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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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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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2
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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

• Incident particles deposit energy in the 
qubit substrate; 

• The phonons produced can reach the 
superconductor and break Cooper pairs, 
producing a burst of quasiparticles; 

• Quasiparticles tunneling is one of the 
decay mechanisms of the qubit.
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Qubits and radioactivity
• The decay rate of the qubit increases with the density of quasiparticles in the 

superconductor; 

• When a particle impact occurs the decay rate of the qubit suddenly increases, returning to 
its original value as Cooper pairs are formed again; 

• The entire process lasts a few milliseconds.
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Qubits and radioactivity
• Past researches showed that: 

• Superconducting quantum circuits are 
sensitive to radioactivity [Cardani et al., 
Nature Communications (2021); 
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)]; 

• A quantitative study of this impact, though, 
was missing.
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Aim of my research

• The aim of my research is: 

• Quantify the impact of radioactivity on superconducting qubits in terms of: 

• single qubit lifetime; 

• occurrence of multi-qubit errors; 

• Assess the potential of quantum bits as particle detectors.
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How to recognize ionizing radiation

• Qubit dynamics is affected by several 
phenomena, disentangling radioactivity 
from the others can be tricky; 

• Our approach: 

• Characterize the qubit in a low-
radioactivity environment; 

• Expose the qubit to radioactive 
sources with different activities and 
repeat the measurement; 

• Compare the results.
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The IETI Underground Facility

• Hall C of LNGS 
Underground Laboratories; 

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

• Originally designed for 
R&D of cryogenic 
detectors; 

• Installation of qubit readout 
at the beginning of my PhD.
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Shielding
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Is radioactivity a limit for qubits?
• Measurements of the qubit lifetime done during my second year showed no 

difference between the qubit shielded from radioactivity and the same qubit 
when exposed to a Th source to simulate radioactivity of an above-ground 
laboratory:

12Francesco De Dominicis 10 October 2024



Expected contributions

• Setup reconstructed in a Geant4-based Monte Carlo simulation to estimate 
the rate of particle impacts in the chip produced by different sources of 
radioactivity.

13Francesco De Dominicis

Source Above Ground 
(events/s) LNGS (events/s)

Lab 𝛄-rays (46 ± 2)×10-3 (1.3 ± 0.1)×10-3

Muons (8.0 ± 0.5)×10-3 < 10-5

Contaminations (2.7 ± 0.5)×10-3 (2.7 ± 0.5)×10-3

Total (57 ± 3)×10-3 (4.0 ± 0.6)×10-3
a

b

c

d
e

f

g

h

j

k

De Dominicis et al., arXiv:2405.18355
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Is radioactivity a limit for qubits?

• Even when the qubit is exposed to the 
source, particle impacts are rare, one every 
few seconds, while other decay mechanisms 
are orders of magnitude more frequent; 

• As a consequence, radioactivity is not the 
main limit for the lifetime of present-day 
qubits; 

• Results suggest that radioactivity will be a 
limiting factor when the lifetime of qubits 
will reach O(1 s) or greater.
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New measurement strategy

• We prepare the qubit in ; 

• We wait 5 μs; 

• We measure the qubit state; 

• We repeat; 

• The entire cycle lasts tens of μs.

|e⟩
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New measurement strategy

• , so we expect that after 5 μs 
we measure most of the times the 
qubit in ; 

• If we have a particle interaction, 
though,  drops and we observe a 
stream of measurements of the qubit 
in .

T1 ≫ 5 μs

|e⟩

T1

|g⟩
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Results
• When exposing a transmon qubit to gamma radiation sources we observed 

an excess of events with high occurrence of ! 

• The rate of these events increases linearly with the activity of the source:

|g⟩
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Results

• By looking at the slope of the linear fit we estimate a detection efficiency of approx. 8%; 

• The low efficiency is most likely a consequence of the very aggressive cuts used to 
reduce the rate of noise events.

18Francesco De Dominicis

Number of zeros in 60-point-signal windows
0 10 20 30 40 50 60

10-3

10-2

10-1

10-4

1

R
at

e 
[e

ve
nt

s/
se

c]

Background

44 kBq Th source

76 kBq Th source

125 kBq Th source

161 kBq Th source

20

0

60

Se
le

ct
ed

 e
ve

nt
s 

[e
ve

nt
s/

se
c]

40

0.1
Expected impacts from radioactivity [events/sec]

0.2 0.3 0.4 0.50

χ0/NDF = 0.61/2
p0 = 0.022 ± 0.004
p1 = 0.08 ± 0.02

10-3+

44 kBq

76 kBq

125 kBq

161 kBq

Background

De Dominicis et al., arXiv:2405.18355

10 October 2024

https://doi.org/10.48550/arXiv.2405.18355


Results
• First application of superconducting qubits for gamma detection! 

• A lot of work still to do: energy threshold, calibration, reduction of noise 
events…
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Development of multiplexed readout
• Single-qubit measurements are affected by a high occurrence of noise 

events that makes the detection of particle impacts difficult; 

• A possible solution to overcome this issue is to look for coincident events in 
multiple qubits; 

• “ARQ - Abatement of Radioactivity for Qubits” project, funded by the NGI 
Enrichers program;
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Development of multiplexed readout
• 3-months fellowship in Fermilab to 

develop a new firmware for the FPGA-
based board used in the 
measurements; 

• New firmware is able to produce multi-
tone pulses to simultaneously probe 
multiple qubits; 

• First test on qubits at the end of 
September 2024 at LNGS, successful; 

• Measurements in the coming months :)
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Conclusions

• Research activity carried during my first three years of PhD proved that: 

• Radioactivity is not the main limiting factor for the performance of 
superconducting qubits; 

• Superconducting qubits can be operated as particle detector, with 
possible applications in future particle physics experiments; 

• In the coming months new measurements with simultaneous measurement 
of multiple qubits!
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Prospects
• Software improvements: 

• In this research qubits has been operated as in quantum computation experiments, but 
it could not be the most efficient way for particle detection; 

• The implementation of multiplexing could reduce drastically the noise rate; 

• New analysis techniques; 

• Hardware improvements (how to make the qubit more sensitive): 

• Improved lifetime; 

• Better phonon collection; 

• And so on…
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Backup: Correlated Errors

• Simultaneous decay of multiple qubits; 

• Approx. 20% of them induced by cosmic rays; 

• No estimation of contribution from gamma 
radioactivity yet.

24Francesco De Dominicis 10 October 2024

6

characterized their recovery dynamics. We analyzed
each qubit individually by binning the single-shot
measurement results in time. The decay probability
within each time bin is

p =
ndecay

nprep
, (4)

where nprep is the number of preparations and ndecay

is the number of decays within the bin. The decay
probability relates to a decay rate as

p = 1→Ae→!”t, (5)

where ! is the decay rate, ”t = 3µs is the e#ective delay
time between qubit state preparation and measurement,
and A is a constant related to preparation and
measurement fidelity. We used 1,880 pre-trigger
measurement cycles (↑ 29ms prior to the event onset)
to evaluate, ppre, a baseline probability of relaxation
(Eq. 4). We also evaluated the decay probability
using shorter duration time bins (40 cycles ↑ 0.7ms)
to capture the dynamics of decay-rate fluctuations and
recovery. Figure 5a displays the decay probability of
Q2 during an example event. We show the pre-trigger
baseline probability ppre (gray) and the 40-cycle bins,
labeled pt, both before and after the event onset. We
calculated (Eq. 5) the decay-rate change ”!t relative to
the pre-trigger baseline, as shown in Figure 5b for for the
pre- and post-trigger time bins.

Temporal correlations within an event were
summarized in terms of a time constant ωi (of each qubit
i) for the decay rate recovery to baseline. Each qubit
exhibits a recovery time constant that is consistent from
event to event. The average recovery dynamics for each
qubit (Fig. 5c) clearly have two distinct timescales among
the qubits: five qubits have a slow (ω ↑ 6ms) recovery
while the other five qubits have a fast (ω ↑ 0.7ms)
recovery. The recovery timescales are directly related
to the orientation of the Josephson junction electrodes
relative to the aluminum ground plane of the qubit
array (Section A1b). The origin of these di#erences is
likely due to the influence of the superconducting gap
structure near the Josephson junction on quasiparticle
dynamics, though thorough elucidation will be the focus
of future work (Section A1 c).

We characterized the scale of spatial correlations in
terms of the number of qubits participating in each event.
Here, we analyzed the latter 147.1 hours of data for which
all 10 qubits were measured (Section A3). We defined
a qubit to participate in an event if its initial decay-
rate change (example indicated in Figure 5b) exceeded
a threshold ”!init ↓ 1/(5µs), which was chosen to
limit false-positive assignment. The likelihood that a
given qubit participated in any given event ranges from
47%→ 67% (and is not directly related to Josephson
junction placement). Figure 5d shows the distribution
of the number of qubits participating in each event

c
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FIG. 5. Severity of spatiotemporally correlated
relaxation events. (a) The probability of relaxation
is calculated for each qubit within each event. As an
example, we show the decay probability of Q2 for an
example event. The probabilities pt are evaluated for
each bin of 40 measurement cycles (black). The baseline
decay probability ppre was evaluated from a single pre-
trigger bin of 1880 single-shots (gray). (b) The decay-rate
change during this event displays a rapid onset and → 6ms
timescale recovery. The initial decay-rate change, !”init

was evaluated to determine the participation of each qubit
within each event. (c) The average decay-rate change over
all events shows two distinct timescales of recovery among
the qubits. Traces are incrementally o#set by 1µs→1. (d)
The number of qubits participating in each event was based
on thresholding the initial decay rate (!”init ↑ 1/(5µs)).
The error bars indicate counting statistics for the total in
each bin. Stacked histograms show the relative contribution
from cosmic rays (purple) and other sources (gray), as
calculated from coincidence measurements. Uncertainty
in the constructed distributions is based on the counting
statistics of coincidence events.
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initial impact, the spread of errors through the qubit grid and the 
eventual recovery to equilibrium. Therefore, a large array of qubits 
operated at rapid cycle times is required to illuminate the individual 
events and diagnose their impact on practical error correction.

Here, we directly measure the occurrence of high-energy events 
in a large-scale working device in the form of a Google Sycamore 
processor and provide insights into the microscopic dynamics of 
these events. We show that high-energy events produce discrete 
bursts of errors that affect an entire qubit patch on the processor, 
effectively lasting for thousands of error correction cycles. Using 
fine time-resolved measurements, we show that events are initially 
localized but spread over the chip, providing strong evidence for a 
high-energy impact. Finally, we introduce a method to monitor the 
energy coherence time T1 during an event and find it to be severely 
suppressed across all qubits, a clear signature of quasiparticle poi-
soning throughout the chip.

Results
Rapid repetitive correlated sampling. To measure these events 
in detail, one must rapidly identify correlated errors in large qubit 
arrays. We use a subset of a Google Sycamore processor16, as indi-
cated in Fig. 1b. The qubit chip consists of an array of flux-tunable 
superconducting transmon qubits17,18 with tunable couplers19–21. 
Qubit operating frequencies are chosen algorithmically22 between 
6 and 7 GHz, with resulting T1 values around 15 μs. Each qubit fea-
tures a readout resonator to allow dispersive readout. We turn off the 
coupling between neighbouring pairs of qubits. We operated only a 
subset of the device, choosing NQ = 26 qubits which could be oper-
ated in parallel with high fidelity. Each qubit lies around 1 mm from 

its nearest neighbours on a qubit chip measuring 10 mm × 10 mm,  
which is attached to a larger carrier chip measuring 20 mm × 24 mm  
using indium bump bonds23.

We introduce a method that rapidly and simultaneously mea-
sures qubit states to identify correlated errors, which we call rapid 
repetitive correlated sampling (RReCS). As indicated in Fig. 1c, all 
qubits are prepared in |1〉, allowed to idle for a short sampling time 
(1 μs) and then measured simultaneously. This cycle is repeated at 
rapid regular intervals (100 μs) for extended periods of time, with 
any measurements where the qubit state has decayed to |0〉 being 
recorded as an error. Finite T1 and readout fidelities will produce 
errors that are independent between qubits, resulting in a low back-
ground error rate. With this technique, the quantum processor 
becomes a time-resolved detector for events that affect large num-
bers of qubits.

A time slice from an RReCS experiment is shown in Fig. 1d. It 
features a distinct peak where the total number of errors jumps from 
a baseline of ~4 simultaneous errors up to ~24 errors. This event has 
effectively saturated the qubit patch, with all qubits experiencing a 
high probability of reporting an error, indicating total failure of the 
coherence on the chip. The peak features an exponential decay back 
to the baseline error rate with a time constant around 25 ms, which 
is much larger than the typical QEC round time of 1 μs24,25. The 
presence of such a long time period of elevated error rates would be 
unacceptable for any attempt at logical state preservation using QEC.

One signature of quasiparticle poisoning is an asymmetry 
between decay and excitation errors. Quasiparticles rapidly scat-
ter and cool to energies near the superconducting gap Δ, where 
they become unable to excite the qubit state from |0〉 → |1〉, which 
requires energy Δ + E01, where E01 is the energy difference between 
|0〉 and |1〉. However, quasiparticles maintain the ability to absorb 
the qubit energy and cause a decay error |1〉 → |0〉. This asymmetry 
is distinct from photon-assisted tunnelling, which produces nearly 
symmetric errors26. As a test, we run the RReCS experiments for 
excitation errors, initializing |0〉 and recording excitation to |1〉 as 
an error. We do not find any correlated error peaks, indicating that 
events are produced by a highly asymmetric decay error mechanism, 
which is compatible with quasiparticle poisoning across the chip. 
Further detail on these experiments is included in Supplementary 
Section II.

Timing of events and independent background error. To under-
stand the arrival rate and uniformity of impact events, we now 
deploy RReCS experiments for long time periods to gather large 
numbers of events. We acquire 100 back-to-back datasets of 60 s 
each, and apply a matched filter to isolate events over the back-
ground independent error rate. Details on this filtering are included 
in Supplementary Section III. Four sequential datasets are shown 
in Fig. 2, selected to include one dataset without any events pres-
ent. In Fig. 2a, the raw time-series data illustrate the background 
error rate, but the filtered data display low noise and clearly identify 
events even at scales lower than the background noise level. Figure 
2b shows corresponding histograms over the number of simultane-
ous errors, where the black lines indicate the expected background 
distribution of independent errors.

We include a simple independent error model, where we assume 
perfect initialization, followed by population decay with an inde-
pendently measured T1 time over the 1 μs sampling time, and 
finally account for separately measured finite readout fidelities. 
In the absence of events, we note a strong correspondence of the 
background error distribution to this simple model, as illustrated 
in Fig. 2b(II). In the presence of events, we note a distinct excess of 
high numbers of simultaneous errors, well above what is reasonable 
for uncorrelated error sources. This indicates that the baseline per-
formance of the experiment is well understood and that the peaks 
represent anomalous correlated error events.
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Fig. 1 | Rapid repetitive correlated sampling. a, High-energy radiation 
impinging on the device induces pair-breaking phonons which spread 
through the substrate. In superconducting structures, these phonons create 
quasiparticles, which cause qubit energy decay as they tunnel across the 
Josephson junction. b, We use a 26-qubit subset (dark green) of a Google 
Sycamore processor. The qubit chip is attached to a larger carrier chip 
using indium bump bonds. c, The RReCS experiment consists of repeated 
cycles of preparation, idling and measurement. The idling time of 1 μs 
sets the sensitivity to decay errors. The interval between the start of each 
cycle is 100 μs. d, A time slice of a 30-seconds-long dataset, showing a 
correlated error event. The number of simultaneous qubit decay errors 
jumps from baseline ~4 up to ~24, effectively saturating the chip. The 
number of errors returns to baseline with an exponential time constant 
of ~25 ms. We do not find any correlated error events when preparing the 
qubits in |0〉.
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Backup: scheme of the RF Lines
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Backup: The chip
• Niobium transmon qubit on Sapphire 

substrate; 

• Approx. 10 nm gold capping to prevent 
losses from the formation of Nb2O5; 

• Median T1 = 76 μs.
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Backup: Dispersive shift readout
• Qubits are coupled to LC resonators for state readout; 

• The coupling affect the resonance frequency of the resonator, producing a 
shift that depends on the qubit state; 

• The qubit state is then measured by sending a pulse at the resonance 
frequency of the resonator and measuring the output.
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Backup: Data Analysis

• The entire stream of data is saved and 
analyzed offline; 

• A signal is registered if the number of 
measurements of the qubit in  in a 
60-point long window exceeds a 
threshold value; 

• The trigger condition for acquiring 
the window is the presence of three 
consecutive measurements of the 
qubit in .

|g⟩

|g⟩
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Backup: Data Analysis
• The threshold value is such that the rate of 

noise events that would be detected is 
one order of magnitude lower than the 
rate of particle interactions in the qubit 
chip; 

• To estimate the rate noise events we 
compute the probability to have a number 
of  measurements above threshold 
given the standard decay time of the 
qubit; 

• That probability is then multiplied by the 
rate of measurements of that specific run.

|g⟩
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Backup: Data Analysis

• A 60-point long pre-trigger region is 
also acquired to estimate the average 
number of  measurements before 
the trigger; 

• In this way it is possible to identify and 
discard periods in which the qubit is 
noisy.

|g⟩
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Backup: the IETI Underground Facility

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