
plasma frequency, ωpl ≈ 1/

√
LJ CJ . Here, LJ is the junc-

tion inductance, CJ is the junction capacitance, and we
neglect the contribution of C0. Because of the nonlinear-
ity of the JJ cosine potential, each eigenmode is itself
nonlinear in power. As we show in the following, this
nonlinearity can be used for parametric amplification.

In general, parametric amplifiers are classified into
degenerate and nondegenerate designs, depending on
whether the signal (ωs) and idler (ωi) tones occupy the
same or different physical modes [28]. In the latter case,
protecting the quantum circuit under investigation from the
influence of the strong pump tone becomes considerably
simpler, since the signal and pump tones are detuned in
frequency.

In order to obtain nondegenerate amplification, we intro-
duce a capacitor into the center of the JJ array, which,
depending on the design [see Fig. 1(a), panels (ii) and
(iii)], either splits the array into two capacitively coupled
sections or capacitively shunts the central island to the
ground. In either of these cases, the capacitor breaks the
symmetry between even and odd modes, and creates pairs
of hybridized modes [see Fig. 1(c)]. Each pair, referred

to as a dimer in the following, is suitable for nondegen-
erate parametric amplification by applying a pump tone
between the two modes. In this four-wave-mixing process,
two pump photons are converted into a signal and an idler
photon (ωs + ωi = 2ωp , where ωp is the pump frequency),
similarly to the scheme presented in Ref. [18]. The device
works in reflection, with the pump added to the signal.

The intrinsic limitation on the instantaneous bandwidth
for standing-wave parametric amplifiers is overcome by
employing SQUID junctions with a flux-tunable critical
current Ic (!). Tuning the device frequency by lower-
ing Ic also increases the impact of higher-order nonlinear
terms arising from the Josephson potential, which eventu-
ally limits the amplifier performance in terms of dynamic
range [36–38] and therefore bounds the tuning bandwidth.
In order to mitigate the effect of higher-order terms and
maximize the saturation power of the device, we use long
arrays of JJs similar to the approaches in Refs. [12,34,35,
40,55,56].

The tunable bandwidth of the DJJAA is given by the flux
tunability of each dimer suitable for amplification. Since
the frequency difference $ω between neighboring dimers
decreases as the number of SQUIDs is increased [see Fig.
1(c)], we can imagine that $ω can be reduced to values
comparable to the flux-tunable bandwidth of each dimer.
In this case, the effective tunable bandwidth of the DJJAA
would span the entire linear part of the dispersion relation,
which is typically several gigahertz wide [highlighted in
gray in Fig. 1(c)]. As discussed in Sec. V, we demonstrate
a step in this direction by showing a power gain reaching

024015-3
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A Appendix

A.1.2 E-beam-lithography DJJAA

LJ,CJ

C0

Cc

C0'

TL
(a)

Figure A.1: (a) Schematic of the DJJAA. (b) SEM images of the SQUID array and the series capacitor.

Fig. A.1 shows SEM images of the DJJAA, as well as the equivalent schematic. The amplifier is made of
an array of 100 SQUIDs fabricated on a 300 um thick sapphire double-side polished wafer by utilizing a
bridge-free technique [LPP+11]. The SQUID array is interrupted in the middle with a series capacitor. Both
ground plane and coupling capacitor pads are separated from the SQUID arrays by a 200 nm wide wire,
which strongly reduces [PDM+19] e�ects of flux trapping and Meissner currents. To ensure uniformity of
the ground capacitancies and to minimize losses, a 200 nm thick gold layer was deposited on the backside of
the chip. The e�ective model (Fig. A.1(a)) circuit parameters of the DJJAA are: Cc = 6.5 fF, C 0

c
= 20 fF,

C0 = 0.5 fF, CJ = 360 fF, LJ = 240 pH.

Figure A.2: (a) Imaginary part of weak reflected signal versus frequency and external magnetic flux. (b) Phase of the weak reflected
signal shown versus frequency for two flux biases indicated in panel (a) with dashed lines of corresponding colors. (c)
Non-degenerate gain profiles obtained for flux biases indicated in panel (a).
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Measurement Strategy
• In our measurements we focused on the estimation of the energy-relaxation time of the 

qubit (time for the qubit to relax from the first excited state to the ground state); 

• To infer possible effects of radioactivity on qubit behavior a Thorium source was also used; 

• In the experiment readout signals were sent with high frequency to measure the qubit state; 

• From the traces quantum jumps frequencies were calculated and used to estimate the 
energy-relaxation time;
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Results
• Three long measurements (∼ few hours) on the qubit: with the full shielding, without the lead and 

copper shielding and with a thorium source next to the cryostat; 

• No evidence of direct effects of radioactivity on .T1
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Results

• Short measurements 
(∼ 30 minutes) 
adding and 
removing a Thorium 
source; 

• Fluctuations in  
values are 
uncorrelated with 
the presence of the 
source;

T1
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Results

• Measurements in a low-radioactivity environment confirmed the result 
obtained by Vepsäläinen et al. that radioactivity is not a major limit for qubit 
with energy-relaxation times of tens of μs; 

• This can be explained by the small rate of interactions from radioactivity 
compared to the average decay rate of the qubit; 

• Nonetheless, qubit performances are improving fast and chip dimensions 
are increasing to store more qubits, so bigger effects are expected to be 
observed in new devices.
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Prospects
• New experiments in preparation within the 

SQMS collaboration; 

• In the near future characterization of a new 
transmon qubit featuring a Tantalum coating, 
with energy-relaxation time of hundreds of μs 
[Bal et al., arXiv:2304.13257 (2023)];
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FIG. 1. (a) Image of chip layout with 8 qubits including qubits consisting of a pair of rectangular shunting capacitor paddles joined by a single
Josephson junction. (b) Low magnification annular dark field scanning transmission electron microscopy (ADF-STEM) image taken from a
cross-section of a Nb transmon qubit where the Nb film is capped with an Ta metal layer. (c) Cryogenic wiring diagram. (d-e) Pulse scheme
for characterization and plots. (d) Pulse for Rabi experiment used to calibrate p pulses (top panel) and typical plot (bottom panel). (e) Pulse
for T1 experiment (top panel) and the best T1 data (bottom panel).

Qubit Measurement Setup and Method

To assess the impact of the metal capping layer on the su-
perconducting qubit coherence, we performed measurements
on the rectangular shunting capacitor paddle devices. These
measurements were performed on the capped devices and on
baseline Nb devices that were not capped. Each qubit chip was
packaged in a gold plated copper box, where it is mounted on
a cold finger directly attached to the dilution refrigerator (DR)
mixing plate. Both the enclosure and the cold finger are made
of gold-coated copper to reduce thermal resistance between
the qubit chip and the enclosure. Each qubit chip is protected
from IR photons with Eccosorb filters on both input and out-
put lines. All qubit enclosures and Eccosorb filters are en-

closed within magnetic shielding to reduce flux noise and are
wired to cryogenic switches anchored on the mixing stage.
This way, all qubits share the same microwave input and out-
put lines, which enables comparison of different qubits. A to-
tal of 52 dB attenuation is distributed across different temper-
ature stages to effectively suppress thermal noise below 10�3

noise photon number33. Three cryogenic isolators with a to-
tal of 60 dB isolation at the output line reduces the backac-
tion noise arising from the high electron mobility transistor
(HEMT) amplifier mounted on the 3K stage. Low-pass fil-
ters (K&L Microwave) are used to remove the high-frequency
noise above 10 GHz.

The qubit devices are measured inside a dilution refrigera-
tor at a temperature of around 40 mK. The cryogenic wiring

https://arxiv.org/abs/2304.13257


Prospects

• In the long term test and 
characterization of the future SQMS 
prototypes, aiming at energy-
relaxation times of milliseconds.

24Francesco De Dominicis

• The facility is also open for new 
collaborations! :)
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Conclusions

• We developed a fully operational underground facility for superconducting 
qubit experiments in a low radioactivity environment; 

• Measurements done during this year proved that radioactivity does not have 
a direct influence on qubits with energy-relaxation time of tens of μs; 

• New measurements with qubits with energy-relaxation time of hundreds of 
μs and more coming soon!
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Conclusions
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Backup: the IETI Cryostat

• Experimental volume: 25 cm of 
diameter, 16 cm height; 

27Francesco De Dominicis

40 K

4 K

0.5 K

0.06 K

10 mK

• 12 electronic channels with low noise voltage preamplifiers (2 nV/
√Hz) (R&D CUPID); 

• 3 Magnicon SQUIDS (R&D COSINUS); 

• 8 low attenuation SMA coax cables from room temperature 
to 3 K plus 8 NbTi Superconductive coax cables from 3 K to 
MC (R&D DEMETRA/SQMS); 

• 48 twisted superconductive wires from room temperature  to MC; 

• A 60Co crystal for absolute thermometry calibration.

https://ieti.sites.lngs.infn.it/index.html
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Backup: RF lines
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