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Abstract
Superconducting qubits can be sensitive to energy deposits caused by cosmic rays
and ambient radioactivity. While previous studies have explored correlated effects in
time and space due to cosmic ray interactions, we present the first direct comparison
of a transmon qubit’s performance measured at two distinct sites: the above-ground
SQMS facility (Fermilab, US) and the deep-underground Gran Sasso Laboratory (Italy).
Despite the stark difference in radiation levels, we observe a similar average qubit
relaxation time of approximately 80 microseconds at both locations. To investigate
radiation-induced events, we employ a fast decay detection protocol, comparing
the relative rates of events between the two environments. Although intrinsic
noise remains the dominant source of errors in superconducting qubits, our analysis
revealed a significant excess of radiation-induced events for high-coherence transmon
qubits operated above-ground. Finally, using γ -ray sources with increasing activity
levels, we evaluate the qubit response in a controlled low-background environment.

Keywords: Superconducting qubits; Transmon qubits; Ionizing radiation; Cosmic
rays; Gamma rays; Radiation-induced errors

1 Introduction
Over the past decades, superconducting circuits have emerged as a leading technology
for applications in quantum information [1–6], photon, and particle detection [7–18]. In
recent years, several research groups have started investigating the impact of particle in-
teractions on the performance of superconducting quantum bits (qubits) with different
geometries and materials [19, 20], and recent work has introduced techniques for fast T1

monitoring [21]. For example, it has been observed that the lifetime of a transmon qubit
can decrease when exposed to high levels of radiation [22]. Additionally, the effect of high
energy deposits can rapidly propagate from the initial location of deposition, inducing cor-
related errors or even general system failure [23, 24]. Wilen et al. [25] found that the rate of
charge jumps in an array of charge-sensitive qubits (operated as electrometers) was con-
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sistent with the expected rate of interactions from ambient radioactivity and cosmic rays.
In contrast, Thorbeck et al. [26] observed no significant direct effects from radiation, but
suggested that ionizing radiation may interact with two-level systems (TLSs), a dominant
noise source in superconducting qubits [27–34].

Other studies have shown that suppressing radioactivity can enhance the performance
of superconducting circuits. Operating devices in low-background facilities reduces cor-
related errors [35], stabilizes fluxonium qubits [36], and improves the internal quality fac-
tor of superconducting resonators [37]. The latter publication also determined that the
substrate on which qubits are deposited, rather than the qubits themselves, is the primary
target for particle interactions.

These findings have motivated efforts in further directions aimed at studying and mit-
igating possible effects of radioactivity and cosmic rays. Promising results have been
achieved by equipping the chip with “traps” designed to absorb phonons produced
(also) by radioactive interactions [38–40], and using gap engineering [20, 41, 42]. Other
approaches focus on minimizing radiation from qubit construction materials, such as
Printed Circuit Boards (PCBs), which have been shown to produce a sizeable rate of events
in the qubit chip [43]. Furthermore, it is also worth mentioning recent proposals of equip-
ping qubits with particle detection systems [44] or external muon detectors [24, 42, 45, 46].

In this work, we present the first study of a charge-insensitive transmon qubit with en-
ergy relaxation time T1 of the order of 0.1 milliseconds, measured in two laboratories
with markedly different radiation levels: the Quantum Garage of the Superconducting
Quantum Materials and Systems (SQMS) Center at Fermilab (FNAL, Illinois, US), and
the Ieti Facility located in the deep-underground Gran Sasso National Laboratory of INFN
(LNGS, L’Aquila, Italy). All measurements were performed on the same qubit, enabling a
direct comparison between the above-ground and deep-underground environments. The
aim of this study is to quantify the impact of cosmic radiation and environmental radioac-
tivity on the qubit.

The paper is structured as follows. To understand how different radiation environments
affect qubit performance, we first compare the average relaxation time of this qubit above
ground at FNAL and deep underground at LNGS (Sects. 2.1–2.2). Our results show that, as
expected, radiation has a negligible effect even on transmons with a relaxation time of 0.1
milliseconds. By developing a fast decay detection protocol with active reset and a novel
analysis technique, we are able to disentangle radiation-induced events (Sects. 2.3–2.4).
We systematically explore how various experimental parameters—such as qubit relax-
ation time and the sampling period of the fast reset—influence the results. We find that
radiation-induced event rates are significantly higher at FNAL compared to LNGS. Fi-
nally, we expose the superconducting chip to calibrated γ -ray sources in a controlled,
low-background environment, to further characterize the qubit’s response to radiation
and validate our findings (Sect. 2.5).

2 Results
2.1 Device and experimental locations
The chip consisted of a 432 μm thick HEMEX grade Sapphire substrate with dimensions
of 7.5×7.5 mm2. The entire substrate was covered in Niobium, which creates a ground
plane that may act as a phonon trap, diminishing phonon propagation and absorption in
the active part of the qubit [48, 49]. Eight fixed-frequency Niobium transmons with dif-
ferent geometries and standard Al/AlOx/Al Josephson junctions were deposited on the
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Table 1 Expected rate of interactions in the Sapphire substrate at the two experimental locations.
The expected interaction rates were obtained by scaling the simulation results using both measured
and theoretical inputs. Specifically, the γ -ray flux in the experimental rooms were measured with a 3”
portable NaI spectrometer, yielding (1.7± 0.9) γ /cm2/sec at FNAL and (1.0± 0.5) γ /cm2/sec at
LNGS. For muons, a flux of 1 μ/cm2/min was assumed at FNAL, based on the site altitude, while a
six-order-of-magnitude suppression factor was applied to estimate the flux at LNGS [47]. Lastly, the
radioactive contamination of the experimental setup components was measured in Ref. [43]

Source FNAL LNGS
[events/sec] [events/sec]

Lab γ -ray (31± 2)× 10–3 (1.3± 0.1)× 10–3

Muons (8± 0.5)× 10–3 <10–5

Setup (2.7± 0.5)× 10–3 (2.7± 0.5)× 10–3

Total (42± 3)× 10–3 (4.0± 0.6)× 10–3

Figure 1 Comparison of the two experimental sites. (a) The above-ground cryostat at FNAL is exposed to
environmental radiation and cosmic-rays, whereas the deep-underground cryostat at LNGS is strongly
guarded from cosmic muons by the 1.4 km deep rock overburden and from environmental γ -rays through a
Copper plus Lead shielding. (b) The left and right panels display data taken at FNAL and LNGS, respectively.
Standard T1 measurements performed on the same device show similar fluctuations at both sites. However,
these measurements are too slow to detect rapid T1 drops at millisecond time scales potentially due to
radiation impact

chip, as detailed in Supplementary Section A. To mitigate losses caused by the formation
of Nb2O5, the qubits’ surfaces were capped with a ∼10 nm thick layer of Gold [50]. This
capping technique allowed us to achieve long T1 values, ranging from tens up to hun-
dreds of microseconds, an essential feature for observing relaxation time variations on
microsecond timescales.

To predict the rate of hits due to ionizing radiation, we performed a Monte Carlo simu-
lation using the GEANT4 framework [51] developed in Ref. [43]. We anticipate the total
rate of radiation events interacting within the chip at FNAL and LNGS to be (42±3)×10–3

events/sec and (4.0 ± 0.6) × 10–3 events/sec, respectively. Table 1 summarizes the simu-
lation results, with detailed information provided in Supplementary Section B. At FNAL
(Fig. 1(a), left panel), the rate of impacts in the Sapphire substrate is dominated by γ -rays
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from naturally occurring radioactive isotopes, with cosmic-ray muons also contributing
significantly. At LNGS (Fig. 1(a), right panel), muon interactions are reduced by six orders
of magnitude due to the 1.4 km rock overburden, and gamma radiation is minimized by
Copper and Lead shields, installed both inside and around the cryostat. The last source of
radiation arises from the materials of the chip and its surrounding components. In a prior
study within the SQMS Round Robin project [43], we measured the radioactive content of
each component and determined that cables, connectors, amplifiers, and circulators con-
tribute negligibly to the overall rate. However, the PCBs, located near the chip, exhibits
significant radioactive contamination. This contribution dominates the “Setup” rates in
Table 1 and, while negligible at FNAL, becomes the primary source at LNGS where exter-
nal radiation is highly suppressed.

To explore the impact of elevated radiation levels, at LNGS, we used calibrated Thorium
sources to increase the event rate up to one event every two seconds. This allowed us to
investigate transmons’ behavior in a controlled “high” radiation environment.

2.2 Relaxation time in different environments
When a particle impinges on the qubit chip, it releases energy into the substrate. Muons
create long tracks across the chip, while γ -rays interact through photo-electric absorption
or (mainly via) Compton scattering, producing short-track electrons. In the absence of an
electric field, the thousands of charges created along the ionizing track recombine into
phonons, which diffuse throughout the chip [25]. As illustrated in Fig. 2(a), these phonons
can break Cooper pairs in superconductors, creating quasiparticles. When these quasipar-
ticles tunnel through the Josephson Junction, they may cause the qubit to lose energy and
decay to its ground state |g⟩ [39]. This leads to extended periods during which the relax-
ation time is strongly reduced, resulting in a significantly lower T1. Previous studies indi-
cated that these low T1 periods can last from one to several tens of milliseconds [23, 24].

Transmons with energy relaxation rates of 1/40 and 1/32 μs–1 were already characterized
in a facility in which radioactivity could be controlled by using a movable lead shield. The
authors of the paper, determined that environmental radioactivity was negligible for qubits
with that T1 [22]. In this work, we characterized the 8 qubits and chose to focus on qubit
“Q1” (Supplementary Section A), which exhibited the best combination of T1 (∼80 μs)
and readout fidelity (∼90–95%). This compromise makes Q1 particularly well suited for
radiation studies, as a longer T1 increases sensitivity to radiation-induced events, while
high readout fidelity ensures reliable event identification.

We performed standard T1 measurements in both above-ground (FNAL) and under-
ground (LNGS) environments using the same qubit. Each time-delay point was measured
over 500 μs (no active reset) and averaged over 1000 repetitions. A total of 101 delay points
were acquired per T1 trace, resulting in an acquisition time of about 50 seconds per data
point, as shown in Fig. 1(b). The results showed similar mean values and fluctuations in
T1, consistent with typical transmon behavior [50], and no abrupt T1 drops were observed.
This outcome aligns with expectations, as standard T1 experiments, due to their averaging
nature, lack the temporal resolution necessary to capture millisecond-scale fluctuations.
As a consequence, to probe such rapid events, we developed a tailored fast decay detec-
tion protocol [20, 23] specifically designed to monitor single qubits with sub-millisecond
resolution (Sect. 2.3). Nevertheless, the standard T1 experiment was performed multiple
times: initially at FNAL, then at LNGS, and finally again at FNAL, interleaved with the
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Figure 2 Quasiparticle generation process and experimental protocol. (a) Schematic representation of
quasiparticles generation due to particle interactions in the substrate. Ionizing radiation impinging on the
substrate produces electron-hole pairs that recombine, creating phonons. These phonons spread throughout
the chip and, in superconducting materials, can break Cooper pairs into quasiparticles, which can tunnel
across the Josephson Junction inducing decay of the qubit from the excited state |e⟩ to the ground state |g⟩.
(b) The fast decay detection protocol consists of repeated cycles of qubit preparation in the excited state, a
waiting period, measurement, and cooldown period. Each cycle lasts up to 74 μs, with a waiting time of 5 μs,
chosen to optimize the sensitivity to fast decays while maintaining a clear distinction between burst-induced
events and the spontaneous qubit decay. (c) During normal operation, the qubit is likely to remain in the
excited state due to its long T1. Radiation events drastically reduce T1, causing repeated detections in |g⟩.
Over time, the qubit gradually recovers its natural T1. These sequences enable the detection of radiation
impacts with sub-millisecond resolution

measurements described in the next section. This allowed us to verify that the qubit be-
havior remained stable and reproducible throughout the entire data-taking campaign.

2.3 Detection protocol
The detection protocol (Fig. 2(b)) begins by resetting the qubit to its first excited state |e⟩
using a conditional π-pulse, applied after an initial measurement if the qubit is found in
the ground state |g⟩. After a waiting period Δtd , the qubit state is measured again, followed
by a cooldown period to allow dissipation of readout-induced heating and prevent exces-
sive population of higher excited states. Specifically, the waiting period was fixed at 5 μs
(see Supplementary Section E), with readout pulse durations varying from 5 to 9 μs. The
π-pulse duration was negligible (∼200 ns) compared to the relaxation time, and cooldown
periods were set between 24 and 58 μs. These parameters were chosen dataset by dataset
to optimize both state initialization fidelity and readout efficiency. The total time to com-
plete a cycle can be thought as a sampling period (TS). Measurements of Q1 were done
with TS increasing from 40 to 74 μs.

Under normal conditions, the qubit predominantly remains in |e⟩ due to its relatively
long T1, with occasional decays to |g⟩ occurring at a probability of P(g) = (1 – e–Δtd/T1 ) ≈
Δtd/T1. Radiation events, however, significantly reduce T1, leading to a much higher prob-
ability of detecting the qubit in |g⟩. Since the effect of quasiparticles lasts longer than the
duration of a single cycle, an event due to radiation typically manifests as consecutive de-
tections in |g⟩, as illustrated in Fig. 2(c).
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Table 2 List of datasets. Data collected at LNGS and at FNAL. The table shows both the original
acquisition duration and the “live-time” duration after excluding intervals with high |f ⟩ population.
The improvement in the detection protocol increased the live-time of the FNAL measurements of
Q1. Multiple datasets were acquired using the same parameters to assess the reproducibility of the
results. Columns TS and P(g) report, respectively, the sampling period and the probability of
detecting the qubit in the |g⟩ state, computed from the ratio of measured 0s over the total records.
Nmin

signal is the minimum number of zeros in the Signal region. Nmin
control and Nmax

control are the minimum
and maximum number of zeros in the Control region. The last column shows the rate of events that
passed the data selection

Datasets Acquisition Time Live-time TS P(g) Nmin
signal Nmin,max

control Measured Rate
[min] [min] [μs ] [%] [events/sec]

LNGS

Shielded chip 736.7 209.96 73.6 11.8 19 6, 21 (0.40 ± 0.18)×10–3

44 kBq Th Source 620.7 114.0 67.6 14.5 21 8, 24 (16.0 ± 1.5)×10–3

76 kBq Th Source 124.1 46.3 67.6 13.8 21 7, 23 (16.6 ± 2.5)×10–3

125 kBq Th Source 62.1 23.7 67.6 15.5 22 9, 25 (26.8 ± 4.4)×10–3

161 kBq Th Source 62.1 62.1 67.6 14.9 21 8, 25 (29.4 ± 2.8)×10–3

FNAL

60 μs - run1 240.0 55.0 60.0 14.7 21 8, 23 (7.9 ± 1.5)×10–3

60 μs - run2 240.0 180.0 60.0 15.8 22 9, 24 (6.47 ± 0.77)×10–3

60 μs - run3 130.0 90.0 60.0 15.5 22 9, 24 (7.9 ± 1.0)×10–3

68 μs - run1 270.4 270.4 67.6 14.2 21 8, 23 (5.26 ± 0.80)×10–3

68 μs - run2 270.4 270.4 67.6 14.3 21 8, 24 (5.73 ± 0.59)×10–3

68 μs - run3 270.4 270.4 67.6 13.5 20 7, 23 (5.79 ± 0.60)×10–3

74 μs - run1 294.4 294.4 73.6 15.1 21 9, 25 (5.32 ± 0.55)×10–3

74 μs - run2 294.4 294.4 73.6 14.5 21 8, 24 (4.47 ± 0.50)×10–3

74 μs - run3 294.4 294.4 73.6 14.2 21 8, 23 (4.98 ± 0.53)×10–3

74 μs - run4 294.4 294.4 73.6 15.0 21 8, 24 (4.13 ± 0.48)×10–3

50 μs - run1 200.0 200.0 50.0 16.0 22 9, 26 (8.33 ± 0.83)×10–3

50 μs - run2 200.0 200.0 50.0 16.3 22 9, 26 (8.58 ± 0.85)×10–3

50 μs - run3 200.0 200.0 50.0 17.6 23 11, 28 (9.08 ± 0.87)×10–3

40 μs - run1 159.2 159.2 39.8 15.8 22 9, 25 (8.48 ± 0.94)×10–3

40 μs - run2 159.2 159.2 39.8 15.7 22 9, 25 (8.58 ± 0.95)×10–3

40 μs - run3 159.2 159.2 39.8 15.0 22 8, 24 (10.3 ± 1.0)×10–3

55 μs - run1 220.4 220.4 55.1 15.9 22 9, 26 (7.26 ± 0.74)×10–3

55 μs - run2 220.4 220.4 55.1 16.2 22 9, 26 (7.57 ± 0.76)×10–3

55 μs - run3 220.4 220.4 55.1 16.2 22 9, 26 (7.26 ± 0.74)×10–3

Data were collected using an RFSoC board equipped with the Quantum Instrumenta-
tion Control Kit (QICK) [52]. Detailed setup information, including filtering and amplifi-
cation stages, are provided in Supplementary Section F. Data corresponding to qubit Q1
were collected both underground at LNGS in 2023 (where the chip was also exposed to
radioactive sources) and at FNAL in 2025. At FNAL, we additionally investigated the im-
pact of different sampling periods on the reconstruction of radiation events. To assess the
stability of the results over time, we also acquired datasets on different days using identical
experimental parameters. A summary of the acquired runs is reported in Table 2.

2.4 Identifying candidate radiation events from qubit measurements
Each experimental run typically lasted several hours, during which hundreds of millions of
readouts were recorded. Qubit states were reliably discriminated from the I/Q (in-phase
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Figure 3 Examples of triggered events. The top panel shows a clear radiation-induced event, identifiable by a
significant excess of zeros in the signal region relative to the control region. In contrast, the bottom panel
displays a triggered event that was discarded due to the absence of a significant excess of zeros in the signal
region. The high level of noise observed in the control region further supports its classification as a
noise-induced trigger. These examples illustrate how the combined use of the signal and control regions
enables discrimination between genuine radiation-induced events and noise fluctuations

and quadrature-phase) signals, with a typical readout fidelity of 90–95% (see Supplemen-
tary Section C for details).

Data were divided into traces of 106 measurements (corresponding to approximately one
minute of data). Traces exhibiting elevated populations in higher excited states, such as |f ⟩
or |h⟩, were excluded from the analysis to ensure robust discrimination between |g⟩ and
|e⟩ and maintain data consistency. While transitions involving higher excited states could
offer valuable insights for future studies, the current methodology prioritizes a high-purity
dataset suitable for quantitative comparison across different runs. This selection reduces
the effective live-time of the measurements (Table 2).

For each trace, we obtained a binary sequence of 0s and 1s, corresponding to |g⟩ and
|e⟩, respectively. Details of the procedure are provided in Supplementary Section C. To
disentangle the 0s originating from radioactivity from those caused by spontaneous qubit
decay, we required the detection of at least four consecutive zeros to trigger an event. This
criterion reduces false triggers due to spontaneous decay and other noise sources such as
electronic noise, vibrations [53, 54] and material relaxation at low temperatures [55, 56].
These effects are particularly relevant at the interface between the holder and the chip
[57–59], or in the metallic films [58, 60]. We also repeated the analysis using a trigger
threshold of three consecutive zeros and obtained consistent results.

Once an event was triggered, a 145-point window was recorded (see Fig. 3) and divided
into two regions:

• Control region ([1, 105] points): used to estimate the baseline number of zeros
(noise) before the event;

• Signal region ([106, 145] points): captured the event, including 5 points before and
35 after the trigger.

The length of the Signal region was chosen through an iterative process. We initially
assumed a signal duration of 100 points and performed the analysis described later in the
text. Since no events with more than 60 zeros were observed, we reduced the signal win-
dow to 60 points. This adjustment preserves the number of zeros generated by radioac-
tivity while reducing the number of zeros from spontaneous qubit decay within the same
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window. Again, we observed no events with more than 40 zeros in a 60-point window.
We therefore further reduced the signal region to 40 points, which was found to be the
optimal length to fully capture radiation-induced events while minimizing background
noise from spontaneous qubit relaxation. For the device studied here, this corresponds to
capturing decay dynamics extending over millisecond timescales. To avoid re-triggering,
a dead time of 35 points was applied after each trigger. Figure 3 illustrates two examples of
triggered events, one of which was discarded due to not meeting relevant criteria detailed
in the next section.

According to the Monte Carlo simulation summarized in Table 1, the event rates due
to radioactivity are 0.004 and 0.042 events/sec at LNGS and FNAL, respectively. These
values assume that all events interacting with the substrate are successfully detected by
the qubit. In practice, however, some detection inefficiency is expected, leading to lower
actual rates.

During all Q1 measurements, we observed a ground-state population P(g) ranging from
11.8 to 17.6% (Table 2). A rough estimate suggests that, with this value and a trigger con-
dition requiring four consecutive ground-state measurements, the expected trigger rate
due to spontaneous qubit decay is approximately proportional to P(g)4/TS resulting in few
events per second (TS being the sampling period, or the time to complete a cycle). Such a
high noise level would completely obscure the 10–3 events/sec generated by radioactivity.
Therefore, to isolate radiation-induced events after triggering, we apply additional data
selection.

Our approach is based on computing the probability of observing more than a certain
number of zeros in the signal region. Given a P(g) of about 10%, the most likely values
of zeros in a 40-points window would be 3–5 (Binomial distribution). Higher numbers
of zeros become less and less probable. Since we expect a rate from radioactivity of few
10–3 events/sec, we decided to require the minimum number of zeros in the signal region
(Nmin

signal) that ensures a noise from qubit decay <1 × 10–4 events/sec, thus an order of mag-
nitude below the searched signal. The precise value of Nmin

signal in the signal region depends
on the value of P(g) and the sampling period TS for that specific run. Since this parameter
is rather stable, the values of Nmin

signal to accept an event resulted 21-22 in a 40-points region
for most of the Q1 datasets (Table 2).

Similarly, the control region was examined to identify transient noise. Events with an
anomalous number of zeros in the control region -indicative of transient noise- were
flagged and discarded, as they can lead to false triggers. Specifically, we computed the
binomial probability of observing a given number of zeros in the control region and re-
jected events with a probability lower than 1%. Since both an excess and a deficit of zeros
can result in such low probabilities, we selected only events with a number of zeros be-
tween Nmin

control and Nmax
control reported in Table 2. The cut was intentionally chosen to be very

loose, as its purpose was solely to remove events in which qubit performance deviated
significantly from the average. Detailed selection criteria for each dataset are provided in
Table 2.

The top panel of Fig. 3 shows a radiation-induced event, where the signal region exhibits
a clear excess of zeros compared to the control region. In contrast, the bottom panel dis-
plays an event that was subsequently discarded because it does not show a significant
excess of zeros in the signal region. These examples highlight the role of the data selection
in distinguishing genuine radiation-induced events from noise.
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Figure 4 Measured rate of events for FNAL-Q1 as a function of the sampling period. Data were modeled
using a first-degree polynomial. The faster the sampling rate, the higher the detection efficiency

2.5 Measured event rates and detection efficiency
The rates of events that passed the data selection procedure (Sect. 2.4), as well as the
specific parameters of each run, are listed in Table 2. The runs are reported following the
same order in which data were acquired. Each run lasted typically four hours and we often
took runs in different days to monitor the stability of the results.

First, we draw the reader’s attention to the “FNAL Q1” data, which were acquired using
various sampling periods ranging from 40 to 74 μs. We observe that runs with the same
sampling period yield consistent results, despite being recorded on different days or with
slightly varying qubit lifetimes and hence different values of P(g). Moreover, the data show
that shorter sampling periods result in higher measured event rates. Specifically, using a
sampling period of 74 μs yields an event rate, averaged over four runs, of (4.68 ± 0.26) ×
10–3 events/sec. When the sampling period is reduced to 40 μs, the event rate, averaged
again across the three runs, increases to (9.08 ± 0.56) × 10–3 events/sec. This trend is also
illustrated in Fig. 4, where the event rate is reported as a function of the sampling period.

Such behavior was anticipated. Indeed, for each run, we chose a selection criterion that
ensured a qubit decay-induced noise rate below 10–4 events/sec, thus keeping the noise
rejection efficiency constant. Since the qubit parameters were reasonably reproducible
across all measurements, the chosen threshold was more or less the same—typically be-
tween 19 and 22 zeros. In contrast, the signal efficiency increased with faster sampling
periods. For example, if a signal lasts approximately 1.5 milliseconds, a sampling period
of 40 μs would produce about 37 zeros, while a 74 μs sampling period would yield only
20. Given that the analysis threshold was set between 19 and 22 zeros (depending on the
run), it is likely that events producing only 20 zeros on average have a low signal efficiency.
Conversely, events producing 37 zeros would almost always pass the data selection. This
effect can be appreciated in Fig. 5, where the two green histograms represent two runs
acquired at FNAL with 40 μs and 74 μs sampling period. In the 40 μs run there is a clear
excess of events with a large number of 0s. From this study, we conclude that only runs
with the same sampling period can be compared.

We now focus on the difference in the event rates measured for Q1 at FNAL and at
the underground LNGS laboratory. As previously explained, a meaningful comparison
requires the use of the same sampling period. For this reason, we report in Fig. 5 the his-
tograms obtained at both sites utilizing a 74 μs sampling period.



De Dominicis et al. EPJ Quantum Technology           (2026) 13:47 Page 10 of 15

Figure 5 Distribution of zeros in the signal region for runs conducted deep-underground at LNGS (gray, filled
histogram) and above-ground FNAL (green lines). At FNAL, the qubits were completely unshielded from
cosmic and ambient gamma radiation, resulting in significantly more detected events. The dotted line
represents FNAL data acquired with a 40 μs sampling period, while the other FNAL run and the LNGS one
were acquired with 74 μs. Runs with different sampling periods are shown to illustrate how this parameter
affects detection efficiency; however, only runs with the same sampling period can be directly compared in
terms of absolute rates

At LNGS, the “background” run was acquired exclusively with this sampling, yielding a
rate of (0.40 ± 0.18) × 10–3 events/sec. Using the same acquisition parameters at FNAL,
we measured an average rate of (4.68 ± 0.26) × 10–3 events/sec, approximately an order
of magnitude higher.

We also note that both the obtained rates are an order of magnitude smaller compared
to the prediction of the Monte Carlo simulation (Table 1). This hints that the “detection
efficiency” for events produced by ionizing radiation of the protocol developed in this
work is around ∼10%. The study presented in Fig. 4 indicates that the signal efficiency
is limited to approximately 10% primarily due to the sampling period. By repeating the
measurement with a shorter sampling period of 40 μs (instead of 74 μs), we nearly doubled
the measured signal rate and, consequently, increased the efficiency to 19%. However, we
empirically determined that significantly faster sampling rates tend to excite the qubit to
its second or third excited states, resulting in non-robust and unreliable measurements.

To further validate these conclusions, we investigated the detection efficiency for events
due to ionizing radiation at LNGS by exposing the chip to Thorium radioactive sources
with increasing activity levels. For this study, commercially available Thorium rods with
known activity were placed between the fridge’s outer vacuum chamber and the external
Copper shield. Data were analyzed using the same protocol applied to the background
runs, and are presented in Fig. 6.

The measured rates indicate that, as expected, exposing the chip to a controlled radioac-
tive source led to an excess of events with a high number of zeros in the signal region
compared to the “shielded” configuration. In Fig. 7, the rate of these events is reported
as a function of the source’s intensity. Since the runs with radioactive sources were per-
formed with a slightly faster sampling period, the rates reported in Table 2 were corrected
for this effect (about 10%). We note that directly comparing the background run with the
source runs on the same plot is not strictly justified. The presence of the sources could in-
duce unknown effects on the qubit (indeed, the background run is the only one in which
we observe such a low P(g)), and the energy distribution of the Thorium γ -rays differs
from that of the background radiation, as shown in the Supplementary Section B, which
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Figure 6 Distribution of zeros in the signal region for runs with controlled radioactive sources at
deep-underground LNGS. Data were acquired by exposing the chip to Thorium radioactive sources with
increasing activity. For comparison, the distribution for the ‘background’ run without sources is also shown
(light gray)

Figure 7 Measured rate of events for LNGS-Q1 as a function of the rate expected from the simulation. The
data are modeled using a first-degree polynomial to highlight the dependence of the measured rate on the
source activity. The linear coefficient p1 provides an estimate of the detection efficiency. The figure is
intended to illustrate the roughly linear trend rather than a quantitative agreement between measured and
simulated rates

may affect the probability for an energy deposition in the substrate to induce a detectable
qubit response. Nevertheless, the measured event rates increase roughly linearly with the
source activity, demonstrating that the observed excess is induced by ionizing radiation.

Additionally, we compared the triggered and simulated rates for the various Thorium
sources. The slope parameter p1 of the linear fit in Fig. 7 provides an estimate of the de-
tection efficiency of (8.0 ± 0.7)% (purely statistical uncertainty), in qualitative agreement
with our previous result. While the absolute measured rates are lower than the simulated
expectations due to the limited efficiency resulting from the aggressive data selection and
the relatively slow sampling period, the monotonic dependence on the source activity re-
mains clearly visible.
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3 Discussion
Despite the low detection efficiency, our findings demonstrate that qubits are sensi-
tive to gamma radiation, even though γ -rays deposit less energy compared to cosmic
rays [25, 37], providing the first experimental confirmation of the studies conducted
in [61]. While the experiments presented in this work show that particle-induced events
can be reliably identified, several improvements would be required for superconducting
qubits to be effectively used as particle detectors. The detection efficiency achieved in our
experiments (∼10%) is far below that of state-of-the-art particle detectors, which typically
reach values close to 100% above threshold [62–64]. Nonetheless, the very low energy
gap of superconductors makes them inherently sensitive to small energy deposits, with
O(meV) sufficient to break Cooper pairs, indicating that higher detection efficiencies are
achievable from a theoretical perspective. Significant improvements could be obtained by
optimizing both qubit properties and measurement protocol. In particular, a longer and
more stable T1 would reduce P(g), relaxing the analysis threshold and making quasipar-
ticle bursts easier to identify. Increasing the sampling frequency would further enhance
sensitivity to fast decay events, as discussed in Sect. 2.5. Taken together, these consider-
ations suggest that superconducting qubits could be exploited as particle detectors with
exceptionally low energy thresholds.

Finally, we recall that even triggering on 4 consecutive zeros we obtained a rate of few
events/second of single qubit errors, thus orders of magnitude higher compared to the
noise induced by radioactivity. This conclusion aligns with recent studies [42], which re-
port that cosmic rays are not the predominant source of the most frequent correlated er-
rors among qubits. The observed radiation-like-induced events could therefore be linked
to other mechanisms yet to be fully understood. Investigating these alternative potential
sources of correlated errors will be a crucial focus of future studies, aiming to further elu-
cidate the interplay between environmental noise and qubit performance.

In conclusion, we conducted a comparative study to assess the impact of radiation on
transmon qubits in two laboratories with very different radiation environments. Standard
T1 measurements on the same qubit revealed no discernible differences in energy relax-
ation times, which remained consistently around 80 microseconds.

To probe time dynamics at shorter timescales, we developed a fast decay detection pro-
tocol with active reset tailored for a single qubit. The same qubit measured with this tech-
nique at FNAL (above ground and without Lead and Copper shielding) showed about
10-fold excess rate compared to the maximally shielded qubit at the deep-underground
Gran Sasso Laboratory, as predicted by radioactivity studies. However, disentangling such
a small excess rate from the single qubit noise required very stringent trigger and analy-
sis thresholds, confirming that radioactivity is not the major source of errors in modern
transmon qubits with relaxation times of the order of 0.1 milliseconds.

Experiments with controlled Thorium sources at LNGS demonstrated the potential for
detecting γ -ray impacts, opening the possibility of using transmons as particle detectors.
However, the observed rates are lower than those predicted by simulations, indicating
the need for more refined trigger algorithms and/or analysis strategies. Nevertheless, the
approximately linear increase in measured rates with source activity confirms that the
detection protocol can reliably identify radiation-induced events, even if absolute rates
remain limited by efficiency.
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Future work will aim to achieve a deeper understanding of the error sources that cur-
rently overshadow radiation-induced effects. This will involve refining fast decay detection
and analysis protocols, testing diverse qubit geometries and materials, and conducting si-
multaneous measurements across both the same and multiple chips. By addressing these
challenges, we will move closer to realizing the full potential of transmon qubits in prac-
tical quantum technologies.
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