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Outline

• What are the superconducting qubits?


• Qubits are sensitive to radioactivity


• Can we use a superconducting qubits as a particle detector ?


• Measurement of a superconducting qubits in a underground facility 


• Conclusions and prospects 
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Superconducting qubits 
Or anharmonic oscillator 

• Possibility to have superposition states 



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


• Superconducting circuit with a Josephson 
Junction that acts as a non linear inductor


• Anharmonic energy spectrum => 
populate only the first two levels, We have 
our QUBIT!

|ψ⟩ = α |0⟩ + β |1⟩
RESONATOR QUBIT
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Qubits coherence
• Qubits interaction with the environment changes its state


• The infos stored in the qubit are lost when the qubit changes state


• This is called the decoherence


• Transmon qubits can reach a coherence of few hundreds of us

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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¼ jaj2 ab'

a'b jbj2

 !

(39)

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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Are qubits really sensitive to radioactivity ?
State of Art

• Radioactivity was studied as a limit for 
qubit coherence 


• Particles can deposit energy on the qubit 
and produce charges and phonons 


• Phonons production breaks the Cooper 
pairs creating quasiparticles 


• Quasiparticles can be responsible for the 
loss of coherence 

5

Cardani et al., Nature Communications (2021)

Vepsäiläinen et al., Nature (2020)

Wilen et al., Nature (2021)

McEwen et al., Nature Physics (2022)



Are qubits really sensitive to radioactivity ?
State of Art

• It will be a limit for the next generation 
qubits


• It is a source of correlated error in multi-
qubit chips


• What can we do with this infos ? 


Test a transmon qubit as a particle detector !
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Particle impact?
Yes but from what ?

• Radioactivity comes from different 
sources


• Far sources: gamma particles, 
atmospheric muons, neutrons 


• Close sources: radioactive 
contamination around 


• The predicted rate on the qubit is 
extracted from Monte Carlo 
simulations
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Particle impact?
What does the simulations predict ? Aboveground and Underground?

• Above and underground experimental 
setup simulated to predict the 
radioactive rate 


• Going underground reduces the rate to 
less then 1 mHz 


• The main contribution underground is 
from the PCB


• Can we study the particle impact on the 
qubit ?
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Let’s go deep underground 
Underground facility at LNGS!

• Located in Hall C at LNGS 


• Dry dilution refrigerator 


• The muon flux is attenuated by a factor 
 at LNGS


• Low radioactivity facility (shielding!)


• Shield the cryostat for qubits in a similar 
way to particle detectors

106
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Let’s go deep underground 
And put shielding!
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How to use a qubit as a particle detector ?
Experimental setup and protocol

• Use of the  sources with different 
activities (44 kBq, 76 kBq, 125 kBq and 
161 kBq)


• Study the qubit behaviour when 
exposed to high radioactive source via 
particle interaction


•  Qubit looses energy and quickly 
decrease to 

232Th

0⟩
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How to use a qubit as a particle detector ?
Experimental setup and protocol

1.Reset the qubit to  if found in 


2.Measure its state every  ~ us


3.If T1 is long enough, the probability to find 
the qubit in  is higher 


4.If particle interaction T1 is shorter, the 
probability to find the qubit in the  
becomes higher 


5.Repeat the measurement

1⟩ 0⟩

ΔT

1⟩

0⟩
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Particle interaction
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How to use a qubit as a particle detector ?
Event detection, first look at the data with P(g)
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How to use a qubit as a particle detector ?
Pulse reconstruction and triggering
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• Compute the probability P for observing 
0 or 1 using the Binomial distribution 


• The probability for the qubit to be in the

 |1⟩ is 85% => the probability to observe 
many 0 is very small 


• If this probability is smaller then 1%, the 
trigger fires 
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How to use a qubit as a particle detector ?
Results !!
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Qubits are sensitive to particle interactions! To gammas! 

Qubits can be used as particle detectors
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Conclusions and perspectives

• We successfully operated a superconducting qubit in an underground facility at 
LNGS 


• The chip was exposed to radioactive sources with different activities 


• A qubit can be operated as a particle detector 


• Qubits are efficient in detecting particle impact 
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