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Outline
1. Qubits underground: why?


2. Requirements 


3. Underground laboratories already involved: how?
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Quantum Bits
Ideal Features

1. Strongly coupled to other qubits [entanglement]


n classical bits = string with n [0,1] — n entangled qbits = 2n -1 complex nums 


2. Decoupled from the world [quantum coherence]


• Rydberg atoms


• Ions in traps


• … 


• Superconducting circuits
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Superconducting Circuits

Macroscopic circuits consisting of: 


• capacitor


• inductor


• Josephson Junction


Build a non-linear two-level system


Superconductor: no dissipation

https://arxiv.org/pdf/1904.06560.pdf

In a nutshell
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Superconducting Circuits
Compared to “ideal” qubits
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• Ideal qubit: 


• strongly coupled to other qubits [entanglement]


Feasible and demonstrated with tens of qubits


• decoupled from the world [quantum coherence]


Main limit of this technology
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Superconducting Circuits
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• Ideal qubit: 


• strongly coupled to other qubits [entanglement]


Feasible and demonstrated with tens of qubits


• decoupled from the world [quantum coherence]


Main limit of this technology
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Depends on qubit implementation


For transmons: tens of μs


Goal: millisecond

Compared to “ideal” qubits



Radioactivity as Source of Decoherence
When we proposed the DEMETRA project (2018, starting grant of INFN), this was 
just a hypothesis. Today we have many papers stating that:


1. Radioactivity will be (or already is) the ultimate limit for the coherence of qubits


[ [Vepsäläinen, Nature 2020]


2. Radioactivity limits quantum error correction in a matrix of qubits


  [Wilen, Nature 2021] and [McEwen, arXiv:2104.05219]


3. Suppressing radioactivity improves the performance of quantum circuits 


[   [Cardani, Nat. Comm. 2021]
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Radioactivity vs Coherence

• First evidence that qubit “see" radioactivity

• Concluded: “Albeit a small effect for today’s 
qubits, reducing or mitigating the impact of 
ionizing radiation will be critical for realizing 
fault-tolerant superconducting quantum 
computers.”
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Figure 1. Schematic of the experiment. a) Illustration of the sample holder and the 64Cu radiation source. The source is
mounted 3.3 mm above the silicon chip containing the superconducting aluminum transmon qubits. b) False-color micrograph
and circuit schematic of the qubit sample. The sample consists of two transmon qubits, Q1 (blue, left) and Q2 (orange, right).
The resonators used to readout the qubits are shown with red and cyan. The resonators are inductively coupled to a common
microwave transmission line, through which both qubit control and readout pulses are sent. The control pulses and the
measurement pulses are generated using microwave sources and arbitrary waveform generators at room temperature (not
shown, see Extended Data Fig. 1a). c) Diagram of the possible quasiparticle generation processes. Incoming ionizing radiation
(from b±, g , and cosmic rays) interact with the Al qubit and Si substrate, creating electron-hole pairs due to the ionization of
atoms and phonons (see text). The subsequent energy cascade of these particles ultimately breaks Cooper pairs and thereby
generates quasiparticles.

of a quantum computation. However, interactions with the
environment introduce decoherence channels, which for the
case of energy decay, result in a loss of qubit polarization over
time,

p(t) = e�G1t , (1)

where p(t) is the excited-state probability and G1 ⌘ 1/T1 is the
energy relaxation rate corresponding to the relaxation time T1,
which limits the qubit coherence time. For such processes, the
total energy relaxation rate is a combination of all individual
rates affecting the qubit,

G1 = Gqp +Gother, (2)

where Gqp is the energy relaxation rate due to the quasipar-
ticles and Gother contains all other loss channels, such as ra-
diation losses, dielectric losses, and the effect of two-level
fluctuators in the materials25. In the transmon, the quasipar-
ticle energy-relaxation rate Gqp depends on the normalized
quasiparticle density xqp = nqp/ncp and the frequency of the
qubit wq, such that26

Gqp =

r
2wqD
p2} xqp. (3)

The Cooper pair density (ncp) and the superconducting gap
(D) are material-dependent parameters, and for thin-film alu-
minum they are ncp ⇡ 4⇥106 µm�3 and D ⇡ 180µeV. This

relation allows us to use the energy-relaxation time of a trans-
mon as a sensor for quasiparticle density in the superconductor
as well as to estimate the maximum energy-relaxation time of
a transmon given a certain quasiparticle density. The thermal
equilibrium contribution to xqp is vanishingly small at the
effective temperature of the sample, Teff ⇡ 40mK, compared
with the other generation mechanisms we shall consider here.

Currently, there exists no quantitative microscopic model
directly connecting interactions of ionizing radiation (e.g.,
betas, gammas, x-rays, etc.) to quasiparticle populations in
superconductors. However, a phenomonological picture de-
scribing the processes involved in this connection is shown
in Fig. 1c. The energy of ionizing radiation absorbed in the
aluminum metal and silicon substrate is initially converted
into ionization electron-hole pairs. We purposefully distin-
guish these high-energy excitations due to the ionization of
atoms – which occur in both aluminum and silicon – from the
lower-energy quasiparticle excitations resulting from broken
Cooper-pairs in aluminum. Thereafter, a non-equilibirum re-
laxation cascade involving secondary ionization carrier and
phonon production serves to transfer the absorbed radiation
power to and within the aluminum qubit, where it breaks
Cooper pairs and generates quasiparticles27, 28.

To estimate the effect of the radiation intensity measured
in the laboratory, we employ a radiation transport simulation
(see Methods for details) to calculate the total quasiparticle-
generating power density Ptot close to the qubit due to ra-
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[Vepsäläinen et al, Nature 2020]

depends on Ptot, r is recombination rate, and s is quasiparticle
trapping rate. A steady state solution for the quasiparticle
density is given by xqp = (�s+

p
s2 +4rg)/2r, and if quasi-

particle trapping is neglected (s = 0) then xqp =
p

g/r. In a
separate quasiparticle injection experiment we verified that
this is a valid approximation in our devices, see Supplemen-
tary material for discussion. By substituting the model for xqp
into Eq. (3) and using Eq. (2), the qubit decay rate is given by

G1 = a
p

wqPtot +Gother, (5)

where a is an unknown coefficient accounting for conversion
from absorbed power to quasiparticle generation rate and all
the other constants. The value of a can be experimentally de-
termined by exposing the qubit to a known source of ionizing
radiation.

Results
Radiation exposure experiment
To quantify the effect of ionizing radiation on supercon-
ducting qubits and to measure the coefficient a in Eq. (5),
we inserted a 64Cu radiation source close to a sample con-
taining two transmon qubits, Q1 and Q2, with average
energy-relaxation rates of G(Q1)

1 = 1/40µs�1 and G(Q2)
1 =

1/32µs�1, and transition frequencies w(Q1)
q = 2p ⇥3.48GHz

and w(Q2)
q = 2p ⇥4.6GHz, see Figs. 1a and 1c. 64Cu has

a short half-life of 12.7 h, which permits an observation of
the transition from elevated ionizing radiation exposure to
normal operation conditions within a single cooldown of the
dilution refrigerator. 64Cu was produced by irradiating high-
purity copper foil in the MIT Nuclear Reactor Laboratory (see
Methods for details).

The energy relaxation rate G1 of both qubits was repeatedly
measured for over 400 hours during the radioactive decay of
the 64Cu source (see Fig. 2a and Supplementary materials).
During this interval of time, the energy relaxation rate G(Q1)

1 of
Q1 decreased from 1/5.7 µs�1 to 1/35 µs�1 due to the gradu-
ally decreasing radioactivity of the source, and similarly for
Q2. The half-life was long enough to measure individual G1
values at essentially constant levels of radioactivity, yet short
enough to sample G1 over a wide range of radiation powers,
down to almost the external background level. In addition
to affecting qubit coherence, the resonance frequencies wr of
the readout resonators shifted due to quasiparticle-induced
changes in their kinetic inductance, consistent with the quasi-
particle recombination model of Eq. (4) (see Supplementary
material).

The intensity of the radiation source used in the experiment
was calibrated as a function of time using the gamma-ray
spectroscopy of a reference copper foil that had been irradiated
concurrently. The foils included a small amount of longer-
lived radioactive impurities that began to noticeably alter the
radiated power density expected for 64Cu about 180 hours

Figure 2. 64
Cu radiation exposure experiment. a)

Measured energy relaxation rates G1 = 1/T1 of qubits Q1
(blue) and Q2 (orange) as a function of time when exposed to
the 64Cu source. The inset shows an example of the raw data
used for fitting the energy relaxation rates. Blue points are
the median of 20 measured qubit excited-state populations
p(t) at various times after the excitation pulse. Blue bars
indicate the 95% confidence interval for the median. The
orange line is the exponential fit to the data, given in Eq. (1).
b) Power density of the radiation during the experiment
derived from radiation transport simulations (see text). c)
Energy relaxation rates G1 as a function of radiation power
density. The solid lines show the fit to the model of Eq. (4).
The dashed lines show the fit to model of Eq. (4) with
Gother = 0 and Pint = 0. The vertical red line is the radiation
power density level due to the external radiation Pext.

into the measurements (see Fig. 2b). For both the 64Cu and
the long-lived impurities, the radiation intensities from the
different isotopes were converted to a single ionizing radiation
power density using the radiation transport simulation package
Geant423, 24 (see Methods for details). The contributions of the
different isotopes (dashed lines) and the resulting net power
density (solid line) of the radiation from the source, Psrc, are
shown in Fig. 2b over the measurement time window.

3/16
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Quantum Error Correction
The issue
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FIG. 1. (a) Optical micrograph of the multiqubit chip. Four
charge-sensitive transmon qubits (magenta) are coupled to
local readout resonators (cyan) and charge gate lines (orange).
The readout resonators are coupled to a common feed line
(purple). The chip incorporates two local flux bias lines that
were not used in these experiments. (b) Closeup view of a
single qubit. (c) Circuit diagram of the chip. Color coding
matches the false coloring in parts (a) and (b). (d) Simulation
of the charge induced on the qubit island from a unit point
charge at various locations in the substrate.

In a first series of experiments, we perform simultane-
ous Ramsey tomography on the four qubits to generate
time series of fluctuating o↵set charge. In Fig. 2a we show
representative qubit spectroscopy and in Fig. 2b we show
the experimental pulse sequence for the charge measure-
ments [7]. The Ramsey X/2� Idle�X/2 sequence maps
precession frequency to occupation of the qubit |1i state
irrespective of the quasiparticle parity of the qubit island.
We perform a series of such experiments for di↵erent ap-
plied gate voltage, as shown in Fig. 2c; the phase of the
resulting curve reveals the o↵set charge on the qubit is-
land. Note that this approach only allows measurement
of o↵set charge modulo the fundamental charge e; large
discrete jumps in o↵set charge will be aliased to the in-
terval from -0.5e to +0.5e.

In Fig. 2d, we show a typical time series of o↵set
charge measured on the four qubits simultaneously. The
Ramsey-based charge measurement involves 3000 projec-
tions of the qubits across 10 applied gate charges, with a
total cycle time of 44 seconds. Focusing on large discrete
changes in o↵set charge in the range 0.1e < |ng|  0.5e,
we find a rate of charge jumps 1.35± 0.04 mHz averaged
over the four qubits. The right panel shows the detailed
structure of the charge traces for nearest-neighbor pairs
measured at shorter timescales. We observe numerous
simultaneous discrete jumps in the o↵set charge of neigh-
boring qubits. In Fig. 2c-e we show joint histograms of
charge jumps measured in various qubit pairs. For all
qubits, there is a Gaussian peak at the center of the dis-
tribution due to experimental uncertainty in the recon-
structed o↵set charge. For the pairs separated by 340 and

640 µm, however, we find many simultaneous discrete
changes in o↵set charge. Again focusing on large charge
jumps in the range 0.1 e < |ng|  0.5 e and correcting
for random coincidence, we find a correlation probability
of 54 ± 4% for the qubit pair separated by 340 µm and
a correlation probability of 46 ± 4% for the qubit pair
separated by 640 µm (see Supplement). For qubits on
opposite sides of the chip with separation of order 3 mm,
the rate of simultaneous charge jumps is consistent with
random coincidence.

As mentioned above, the characteristic length
p
riro

sets the scale over which charge is sensed in the bulk sub-
strate. The high degree of correlation in charge fluctua-
tions sensed by qubits with 640 µm separation indicates
charging events with a large spatial footprint. There are
two obvious candidates for such events: absorption of
cosmic ray muons in the qubit substrate and absorption
of � rays from background radioactivity in the labora-
tory. These events deposit energy of order 100 keV in the
qubit substrate, roughly ten orders of magnitude greater
than the ⇠10 µV energy scale of the qubit states. In
both cases, the absorption event liberates charge in the
substrate; a significant fraction of the free charge dif-
fuses over hundreds of microns, leading to a large spatial
footprint for the charging event that can be sensed by
multiple qubits.
We perform detailed numerical modeling of charge

bursts induced by the absorption of cosmic rays and back-
ground radioactivity. We use the GEANT4 toolkit [8–
10] to calculate the energy deposited in the silicon sub-
strate. A simplified model of the cryostat (including vac-
uum can, radiation shields, stage plates, etc.) is used
to calculate the flux of muons and gamma rays at the
chip. The angular and energy distribution of simulated
muons reproduces measurements of cosmic ray muons at
sea level [11], and the photons from background radioac-
tivity are generated isotropically according to the energy
distribution measured at Laboratori Nazionali del Gran
Sasso (LNGS)[12], which matches the distribution mea-
sured in the lab at Madison (see Supplement).
Each energy deposit liberates one electron-hole pair

per 3.75 eV of energy transferred to the substrate [13].
The subsequent di↵usion of charge is modeled using
G4CMP [14, 15]. This charge transport simulation takes
into account anisotropy in the electron band structure,
which leads to a separation of the positive and negative
charge liberated by the burst event, as demonstrated in
Ref. [16]. The di↵usion length �trap is taken to be energy-
and species-independent; �trap and the charge produc-
tion e�ciency fq are tuned to match the experimentally
measured charge histograms (see Supplement for details).
We find for �trap = 300 µm and fq = 0.2 that the simu-
lated single- and two-qubit charge histograms are in good
qualitative agreement with the measured histograms and
provide a reasonable quantitative match with the cor-
relation probabilities and charge asymmetries extracted
from the data.
The charge sensitivity of our devices allows us to moni-

• Most popular idea for quantum error correction: 
encode quantum information in a matrix of qubits


• Key assumption: errors across the qubits 
belonging to this matrix are uncorrelated in space 
and time


• Events in the substrate can simultaneously affect 
more qubits

11Future Project Workshop 2021 L. Cardani11
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• Charge jumps of qubits compatible with 
radioactive deposits


• Many simultaneous jumps in 2-qubits:


• 54% correlation prob. for ΔL = 340 μm


• 46% correlation prob. for ΔL = 640 μm


• For ΔL = 3 mm random coincidences 


• Effects on the coherence of single qubits

Quantum Error Correction
3

d

e

FIG. 2. Characterization of correlated charge fluctuations. (a) Qubit spectroscopy versus applied o↵set charge showing
the two quasiparticle parity bands; a discrete jump in o↵set charge can be seen in the rightmost column of data. (b) Ramsey
sequence used to detect o↵set charge ng ⌘ �q/2e, and trajectory of the qubit state vector for the two values of quasiparticle
parity. (c) Two sequential scans of Ramsey amplitude versus o↵set charge; points are data and solid traces are theoretical fits.
In the first scan (orange points), the o↵set charge was constant throughout the acquisition, while in the second scan (green
points) a discrete jump in o↵set charge occurred during the scan. (d) Time series of o↵set charge on the four qubits measured
simultaneously over 10 hours. Trace colors identify the locations of the four qubits, as shown in the figure inset. Panels to the
right show detailed views of correlated o↵set charge jumps in qubit pairs. (e) Joint charge histograms measured on three qubit
pairs; coloring of axes encodes the qubit location, and center-to-center separation is shown above the plots.

liberated by the burst event, as demonstrated in ref. 17.
The characteristic trapping length �trap is taken to be
energy- and species-independent; �trap and the charge
production e�ciency fq are tuned to match the exper-

imentally measured charge histograms (see Supplement
for details). We find for �trap = 300 µm and fq = 0.2 that
the simulated single- and two-qubit charge histograms
are in good qualitative agreement with the measured
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• Refined our study with Google Sycamore 
processor


• High energy events produce discrete bursts of 
errors that affect an entire qubit patch of the 
processor, effectively lasting for thousands of 
errors correction cycles 


• Monitor the coherence time during an event and 
find it to be severely suppressed across all chip

Quantum Error Correction
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[McEwen et al, arXiv:2104.05219]
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• Refined our work with Google Sycamore 
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Quantum Error Correction
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[McEwen et al, arXiv:2104.05219]

Radioactivity mitigation necessary to 

enable quantum computing to scale 



When we proposed the DEMETRA project (2018, starting grant of INFN), this was 
just a hypothesis. Today we have 3 papers stating that:


1. Radioactivity will be (or already is) the ultimate limit for the coherence of qubits


[ [Vepsäläinen, Nature 2020]


2. Radioactivity limits quantum error correction in a matrix of qubits


  [Wilen, Nature 2021] and [McEwen, arXiv:2104.05219]


3. Suppressing radioactivity improves the performance of quantum circuits 


[   [Cardani, Nat. Comm. 2021]
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Radioactivity as Source of Decoherence
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A solution
[Cardani et al, Nat. Comm. 2021]Resonators
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A solution
[Cardani et al, Nat. Comm. 2021]Resonators
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S2. SAMPLE MOUNTING AND CRYOSTAT SHIELDING

We show the sample mounting and the dilution cryostat of the G setup in Fig. S2.1.

20 cm

µ-metal shield

Pb bricks

2 cm1 cm

vacuum grease

a b c

barrel lid

FIG. S2.1. Sample mounting and cryostat shielding. a, Copper waveguide without the cap. The sapphire chip is glued
to the waveguide with vacuum grease (shown) or Ag paste. b, Mounting copper rod with capped waveguide screwed on. In
the K setup, a Cu/Al bilayer barrel and a µ-metal barrel are screwed onto the lid, encapsulating the rod-waveguide ensemble.
c, Dilution cryostat in the G setup. Notice the ⇠2 mm thick µ-metal barrel and the wall of ⇠ 20 ⇥ 10 ⇥ 5 cm3 Pb bricks
surrounding it.
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A solution
[Cardani et al, Nat. Comm. 2021]Resonators
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A solution
[Cardani et al, Nat. Comm. 2021]

Resonators

Rate of impacts [= “errors”] reduced by ~30


Coherence can be improved by 2-4*


* if the loss is dominated by phonons, this is not the 

case for all superconducting qubits
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FIG. 3. E↵ect of radiation shielding on resonator
performance. Quasiparticle burst rate (�B , top) and inter-
nal quality factor at single photon drive (Qi, bottom) for all
resonators and setups. The progression of measurements is
shown by the dotted gray arrows. Measurements in the G
setup show a reduction in both burst rate (factor fifty) and
dissipation (up to a factor four). Removing the lead shielding
increases the burst rate by a factor two, and further adding
a ThO2 radioactive source increases it to more than twice
above ground values. When the sample is brought back above
ground and measured in the R setup, the reduction in burst
rate and dissipation is less marked.

4. we moved the clean set-up and all the read-out line
to cryostat located in the deep underground Labo-
ratori Nazionali del Gran Sasso (LNGS, Italy). The
3600 meter-water-equivalent of rock overburden of
LNGS allows to reduce by 6 orders of magnitude
the flux of cosmic rays;

5. we surrounded the LNGS cryostat with a ⇠10 cm
lead castle to shield it from the contaminations of
the laboratory environment;

6. we exposed the sample at LNGS to an intense ThO2

radioactive � source simulating a radioactivity level
higher than in above ground laboratories.

The rate of quasiparticles burst is reported in Figure 3.
I commented the table, which is redundant given the clear
plot.

First of all, we observe that exposing the sample to
a ThO2 � source resulted in a dramatic increase of the
quasiparticles bursts: resonators A, B and C were trig-
gering quasiparticles bursts with a rate of 160, 200 and
100mHz respectively (a typical time stamp is also re-
ported in Figure 2). The rate increase observed in this
measurement proves that the device is very sensitive to

radioactivity, also in the typical energy range of environ-
mental radioactivity (below 2.6MeV). We acquired hun-
dred of time-stamps and reported the amplitude of the
quasiparticles burst detected in one resonator as a func-
tion of the amplitude of the same quasiparticles burst
measured by another resonator (Figure 2)-bottom) fix
figure label. The correlation between these two quanti-
ties definitively proves the key role played by the sub-
strate: the larger the energy deposited in the substrate,
the larger the quasiparticles burst in all the resonators
placed on it. This sensitivity of the substrate to environ-
mental radioactivity could be detrimental for algorithms
relying on the hypothesis of uncorrelated errors among
the qubits, such as the promising Surface Codes devel-
oped in the framework of quantum error correction. In
this work we proved that the abatement of environmental
radioactivity could largely mitigate this potential issue
for quantum error correction.

The comparison of the rate of quasiparticles burst mea-
sured in KIT and in Rome shows that the cleaner set-up
operated in Rome features a lower the rate of events (Fig-
ure 3). The improvement is more evident in the mea-
surement in which we replaced silver paste with (more
radio-pure) vacuum grease. On the other hand, the vari-
ation of quasiparticles bursts is rather limited, proving
that “far” radioactive sources (cosmic rays and environ-
mental radioactivity) dominate the rate of bursts, while
the cleaning of the set-up had no major e↵ects at this
stage. On the contrary, moving the device from above
ground to the deep underground LNGS resulted in an
abatement of the rate of bursts from tens of mHz to few
mHz. Finally, adding the lead shield to protect the cryo-
stat from the environmental radioactivity resulted in a
further suppression to 2.5mHz, 2.6mHz and 1.2mHz for
resonators A, B and C respectively, proving a reduction
by one order of magnitude compared to measurements
above ground.

Furthermore, we investigated if the radioactivity
abatement impacts also the performance of the single res-
onators, in addition to the rate of quasiparticles bursts.
For this purpose, we focused on the internal quality factor
of the devices. The internal quality factor was extracted
from a fit to the complex resonant circle at di↵erent pow-
ers, following the procedure outlined in Ref ref to a paper
describing the method. For the sake of comparison, we
report in Figure 3-bottom only the results obtained with
a single photon read-out power (-140 dBm). Even if the
uncertainties on these numbers are rather large, it is clear
that the largest internal quality factor was obtained by
operating the device in the ultra-low radioactivity envi-
ronment o↵ered by LNGS. say that it’s even better than
phonon traps? maybe their combination even super bet-
ter?.

We are aware that other control experiments are
needed to state that such improvement could be entirely
ascribed to radioactivity mitigation. Nevertheless, we
excluded dominant contributions from the read-out line,
from vibration of the cryostat or temperature instabili-
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Perspectives
Improving qubit performances relies on two complementary strategies:


• Decrease radioactivity


• Mitigate its effect through “phonon traps” or novel chip design [Gold2020, 
Martinis2020, Karatsu2019, Henriques2019, Nsanzineza2014, Wang2014] 



Outline
1. Qubits underground: why?


2. Requirements 


3. Underground laboratories already involved: how
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Requirements to “enter the game”
• Underground fridge with 10 mK


• High live-time in stable conditions (~weeks)


• Radiopurity (clean materials, lead shield, …)


• Then, depends on application:


• For large project, super-custom facilities
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Two examples of “large” scale projects
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Requirements to “enter the game”
• Underground fridge with 10 mK


• High live-time in stable conditions (~weeks)


• Radiopurity (clean materials, lead shield, …)


• Then, depends on application:


• For small projects:


• few RF channels


• reasonable RF equipment (~60 keuro: circulators, insulators, attenuators, HEMT, …) 


• room-temperature electronics (~50-100 keuro)
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FIG. 3. E↵ect of radiation shielding on resonator
performance. Quasiparticle burst rate (�B , top) and inter-
nal quality factor at single photon drive (Qi, bottom) for all
resonators and setups. The progression of measurements is
shown by the dotted gray arrows. Measurements in the G
setup show a reduction in both burst rate (factor fifty) and
dissipation (up to a factor four). Removing the lead shielding
increases the burst rate by a factor two, and further adding
a ThO2 radioactive source increases it to more than twice
above ground values. When the sample is brought back above
ground and measured in the R setup, the reduction in burst
rate and dissipation is less marked.

4. we moved the clean set-up and all the read-out line
to cryostat located in the deep underground Labo-
ratori Nazionali del Gran Sasso (LNGS, Italy). The
3600 meter-water-equivalent of rock overburden of
LNGS allows to reduce by 6 orders of magnitude
the flux of cosmic rays;

5. we surrounded the LNGS cryostat with a ⇠10 cm
lead castle to shield it from the contaminations of
the laboratory environment;

6. we exposed the sample at LNGS to an intense ThO2

radioactive � source simulating a radioactivity level
higher than in above ground laboratories.

The rate of quasiparticles burst is reported in Figure 3.
I commented the table, which is redundant given the clear
plot.
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100mHz respectively (a typical time stamp is also re-
ported in Figure 2). The rate increase observed in this
measurement proves that the device is very sensitive to

radioactivity, also in the typical energy range of environ-
mental radioactivity (below 2.6MeV). We acquired hun-
dred of time-stamps and reported the amplitude of the
quasiparticles burst detected in one resonator as a func-
tion of the amplitude of the same quasiparticles burst
measured by another resonator (Figure 2)-bottom) fix
figure label. The correlation between these two quanti-
ties definitively proves the key role played by the sub-
strate: the larger the energy deposited in the substrate,
the larger the quasiparticles burst in all the resonators
placed on it. This sensitivity of the substrate to environ-
mental radioactivity could be detrimental for algorithms
relying on the hypothesis of uncorrelated errors among
the qubits, such as the promising Surface Codes devel-
oped in the framework of quantum error correction. In
this work we proved that the abatement of environmental
radioactivity could largely mitigate this potential issue
for quantum error correction.

The comparison of the rate of quasiparticles burst mea-
sured in KIT and in Rome shows that the cleaner set-up
operated in Rome features a lower the rate of events (Fig-
ure 3). The improvement is more evident in the mea-
surement in which we replaced silver paste with (more
radio-pure) vacuum grease. On the other hand, the vari-
ation of quasiparticles bursts is rather limited, proving
that “far” radioactive sources (cosmic rays and environ-
mental radioactivity) dominate the rate of bursts, while
the cleaning of the set-up had no major e↵ects at this
stage. On the contrary, moving the device from above
ground to the deep underground LNGS resulted in an
abatement of the rate of bursts from tens of mHz to few
mHz. Finally, adding the lead shield to protect the cryo-
stat from the environmental radioactivity resulted in a
further suppression to 2.5mHz, 2.6mHz and 1.2mHz for
resonators A, B and C respectively, proving a reduction
by one order of magnitude compared to measurements
above ground.

Furthermore, we investigated if the radioactivity
abatement impacts also the performance of the single res-
onators, in addition to the rate of quasiparticles bursts.
For this purpose, we focused on the internal quality factor
of the devices. The internal quality factor was extracted
from a fit to the complex resonant circle at di↵erent pow-
ers, following the procedure outlined in Ref ref to a paper
describing the method. For the sake of comparison, we
report in Figure 3-bottom only the results obtained with
a single photon read-out power (-140 dBm). Even if the
uncertainties on these numbers are rather large, it is clear
that the largest internal quality factor was obtained by
operating the device in the ultra-low radioactivity envi-
ronment o↵ered by LNGS. say that it’s even better than
phonon traps? maybe their combination even super bet-
ter?.

We are aware that other control experiments are
needed to state that such improvement could be entirely
ascribed to radioactivity mitigation. Nevertheless, we
excluded dominant contributions from the read-out line,
from vibration of the cryostat or temperature instabili-
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FIG. 2. Characterization of correlated charge fluctuations. (a) Qubit spectroscopy versus applied o↵set charge showing
the two quasiparticle parity bands; a discrete jump in o↵set charge can be seen in the rightmost column of data. (b) Ramsey
sequence used to detect o↵set charge ng ⌘ �q/2e, and trajectory of the qubit state vector for the two values of quasiparticle
parity. (c) Two sequential scans of Ramsey amplitude versus o↵set charge; points are data and solid traces are theoretical fits.
In the first scan (orange points), the o↵set charge was constant throughout the acquisition, while in the second scan (green
points) a discrete jump in o↵set charge occurred during the scan. (d) Time series of o↵set charge on the four qubits measured
simultaneously over 10 hours. Trace colors identify the locations of the four qubits, as shown in the figure inset. Panels to the
right show detailed views of correlated o↵set charge jumps in qubit pairs. (e) Joint charge histograms measured on three qubit
pairs; coloring of axes encodes the qubit location, and center-to-center separation is shown above the plots.

liberated by the burst event, as demonstrated in ref. 17.
The characteristic trapping length �trap is taken to be
energy- and species-independent; �trap and the charge
production e�ciency fq are tuned to match the exper-

imentally measured charge histograms (see Supplement
for details). We find for �trap = 300 µm and fq = 0.2 that
the simulated single- and two-qubit charge histograms
are in good qualitative agreement with the measured
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Europe
[LNGS - Italy]
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S2. SAMPLE MOUNTING AND CRYOSTAT SHIELDING

We show the sample mounting and the dilution cryostat of the G setup in Fig. S2.1.

20 cm

µ-metal shield

Pb bricks

2 cm1 cm

vacuum grease

a b c

barrel lid

FIG. S2.1. Sample mounting and cryostat shielding. a, Copper waveguide without the cap. The sapphire chip is glued
to the waveguide with vacuum grease (shown) or Ag paste. b, Mounting copper rod with capped waveguide screwed on. In
the K setup, a Cu/Al bilayer barrel and a µ-metal barrel are screwed onto the lid, encapsulating the rod-waveguide ensemble.
c, Dilution cryostat in the G setup. Notice the ⇠2 mm thick µ-metal barrel and the wall of ⇠ 20 ⇥ 10 ⇥ 5 cm3 Pb bricks
surrounding it.

• Pioneered this field. Now: upgrade of the readout of the 
test cryostat [S. Pirro, M. Junker scientific and technical 
coordinators]


• Test of flux qubit scheduled in Sep 2021


• Tests of Rigetti prototype planned for late 2021 - early 
2022 within the SQMS center
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c, Dilution cryostat in the G setup. Notice the ⇠2 mm thick µ-metal barrel and the wall of ⇠ 20 ⇥ 10 ⇥ 5 cm3 Pb bricks
surrounding it.

• Pioneered this field 


• 2021: upgrade of the readout of the test cryostat [S. Pirro, 
M. Junker scientific and technical coordinators]


• Test of flux qubit scheduled in Sep 2021


• Tests of Rigetti prototype planned for late 2021 - early 
2022 within the SQMS center

Collaboration with the SQMS quantum center 

Procurement of a larger fridge ongoing to test 

SQMS final prototypes in radio-pure environment

Europe
[LNGS - Italy]
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[LSC - Spain]

• Plan to install a qubit-compatible cryogenic measurement 
station at Canfranc


• Asked for: 3x3 m2 station to install a fridge with 10 mK base 
temperature, with Radon-free system, underground clean 
room


• Other advantages of LSC: radiopurity service (material 
screening) and electroforming service 


• Proposal submitted to Spanish “Plan National” (fall 2020) and 
will be submitted to QuantERA calls (may 2021)

Thanks to Pol Forn-Diaz and Maria Martinez for slides :)

Europe
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[NEXUS - Fermilab]
• Underground (300 mwe), class 10,000 clean-room, lead shield


• 10 RF + 8 DC SQUIDs + many 4-wire ch + RF filtered fibers


• Plan to scale up number of channels 

Thanks to Noah Kurinsky for the slides :)

RF

DC

US
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[ORLN quantum science center]
• ORLN quantum science center will install a second 

cryostat (QUIET) to test quantum sensors and qubits 
that might be useful for low-mass dark matter 
searches


• Test of how qubits improve underground (with focus 
on background for dark matter searches)

Thanks to Noah Kurinsky for the slides :)

US



Conclusions

• Radioactivity was recently discovered as a major problems for 
superconducting qubits


• Underground laboratories would not be the “ideal” choice for qubits 
companies


• Until other mitigation strategies are envisioned (traps, novel circuits designs) 
they might be the most comfortable site


• Underground labs are moving in this direction (in Europe + NEXUS)


• Unique opportunity to cross-pollinate our fields of particle detector and qubits
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Thanks to many people for plots and discussion

Thanks for the attention


