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Python code to drive instruments and acquire data

Developed python 
software which calls 
routines to remotely 

control 
instrumentations
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The main measurements

• Qubit spectroscopy

• Rabi

• Coherence

• Ramsey
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The TII qubit in Al cavity
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of coherence time now approach 500 µs [19]. Different designs have been proposed to 25

exceed transmon performances, like the 0-π qubit, the fluxonium or the unimon [20–22]. 26

However, they have usually much more complex circuits or control scheme respect to the 27

transmon and a net superiority hasn’t been established yet. Because of the relevance of the 28

transmon, its design and characterization are of crucial importance in the field of quantum 29

technologies in order to enable qubit-based pioneering applications. 30

In this paper we report the use of superconducting transmon qubit in a 3D cavity 31

for quantum machine learning and photon detection applications. 3D architectures have 32

several advantages in particular for those applications that don’t require a large number 33

of qubits, as in photon detection. Surfaces of dielectrics are infact generally much lossier 34

than bulk cavities. A l cavities reach up to 10 ms photon lifetime independent of the 35

stored power and down to the single photon level [23]. Superconducting qubits hosted 36

in a 3D cavity recorded coherence time T2 above 1 ms [24]. Moreover, superconducting 37

microwave cavities coupled to one or more anharmonic elements in the circuit quantum 38

electrodynamics architecture are today explored for hardware-efficient encoding of logical 39

qubits [25]. 40

The paper will develop as follow. In section 2 the transmon fabrication method and 41

the experimental set up is described. In section 3 we show the spectroscopic and time 42

domain characterization of our transmon. In section 4 we discuss the simulation framework 43

necessary to design a transmon with the desired properties. In section 5 we report, as a 44

quantum machine learning application, the fit to the u-quark Parton Distribution Function 45

of the proton with the superconducting-qubit device. Finally, in section 6 we describe a 46

new measurement protocol for a low dark-count photon detector with two qubits. 47

2. M aterials and M ethods 48

2.1. Transmon fabrication 49

The device was fabricated at the Technology Innovation Institute in Abu Dhabi. A 50

high resistivity (> 20k Ω.cm) (100) FZ silicon was used. The wafer was diced into square 51

pieces of 22mm →22mm with half cuts (from the backside of the wafer) of 2mm →14mm, 52

the cavity slot dimensions. Those half-cuts allow manual cleaving post junction fabrication, 53

avoiding exposing the junction for a protective resist layer if dicing was to be performed 54

afterwards. Dies were sonicated in Acetone and IPA for 5 minutes. 55

A bilayer stack of resist was spun using SCS6808 spin coater. 500nm of Kayaku PMGI 56

SF9 was used for the bottom layer, and 200nm of Allresist GmbH AR-P 6200.9 (CSAR) for 57

the top layer. Both the shunting capacitors and the junctions were written using Raith 58

eLINE Plus electron beam lithography system. 20 keV, an aperture of 60 µm and a dose of 59

Figure1. Left: A l cavity hosting the transmon chip. Right: optical image of the transmon shunt

capacitance pads acquired w ith a 100x magnificati on. 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.
.

𝑄 = (1.78 ± 0.9) ⋅ 105

Qubit and cavity from 
Abu Dhabi

Al alloy
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1 tone spectroscopy

Bare cavity frequency
νr= 7.268 GHz
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Parameters are defined as

From 1-tone spectroscopy
extract 𝝌𝟎𝟏
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2 tone spectroscopy
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From 2-tone spectroscopy
extract 𝟐𝝌

From the first peak extract the 
qubit frequency:Τ𝟐𝝌 𝟐𝝅
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Coupling and anharmonicity

From detuning and 𝝌 extract
the coupling

Δ01

2π
= ν𝑞 − ν𝑟 = −839 MHz  , χ𝑖𝑗 =

𝑔𝑖𝑗
2

Δ𝑖𝑗

𝑔01

2π
= 92.5±1 MHz

Δ12

2π
= −1260±40 MHz

Δ01 − Δ12 = ω01 − ω12 = 2𝜋𝛼 , Anharmonicity = 𝛼 = 421±84 MHz

ℎα =
𝑒2

2𝐶
𝐶 = 46±5𝑓𝐹

⟹

Similarly, estimate the 𝚫𝟏𝟐

Now one can extract anharmonicity and capacity

⟹
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Rabi
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Figure5. a: measurement scheme for the Rabi spectroscopy. b: Chevron plot, acquired with excitation

power P=→93 dbm. The y axis is given as detuning from the resonance frequency of 6.4194 GHz. c:

Rabi oscillation dependence from the excitation tone power. Excitation frequency = 6.4194 GHz. d:

Linear dependence of the Rabi Frequency from the square root of the average photon number. The

data have been fit w ith a straight line angular coefficient 6.6 · 10→3 M Hz→1 and intercept 2.6 · 10→4

M Hz→1.

contribute equally. In panel c of figure 5, is reported the power dependence of the Rabi 164

oscillations. 165

From this map we extract the Rabi frequency dependence from the excitation power 166

(figure 5d). Adopting the semi-classical approach of [28], where the excitation field is 167

treated as classical, the Rabi frequency dependence from the average number of photons n̄ 168

is: 169

ΩR = 2g01

↑
n̄ (7)

By fitting the data of figure 5d with a straight line, we obtain an independent estimation 170

of g01/ 2π=75± 12 MHz, which is in relatively good agreement with our previous result of 171

92.5 MHz. We calculated the power entering the cavity in dBm as the sum of the excitation 172

power (generator output power plus the line attenuation) and an additional attenuation 173

factor due to the detuning from the excitation frequency and the resonator frequency. We 174

estimate the latter from simulations to be -104 dB. The excitation power is than converted 175

in Watt and we calculate the average number of photons as: 176

n̄ =
P

hνε
(8)

where P is the excitation power, h the plank constant, ν the excitation frequency, and ε the 177

cavity dissipation rate, estimated to be about 200 kHz from the line width of the low power 178

feature of figure 3 . The large uncertainty value on our g01/ 2π estimation is mainly due to 179

an uncertainty on the power attenuation values, that we estimated as ± 2 dB. 180

For every fixed pump frequency 
and power, one finds a 𝝅 pulse

from Rabi oscillations

Chevron plot (Rabi measurements 
for different detunings)

P G

Time [µs]

𝑃𝑔 = 𝐴 cos Ω𝑅𝑡 𝑒−𝑡/𝑇1

Fit function
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Relaxation

T1=8.68±0.72 µsP G

Time [µs]

𝑃𝑔 = 𝐴 (1 − 𝑒−𝑡/𝑇1)

Fit function

Fixing the 𝝅 pulse, extract 𝑻𝟏

from decay measurements
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Ramsey (coherence)
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𝑻𝟐 = 𝟐. 𝟑𝟎 ± 𝟎. 𝟏𝟏 𝝁𝒔

𝑻𝝓 = 𝟐. 𝟔𝟓 ± 𝟎. 𝟏𝟓 𝝁𝒔
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Al qubit in Al cavity

JJ Area:
216.4 x 147.8 nm2

Qubit fabricated at 
CNR – IFN (Rome)

𝑓0 7.465 GHz

𝑄0 3.7 ± 0.4
× 106

Pure Al cavity 
fabricated at LNL
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1 tone spectroscopy

Bare cavity frequency
νr= 7.252 GHz

Qubit in ground state
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𝑔01
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2 tone spectroscopy (with varying pump power)

𝐶 = 𝟓𝟒. 𝟖𝟕 𝒇𝑭

𝜐01 − 𝜐12 = 2π𝛼 
 

α = 𝟑𝟓𝟑 MHz
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2 tone spectroscopy

Number of photons in cavity 4  3  2  1  0

PVNA= -55 dBm

fVNA = 7.257 GHz
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Detuning and coupling

Estimating the detuning one finds then the coupling
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= ν𝑞 − ν𝑟 = −1.51 GHz 

⟹
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