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Fundamental physics demands single-photon detection, an 
essential component in many experiments in the microwave 

domain, but yet it remains challenging
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Searching Dark Matter with a qubit

Quantum Non-Demolition (QND) measurements:
• Detecting a photon without absorbing it.
• Allowing for multiple detections of the same photon.
• Dark count rate suppression. 
• Remarkable sensitivity to few-GHz photons.

The interaction between some Dark Matter 
candidates (axions, dark photons) and EM field leads 
to a photon being deposited in a storage cavity.

Even state

Odd state

10.1103/PhysRevLett.126.141302.∼ 30 measures of the same photon.
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Introduction – Quantum Non-Demolition (QND) detection

Achieving Quantum non-demolition (QND) techniques 
allows a detector to be completely transparent to itinerant 

photons while still acquiring information about them

Applications of QND to fundamental physics (such as light 
Dark Matter searches, e.g. axions and hidden photons) will 

break down the sensitivity to the DM signal, where sub-
Standard Quantum Limit detection is required

PRL 126, 141302 (2021) 
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photon counter read with high fidelity and 
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The entanglement between a qubit and an itinerant 
microwave photon reflected by a cavity containing 

the qubit causes a phase difference equal to 𝝅

State of the art – Kono et al. (2018)
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Photon detectors are an elementary tool to measure elec-
tromagnetic waves at the quantum limit1,2 and are heav-
ily demanded in the emerging quantum technologies such 
as communication3, sensing4 and computing5. Of particular 
interest is a quantum non-demolition (QND)-type detector, 
which projects an electromagnetic wave onto the photon-
number basis6–10. This is in stark contrast to conventional pho-
ton detectors2 that absorb a photon to trigger a ‘click’. The 
long-sought QND detection of a flying photon was recently 
demonstrated in the optical domain using a single atom in a 
cavity11,12. However, the counterpart for microwaves has been 
elusive despite the recent progress in microwave quantum 
optics using superconducting circuits13–19. Here, we implement 
a deterministic entangling gate between a superconducting 
qubit and an itinerant microwave photon reflected by a cavity 
containing the qubit. Using the entanglement and the high-
fidelity qubit readout, we demonstrate a QND detection of 
a single photon with the quantum efficiency of 0.84 and the 
photon survival probability of 0.87. Our scheme can serve as a 
building block for quantum networks connecting distant qubit 
modules as well as a microwave-photon-counting device for 
multiple-photon signals.

Microwave quantum optics in superconducting circuits enables 
us to investigate unprecedented regimes of quantum optics. The 
strong nonlinearity brought by Josephson junctions together with 
the strong coupling of the qubits with resonators/waveguides reveals 
rich physics not seen in the optical domain before. It has also been 
applied in demonstrations of the generation and characterization of 
non-classical states in cavity modes13–15 and propagating modes16,17 
as well as the remote entanglement of localized superconduct-
ing qubits18,19. However, single-photon detection in the microwave 
domain is still a challenging task because of the photon energy being 
four to five orders of magnitude smaller than in optics. The sensitivi-
ties of conventional incoherent detectors such as avalanche photodi-
odes, bolometers and superconducting nanowires are not sufficient 
for single microwave photons2. Therefore, resonant absorption of a 
microwave photon with a superconducting qubit was exploited for 
single-photon detection20,21. Note also that QND measurements of 
cavity-confined microwave photons have been realized by using a 
Rydberg atom or a superconducting qubit as a probe22,23.

For a QND detection of an itinerant microwave photon, we 
use a circuit quantum electrodynamics architecture with a trans-
mon qubit in a far-detuned 3D cavity24. An input pulse mode 
through a one-dimensional (1D) transmission line to the cavity is 
entangled with the qubit upon the reflection and is projected to a 
number state by the subsequent qubit readout without destroying 
the photon (Fig. 1).

In our set-up, the qubit–cavity interaction is described with the 
Hamiltonian

ω
ω

σ χ σ∕ℏ = + −† †H a a a a
2

(1)z zc
q

where a†(a) is the creation (annihilation) operator of the cavity 
mode, σz is the Pauli operator of the transmon qubit, ωc is the cav-
ity resonance frequency, ωq is the qubit resonance frequency and χ 
is the dispersive shift due to the interaction. We control the qubit 
state with a Rabi oscillation driven by a resonant pulse and read 
out the qubit non-destructively via the dispersive shift of the cavity 
frequency. A readout pulse reflected by the cavity is led to a flux-
driven Josephson parametric amplifier (JPA)25 and is measured in 
the quadrature by a heterodyne detector. The nearly quantum-lim-
ited amplifier enables us to read out the qubit state in a single shot, 
with the assignment fidelity26 of 0.988 ±  0.001.

The interaction between an itinerant microwave field and the 
superconducting qubit through the cavity is first characterized by 
the cavity reflection of weak continuous microwaves. Figure 1b 
shows the spectra, with the qubit being in the ground state ∣ ⟩g  
(blue) or the excited state ∣ ⟩e  (red). The dispersive shift of the cav-
ity frequency is observed in accordance with equation (1). With the 
optimal configuration where the external coupling rate of the cavity 
κex is adjusted to twice the dispersive shift, 2χ, the qubit-dependent 
phase shift (phase difference in Fig. 1b) of the reflected field is close 
to π  within the bandwidth centred at the cavity frequency ωc (green 
region in Fig. 1b).

The phase-shift condition also holds for a pulse mode as long 
as its spectral bandwidth fits inside the cavity bandwidth. A single 
photon in the reflected pulse mode acquires the π -phase shift con-
ditioned on the excited state of the qubit (Fig. 1c), while main-
taining the temporal and spatial mode shapes. It corresponds to 
the controlled-Z gate between the superconducting qubit and the 
pulse mode. As a result of the symmetry between the control and 
the target qubits in a controlled-Z gate, the interaction can also be 
interpreted as a phase-flip gate of the qubit induced by the reflec-
tion of the single photon (Fig. 1d). There is a trade-off between the 
quantum efficiency of the single-photon detection and the detec-
tion bandwidth (inverse pulse length). A longer single-photon 
pulse acquires a more ideal phase flip at the cost of increased qubit 
decoherence. We optimize the input pulse length in terms of the 
quantum efficiency (see Supplementary Section 4).

The protocol for the QND detection of an itinerant photon is 
shown in Fig. 2a,b. (i) The qubit is initialized to the ground state ∣ ⟩g  
via the non-destructive readout and post-selection. The input state 
of the microwave pulse mode is a coherent state in the weak power 

Quantum non-demolition detection of an itinerant 
microwave photon
S. Kono1*, K. Koshino2, Y. Tabuchi! !1, A. Noguchi1 and Y. Nakamura1,3*
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Two-coupled qubit
B i Q u T e

Feedline

Resonators

dc-SQUIDs

quantum bus

Flux line Flux line

Drive 
line

Drive 
line

Design simulated
with qiskit-metal

• Two Xmon qubits coupled via a cavity bus Nature 449, 443–447 (2007)

• Readout resonators capacitively connected at the same
transmission line;

• The readout resonators are set around 8 GHz;

• Frequency of the bus resonator set to 5.5 GHz;

• The qubits are flux tunable;

• The main qubits parameters are identical;

Preliminary parameters from Q3D simulations:

Junction inductance Lj [nH] 10
Critical current Ic [nA] 32

Bus resonator capacitance CR [fF] 368
Qubit shunt CS [fF] 84

Quantum bus coupling Cc [fF] 1.9
Resonator coupling Cg [fF] 4.6
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Beyond state of the art: 2 coupled qubits

2 qubits dispersively coupled to the 
same resonator (a quantum bus)
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Figure 10. Phase shift for the reflected photon as a function of the state of the the qubits. To build this
graph, we assumed a resonator frequency of 5 GHz.

We prepare both the qubits in the state 1p
2
(|0i+ |1i) by rotating around the Y axis 300

of the Bloch sphere of p/2 from the |0i state. For both qubits we send control pulses of 301

proper length and power at the frequencies w1 and w2. The state after initialization is: 302

|Q1Q2i =
1
2
(|0i+ |1i)⇥ (|0i+ |1i) (25)

We assume a photon of frequency wR is emitted into a coaxial cable terminated on 303

the resonator. At time T ⌧
q
(T2

1 + T
2
2 )/2 after the initialization, we send two additional 304

�p/2 rotation pulses along the Y axis to complete the Ramsey spectroscopy on the two 305

qubits. Since the qubits and the cavity photons are entangled, the total wavefunction have 306

to be written as the product of the photons and qubit wavefunctions. If no photon impinged 307

on the cavity the final state is 308

|Q1Q2ig = |0i ⇥ |0i (26)

If otherwise, a photon did reflect on the resonator, it will gain a different phase according 309

to the reflection coefficient in Eq. A17 (see appendix B for the full calculations). Since the 310

resonance frequency of the resonator depends on the two qubits states, the photon will 311

acquire a phase f = 0 if |Q1Q2i = (|0i ⇥ |1i+ |1i ⇥ |0i)/2, f = p if |Q1Q2i = |1i ⇥ |1i 312

and f = �p if |Q1Q2i = |0i ⇥ |0i as shown in Fig. 10. We then have: 313

|Q1Q2ig =
1
2

⇣
e
�ip |00i+ |10i+ |01i+ e

ip |11i
⌘

(27)

=
�1
2

(|00i � |10i � |01i+ |11i)

= �1
2
(|0i � |1i)⇥ (|0i � |1i)

Therefore closing the Ramsey cycle with the two Y
�p/2 pulses we have 314

|Q1Q2ig = |1i ⇥ |1i (28)

Comparing the two states in Eq. 26 and 28, we see that measuring the two qubits states 315

independently the probability to read a |11i state where there was no photon requires a 316

readout error on both qubits, so that the Rate ⇠ p
2
error. For the independent readout of the 317

two qubits we plan to use two separate resonators, each of which is individually coupled 318

to one of the qubits. 319
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Individually reading the qubits:

Dark count = 𝒑𝒆𝒓𝒓𝟐

Reflected photon No photon
storage resonator
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2D qubit – single qubit design

Single qubit design and simulations
B i Q u T e

• Grounded xmon transmon arXiv:2310.05238 [quant-ph]

• transmission/readout line (feedline) through a λ/4 resonator;

• driveline to enable faster qubit control;

• flux-bias line to tune the energy spacing between the qubit
excitation levels;

• Qubit design created by using qiskit-metal (IBM)

• target Hamiltonian definition;

• qubit lines and geometry definition;

• Electromagnetic Simulations with commercial tools

• Ansys HFSS for performing the eigenmode simulation and to
compute the resonant frequencies;

• Ansys Q3D for extracting capacitances and inductances;

• Quantization by using dedicated software packages:

• EPR (Energy Participation ratio) + HFSS npj Quantum Inf 7, 131 (2021)

• LOM (Lumped Oscillator Model) + Q3D arXiv:2103.10344 [quant-ph]

Drive line

Drive line

Resonator

Resonator

Flux line

Flux line

Qubit

dc-SQUID

dc-SQUID

Feedline

Feedline

Qubit
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• Grounded Xmon transmon
• Drive line directly coupled (left)
• Flux bias (bottom)
• Transmission/readout 𝜆/4 resonator (top) 

is capacitively coupled to feedline

• Design with qiskit-metal
• Definition of Hamiltonian
• Definition of lines and geometry

doi: 10.1109/TASC.2024.3350582

• Simulations with ANSYS
• Packages HFSS and Q3D
• Analyses with EPR and LOM (consistent)



2D  2-qubit (not coupled) – Preliminary fabrication

Qubit 1: single JJ, fixed levels

Qubit 2: asymmetric DC-SQUID, 
tunable levels

Qubit 1

Qubit 2
Flux line

Resonator

Resonator

Feedline

The tunable superconducting qubit

SQUID

05/05/2023 Introduction to Quantum Technologies 18

Substrate: 380 nm high-resistive silicon

Metal: 100 nm Niobium

Junctions: Al-AlOx-Al

Production at NIST 



2D  2-qubit (not coupled) – Characterizations at NIST and LNF

S2
1

Vbias (V)

f r
ea

do
ut

 (G
Hz

)

Gain experience in controlling the qubit:
Spectroscopy, flux tuning, time-domain 

measurements (T1, Rabi, Ramsey)

• Measurements in good agreement with 
simulations

• Decoherence times lower than expected 
(1 order), due to resonator’s low Q

• Investigate if due to desing issue  or 
fabrication issue



3D developments



3D single qubit characterization at LNF
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Figure 4. Qubit spectroscopy of individually resolved photon numbers inside the cavity, for average
photon population of N̄=1.8 (left, Pprobe = �102dbm) and N̄=4.1 (right, Pprobe = �98dbm). Each peak
is separated by 2c/2p = �6.82 ± 0.16 MHz.

The peaks corresponding to individual photon number states are clearly observable 135

and are separated by 2c/2p=-6.82 ± 0.16 MHz. Combining c with equation 4 we estimate 136

c12/2p = �13.6± 0.3 MHz. Using 2, we obtain that c01/2p=-10.2± 0.2 MHz. We then 137

extract the bare resonance of the qubit. The frequency position of the peak corresponding to 138

zero photons in the cavity is equal to (w01 + c01)/2p = 6.4194 GHz. We obtain w01/2p = 139

n01 =6.4296 GHz, hence D01/2p = n01 � nr=-839 MHz. We calculate the coupling g01, 140

considering equation 3 for n=0 obtaining g01/2p= 92.5 ± 1 MHz. Since g12 =
p

2g01 [18], 141

using equation 3 with n=1 we can calculate D12/2p=-1260 ± 40 MHz. We extract the 142

system anharmonicity as (D01 � D12)/2p = n01 � n12 = a = 421 ± 84 MHz. At this point it 143

is straightforward to calculate the capacitance of the transmon inverting [18] : 144

ha = Ec =
e

2

2C
(5)

where h is the Planck constant, Ec is the charging energy, e the electron charge, and C the 145

capacitance. We obtain C=46 ± 5 fF. From the charging energy we estimate the critical 146

current of the Josephson junction using [18]: 147

h̄w01 =
q

8EcEJ (6)

With the Josephson energy EJ = F0 Ic/2p . The value obtained inverting is Ic=24.7 nA, and 148

a Josephson inductane LJ = F0/(2p Ic)=13 nH. The Hamiltonian parameters extracted by 149

the analysis of the experimental data, are in good agreement with the output values of the 150

electromagnetic simulation of the qubit-resonator system (see section 4). We used ANSYS 151

software to simulate the qubit-resonator coupling factor g01/2p and the qubit capacitance. 152

We obtain g
sim

01 /2p = 97 MHz and C
sim=57 fF. A collection of the experimental parameters 153

reported in this and the following section is reported in Table 1. 154

3.2. Time domain transmon characterization 155

The time domain qubit characterization is carried on using the setup described in 2.2. 156

We performed Rabi and Ramsey spectroscopy to measure the relaxation time T1 and the 157

decoherence time T2. 158

In figure 5b is reported the Chevron plot for the Rabi frequency, while in panel c 159

Rabi oscillations dependence from the excitation pulse power in the on-resonance case. 160

Rabi spectroscopy is essential in studying the time domain behaviour of the qubit. This 161

technique allows determining the temporal length of the excitation pulse, that brings the 162

qubit from |0i to |1i (p pulse) or into a superposition state (p/2 pulse), where |0i and |1i 163

It is possible to resolve single microwave photons
Already demonstrated by Schuster et al 2007

Figure 42: a) optical microscope image and b) scanning electron microscope image of the devices

Figure 43: Left: Al cavity hosting the transmon chip. Right: optical image of the transmon
shunt capacitance pads acquired with a 100x magnification. The JJ is not observable since is
roughly 200⇥200nm2, but it is located between the pads, in proximity of the two observable metal
extensions.

• Qubit by Abu Dhabi TII
• 3D cavity by INFN - LNL
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Figure 3. Cavity power scan. The high power feature (B) correspond to the bare cavity transmission
peak. The low power feature (A) is the transmission peak of the dressed cavity-qubit system with the
qubit in the ground state.

In figure 3 is reported the resonator absorption spectrum (S21) acquired as a function 116

of the probing power. Two features are clearly observable one at low power and one 117

appearing at high power. The low power feature accounts for the frequency of the dressed 118

system, when the transmon is in the ground state. The sharp high power peak appearing 119

around -75 dbm is given by the bare resonator frequency [26]. For the Al cavity without 120

the silicon chip, we measure a Q0 of 217000 ±16000. These two features of figure 3 are 121

separated by 122

wr � w
0
r = c +

c12
2

, (4)

where wr is the bare resonator frequency, while w
0
r is the frequency of the dressed 123

resonator-qubit system. From our data we obtain that (c + c12
2 )/2p = �10.2 ± 0.1 MHz. 124

This power scan of the resonator is an extremely useful preliminary measurement and 125

allows us choosing the most suitable readout power for the qubit characterization in the 126

time domain. 127

We performed two tones qubit spectroscopy in order to resolve single photon number 128

peaks inside the cavity [27]. The cavity is coherently probed with a tone resonant with 129

wr/2p = nr. At the same time with a second tone, we excite the |0i ! |1i qubit transition. 130

The qubit state and the photon number inside the cavity are coupled (see eq. 1) thus every 131

time the qubit is excited, the cavity absorption peak undergoes a dispersive shift. We detect 132

this as a dip in the cavity absorption spectrum. The qubit absorption spectra acquired for 133

different powers of the cavity probe tone are reported in figure 4. 134
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Figure 6. Left: Ground state population (Pg) as a function of the delay time between excitation pulse
and qubit readout.nexcitation = 6.4194 GHZ, Pexcitation = �93 dbm. Right: Ramsey spectroscopy, 600
KHz detuned. nexcitation = 6.42 GHZ, Pexcitation = �93 dbm.

To extract the qubit lifetime T1 we measured the ground state population (figure 6, 181

left). By fitting with an exponential function, we obtain T1= 8.68 ± 0.72 µs. We performed 182

Ramsey spectroscopy sending two off-resonance p/2 pulses separated by a delay Dt. 183

Ramsey oscillations of the ground state population are reported in fig. 6 (right panel) for 184

a detuning of 600 KHz. We also reproduced the same measurements with a detuning of 185

200 and 400 KHz (not shown), and we estimate T2= 2.30 ± 0.11 µs. From the T1 and T2 we 186

caluclate the pure dephasing time Tf through the relation: T
�1
f = T

�1
2 � T

�1
1
2 . We obtain 187

Tf= 2.65 ± 0.15 µs. 188

Table 1. Summary of the experimental qubit-resonator parameters

Variables Values
c/2p[MHz] -3.41± 0.08

c01/2p[MHz] -10.2 ± 0.2
c12/2p[MHz] -13.6 ± 0.3

a[MHz] 421 ± 84
g01/2p[MHz] 92.5 ± 1 ; 75 ± 12

C[ f F] 46 ± 5
T1[µs] 8.68 ± 0.72
T2[µs] 2.30 ± 0.11
Tf[µs] 2.65 ± 0.15
LJ [nH] 13 ± 2
IC[nA] 24.7 ± 1.3

4. Simulation 189

To compare with the experimental results and potentially optimize the design in 190

future, a simulation of the 3D qubit-resonator system was implemented using Ansys. The 191
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Our measurement:
1.8 average photons in the cavity



3D qubit (CNR - Rome)

3D Resonators

𝑄! = 3.7×10"

3D single qubit fabrications

• New design already fabricated at 
CNR and soon to be tested

• Expected T1 improvement of 30%

• Advantage with 3D Al cavities: high Q

• Fabricated at INFN - LNL

• Annealing and electropolishing ->



3D 2-qubit photon counter design

Readout 1

Readout 2

storage

Readout 1

Readout 2

storage

Frequency (GHz) Q0

Readout 1 7.67232 1.34E+6

Readout 2 7.77227 1.35E+6

Storage 8.80820 1.41E+6

Ansys	simulations	by	S.	Tocci



3D 2-qubit photon counter design

Calculate time evolution of state |0,0> after the application of rotations on both qubits:                 

Rx = π/2
Rz = π
Rx = −π/2

Rx Rz Rx

Fidelity with |1,1> = 0.96 Fidelity with |1,1> = 0.98 

Ωx=Ωy=10 MHz Ωx=Ωy=30 MHz 

Fidelity with |1,1> = 0.99 

Ωx=Ωy=60 MHz 
Courtesy	of	A.	D’Elia
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Figure 1: The Bloch Sphere

Experimentally, there are numerous techniques to
fabricate qubits. Generally, in order for a qubit to per-
form well, it must satisfy some requirements such as be-
ing loosely coupled to their environment and strongly
coupled to a classical control system. It is also imper-
ative for the qubit to be an anharmonic oscillator. A
harmonic oscillator would not work because all levels are
uniformly spaced, so a pulse that excites the first tran-
sition would also excite the second (and third and any
others)[4]. Hence, the goal is to design an anharmonic
oscillator where the two lowest energy levels are used
as qubit.For the purpose of this report, only the real-
ization of transmission line shunted plasma oscillation
qubits (transmon qubits) will be discussed. The trans-
mon circuit, as shown in Figure 2, consists of a Josephson
Junction shunted by a relatively large capacitor so that
noise charge is reduced [5]. The Josephson Junction is
responsible for anharmonicity, which allows for selective
qubit control. The circuit then could be conceived as an
artificial atom. This design minimizes energy dissipation,
resulting in longer coherence time ⇡100µs and allowing
for longer computations to take place [6].

Figure 2: Transmon Qubit:the transmon qubit circuit con-

tains a Josephson Junction shunted by a relatively large ca-

pacitor so that EJ � EC , where Ec is the charging energy

(kinetic energy in capacitor) and EJ is the potential energy

stored in the Josephson Junction

Measurement After applying gates to qubits, a mea-
surement should be done in order to identify the state of
the system. Measurement is performed in a given com-

putational basis i.e. the |+i,|�i basis or the |0i,|1i basis.
Measuring the state of the system causes the wave func-
tion to collapse into one state, destroying the quantum
state. However, creative techniques, such as quantum
non-demolishing measurement(QND), have been devel-
oped to observe the state of the system without causing
its state decay. That way, it is possible to continuously
monitor the state of the qubit for some time before it
eventually decays due to energy dissipation.

III. METHODS

In order to simulate quantum systems, the following
tools were used

• Qiskit : IBMQ Experience is an online platform
that enables the general public to run quantum
algorithms on real quantum computers. Qiskit,
an open-source software development kit, provides
users with pulse-level control. The used model
of computation is quantum circuits, where quan-
tum algorithms consist of consecutive gates. IBM’s
quantum computers consist of superconducting
transmon qubits that are based in their research
centers [7].

• QuTip: an open-source software for simulating the
dynamics of quantum systems. It contains built-
in functions that represent different noise models,
offering an easy-to-use simulation of open quantum
systems. Finally, QuTip is Python-based and can
be run on Jupyter notebooks [8].

Measuring T1: thermal relaxation time is defined as
the time needed for a qubit to move from the excited
state |1i to the ground state |0i. The process could be
formulated by the density matrix ⇢ = ↵| ih | + �|gihg|
where ↵2 is the probability that the qubit is in state | i
whereas �2 is the probability that a qubit is in the ground
state |gi. As time goes by, the value of �2 approaches 1.
Experimentally, T1 is the time by which the population
of excited state decays to 1/e of its initial value, Pe(t) =
Pe(0)e�t/T1 [5].



Conclusions

v goal: develop a 2-qubit microwave single photon counter to surpass the state-of-
the-art quantum sensing, with applications to frontier physics

v We are refining the assembly line:

§ Ability in designing quantum circuits with requested parameters

§ Simulation of the designed devices

§ Ability in fabricating quantum circuits (from NIST to FBK and CNR)

§ Ability in the single-qubit control (decoherence times, dispersive shift and couplings, 

qubit spectroscopy, qubit tunability)

v Ongoing: design and simulation of 2 qubits coupled to the same resonator
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an open-source software development kit, provides
users with pulse-level control. The used model
of computation is quantum circuits, where quan-
tum algorithms consist of consecutive gates. IBM’s
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transmon qubits that are based in their research
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• QuTip: an open-source software for simulating the
dynamics of quantum systems. It contains built-
in functions that represent different noise models,
offering an easy-to-use simulation of open quantum
systems. Finally, QuTip is Python-based and can
be run on Jupyter notebooks [8].

Measuring T1: thermal relaxation time is defined as
the time needed for a qubit to move from the excited
state |1i to the ground state |0i. The process could be
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2.3 Qubit-cavity interaction
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Figure 2.11: Dressed states vs bare states: The panels illustrate the dressed states of the qubit-cavity

system for di↵erent qubit-cavity detunings in comparison with the bare states (refer to the main text for a

more detailed description). Note that this illustration is not accurate and lacks some details but we rather

to avoid them here.

polaritons have acquired equal photon and qubit character as depicted by color-coded bars

in panel 3. If we further increase the energy level of the qubit (see panel 4) then again we get

dressed states. Note that in panel 4, unlike in panel 3, the lower (upper) polariton has more

photon (qubit) character. By increasing the detuning further, as in panel 5, we e↵ectively

decouple the qubit and cavity and the dressed states again approach the bare states. If we

keep increasing the qubit frequency even further then the qubit energy will approach the

higher level of the cavity and we would see another avoided crossing corresponding to n = 1.

Every time qubit level crosses one of the cavity levels, we may expect an avoided crossing

and hybridization1.

It is convenient to plot transition energy versus detuning since (as we will see in Chap-

ter 3) we normally characterize the system by measuring the transition frequencies by doing

1Considering the higher energy levels of the cavity one might think that it is also possible that qubit
level couples to two or multiple cavity energy levels at the same time. This is true, but usually, this e↵ect is
only significant when the qubit-cavity coupling is so strong (g ⇠ !c,!q) that qubit and cavity energy levels
push each other even when they are far detuned. This regime is known as ultra strong coupling [69, 70].
But normally the coupling rate g ⌧ !c,!q. Therefore, in order to have hybridization the qubit energy has
to be very close to the cavity energy (� ⌧ !c,!q). In our case, we can safely assume that qubit e↵ectively
couples only to one cavity energy level at a time. However, I should warn you that in our description of
the avoided crossing which is represented in Figure 2.11, we have ignored the higher transmon energy levels
which would make the situation much more complicated. Considering the transmon as a two-level system is
good for intuition, but to be accurate one must include more transmon levels.

26



2D  qubit - Simulation
More on simulation

The EPR analysis computes the system eigenmodes
|𝜓𝑚⟩ with 𝑚 ∈ {qubit, resonator} and computes the 
energy participation ratio:

𝑝𝑚 =
Inductive energy in JJ

Inductive energy stored in mode m

=
⟨𝜓𝑚|

1
2𝐸𝐽 ො𝜑𝑗

2|𝜓𝑚⟩

⟨𝜓𝑚|
1
2
෡𝐻𝑙𝑖𝑛|𝜓𝑚⟩

Where
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• Electromagnetic simulations with:
• ANSYS HFSS (eigenmode) to extract 

frequencies  and quality factors
• ANSYS Q3D to extract inductances and 

capacitances

• Analysis of the quantization problem both with:
• Energy Participation Ratio (EPR) method
• Lumped Oscillator Model (LOM) method

• EPR and LOM analyses consistent 
with theory

• Agreement between EPR and LOM

EPR vs LOM comparison
B i Q u T e
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Dispersive shift

LOM
EPR

Target LOM EPR
JJ Inductance LJ [nH] 10 10 10

Transmon regime Ej/Ec >50 78.61 79.96
Anharmonicity α/2π [MHz] 202 230.62 216.44
Dispersive shift χ/2π [MHz] 0.30 0.31 0.35

Qubit frequency ωq/2π [MHz] 5000 4995.79 4893.84
Cavity frequency ωr/2π [MHz] 7400 7481.04 7435.44

Qubit-res coupling Cg [fF] 4 3.93 –

Estimated relaxation time
Qc ∼ 4000 and Qi ! 106 ⇒ T1 ∼ 70µs
J. Appl. Phys. 104, 113904 (2008)

• Simulation results obtained at different SQUID flux-biases varying ∆ = ωq − ωr;

• Both EPR and LOM analyses are consistent with theory;

• Agreement between EPR and LOM for every parameter of interest within the expected margins.

Andrea Giachero NQSTI National Congress Rome, January 16, 2024 7 / 16



3D 2-qubit photon counter design

Quantum circuit simulation with qutip-qip

• 2 qubits (3-level transmons) coupled 
to 1 readout resonator

• Different frequencies: 𝜔!" ≠ 𝜔!#

• Same dispersive shift 𝜒 

ωq1 /2π = 6.7 GHz 

ωq2 /2π = 6.6 GHz 

Ωcr = 0 

Ωx=Ωy = 10 MHz 

T1 = 9 μs 

T2 = 4 μs 

ωr /2π = 8.8 GHz 

g01 /2π = 100 MHz 

Courtesy	of	A.	D’Elia


