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Abstract

Cosmological evidence shows the presence in the universe of more mass than what can be inferred from

luminosity measurements. This excess of mass, known as [Dark Matter (DM)| forms halos around the

galaxies. It is still unknown what DM is made of. Axions are hypothetical particles among leading
DM candidates. Experimental axion search requires detectors at the ultimate level of sensitivity allowed
by quantum mechanics. Haloscopes are detectors employed in axion search made of a resonant cavity
immersed in a strong magnetic field. With today’s leading technology based on quantum-limited linear
amplifiers, the sensitivity is fundamentally limited by vacuum fluctuations of the cavity field and it may
take centuries to probe the most plausible parameter space. Such quantum limits can be overcome
if microwave photon counting is adopted. The microwave domain detection of individual photons is
a challenging task because the photon energy is roughly five orders of magnitude lower than at optical
frequencies. Very recently a practical single microwave photon detectors have been introduced in the field
of quantum information science. The low dark count rate, tunability, and the continuous operation of this

device will be exploited to demonstrate a quantum-enhanced search of axions at the QUAX haloscope.
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ADC Analog to Digital Converter.
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HEMT Hig Electron Mobility Transistor.
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KSVZ Kim-Shifman-Vainshtein-Zakharov.
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LNL Laboratori Nazionali di Legnaro.

LO Local Oscillator. [33] [64]
pdf probability density function.

ROC Receiver Operating Characteristic.

SA Spectrum Analyzer. [{1] (3] 54 [64]

SMPD Single Microwave Photon Detector.

SNR Signal to Noise Ratio.

SNSPD Superconducting Nanowire Single Photon Detector. [49]
SPAD Single-Photon Avalanche Diode. [A9]

SQL Standard Quantum Limit.

SQUID Superconducting Quantum Interference Device.

TPR True Positive Rate.

TWPA Traveling Wave Parametric Amplifiers.

VNA Vector Network Analyzer.



1 Introduction

1.1 Dark Matter and Axions

Many cosmological observations points to the presence in the universe of more mass than the one that
can be inferred by visible matter. This excess mass is called [DM] The most accurate prediction of its

abundance obtained from the study of the small [Cosmic Microwave Background (CMB)| anisotropies,

where by DM accounts for 26% of the universe energy density while ordinary matter only for 6%. The
remaining 68% is made of what is called vacuum energy[I].

One of the proofs of DM existence comes from is the study of galactic rotation curves which consists in
studying stars velocity as a function of the distance r from the center of their galaxy. In a spiral galaxy,
the visible mass distribution would imply that at the galaxy periphery stars velocity should decrease
as 1/4/r whereas the experimental curve measured for many galaxies shows a flat behavior at a large
distance from the center . This behavior is explained by the presence of dark matter spherical
halo around galaxies. The average density of the Milky Way halo measured in a portion of the galaxy

that contains the solar system is around 0.45 GeV/cm?®.

DISTRIBUTION OF DARK MATTER IN NGC 3198
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Figure 1: Rotation curve for the NGC 3198 galaxy

Despite strong evidences of its presence,the nature of dark matter in unknown, as indicated by the
fact that plausible dark matter particle candidates have masses that span over more than 30 orders of
magnitude. The properties that can be inferred from cosmological observations suggest that dark matter
candidates should be searched outside the Standard Model of Particle Physics.

One of the major hypotheses was that dark matter is made up of weakly interacting massive particles
(WIMPs). In the last 30 years, WIMPs have been extensively searched in collider experiments and
underground detectors that excluded their presence in a vast portion of the parameter space. Following
to these results, the research interest has now shifted towards lighter candidates with sub-eV mass.
Axions are one of the best examples of such light DM candidates. They are the Nambu-Goldstone

boson associated with the spontaneous break of the Peccei-Quinn symmetry which was theorized as a



solution to the strong CP problem, i.e. the fact that charge-parity symmetry violations do not appear in
strong nuclear interaction. The axion models can be grouped into two main categories, the
[Vainshtein-Zakharov (KSVZ)|and the [Dine-Fischler-Srednicki-Zhitnitsky (DESZ)|

For these light DM candidates the wave-like behavior prevails, so experiments that are searching for

them do not look for single scattering events but for the presence of some background field. The axion
interacts very weakly with the particles in the Standard Model. These interactions can be described with

the non-relativistic Hamiltonian [I]

H= ;—Ogaw/aE-BdV—&—gaffthwg—&— \/eo(hc)?’gEDMag-E (1.1)
V 1o

where the axion field a is measured in energy units , gqy- is the axion’s coupling to photons measured in

units of inverse energy, g, s is the axion’s coupling to fermionic matter particles, gppas is the strength of

a nuclear [Electric Dipole Moment (EDM)|induced by the axion, E and B are the electric and magnetic

fields, S is the direction of the spin of the matter particle in question. Running experiments rely on the

axion-photon interaction described by the first term.

1.2 Experimental axion search

The first challenge in experimental axion search is that any axion-related signal would be very small due
to the weakness of the interaction. The second challenging aspect is the fact that theoretical models
do not give a prediction of the axion mass and the most plausible range spans over several orders of
magnitude as shown in For this reason, different technologies are required to cover the whole
range and one of the most crucial figures of merit of an axion detector is its scan rate, i.e. the velocity
at which it can probe the axion parameter space at a given sensitivity.

Several experiment are searching for axion exploiting the interaction with the electromagnetic (EM)
fields. The working principle is based on the conversion of axions into photons in the presence of a
magnetic field [2]. The photon energy approximately corresponds to the axion rest energy so the photon
frequency is related to the axion mass hv = mq,c?. Haloscopes are detectors that have provided the most
sensitive searches for axions in our galactic halo. They are suited to explore the frequency range from a
few hundreds MHz to several GHz. They are made of a resonant cavity immersed in a strong magnetic
field. When the cavity frequency matches the axion mass an increase in the cavity photons population is
expected. This would give a slight increase in the noise measured at the cavity output. To detect such a
small increase other noise sources such as thermal noise needs to be suppressed, so the system is operated
at cryogenic temperature inside a dilution fridge[3]. Among the main Haloscope experiments there
are RBF-UF (Rochester-Brookhaven-Fermilab—University of Florida) [4], ADMX (Axion Dark Matter
eXperiment) [5], HAYSTAC (Haloscope at Yale Sensitive to Axion CDM) [6], CAPP (Center for Axion
and Precision Physics Research) [7] and QUAX,. (QUest for AXions) [§].

Axion can be produced in the stars core and helioscopes aim to detect the axion flux that would come from
the Sun. They use a dipole magnet directed toward the sun to convert axion into photons. Independently
from their mass, axion coming from the sun would have energy of few keV so the corresponding photons
are searched with high efficiency x-ray detectors. CAST (CERN Axion Solar Telescope) is an ongoing
helioscope experiment at CERN.

In the magnetosphere of neutron stars axions can be converted into photons. Features of this process can
be detected with current space or ground telescopes.

The Any Light Particle Search (ALPS)[9] employs a scheme that foresees production axion production
in the laboratory. An intense light source emits photons that can be converted into axions in a strong
magnetic field, axions can then pass through an optical wall, and a magnetic field on the other side
converts axions back into photons that can be detected.

Other experiments search the axion through its coupling with the spin of fermionic particles. For instance,

the QUAX,, experiment [10] involves a magnetic sample under a magnetic field, the axion interaction



has the effect of an equivalent oscillating rf field that produce spin flips in the sample. Spin flips would
subsequently emit radio frequency photons.

The third interaction term in is exploited in experiments that employ nuclear magnetic
resonance spectroscopy such as CASPEr (Cosmic Axion Spin Precession Experiment)[IT].

Astrophysical observations
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Figure 2: Allowed mass ranges for dark matter axions and different search methods employed. These
methods exploit axion coupling with the photon (green) and with the nuclear spins (purple)[12].

1.3 Haloscope readout

In a haloscope experiment, signal is readout with a microwave receiver comprising different amplification
stages. The first amplification stage in general determines the noise performance of the receiver thus
superconducting parametric amplifiers are employed, which offer the lowest possible added noise set by
quantum mechanics when operated at At high frequncy (~ 10 GHz ) the power expected from an
axion signal is still about three orders of magnitudes lower than the noise power at SQL. To detect such a
small signal, the system has to be stabilized for a long enough time so that by averaging the noise power
its statistical fluctuations are reduced below the power increment expected from the axion signal. If that
can be achieved, however, the integration time required limits the haloscope scan rate, and probing the
whole 1-10 GHz range may take thousands of years of experimental live time [13].

The standard quantum limit can be overcome with a bolometric receiver[I4]. This approach measures
the cavity state in the base of Fock photon number eigenstates. The photon number is not subjected to
vacuum fluctuations and the number of background photons can in principle be arbitrarily reduced by
cooling the system. At optical frequencies, single photon detection relies on irreversible photoassisted
ionization of various natural materials. The energy of a microwave photon is about 5 orders of magnitudes
lower making it harder to detect. The methods that have been developed in recent years to achieve single
microwave photon detection are based on the application of what can be defined as quantum sensors [15].
A quantum sensor is a system with discrete energy levels that can be initialized into a well-known state
and whose state can be read out at least in one base. Many quantum sensing protocols require also the
possibility to coherently control the state of the sensor. The interaction with the physical quantity under
study influences the sensor temporal evolution so that readout of its state after the interaction gives
information about the measured quantity. Superconducting qubits can be applied as quantum sensors for
microwave photon detection. The interaction of these device with photons is described in the framework
of [circutit Quantum Electrodynamics (cQED)| [16].

1.4 Quantum-enhanced axion search experiment

A photon counter has been applied in the field of DM search for a detector sensitive to hidden photons
demonstrating a sub-SQL noise level [I7]. The counter employed in this experiment is based on a
superconducting qubit directly coupled to the detector resonant cavity. This requires the qubit to be
in close proximity to the cavity, so this scheme can not be applied to haloscope experiments since the
magnetic field would compromise the working of the qubit.

A recently introduced [Single Microwave Photon Detector (SMPD)| [I8] capable of detecting photons




travelling on a transmission line (itinerant photons) will be employed for a pilot haloscope experiment to
demonstrate a quantum-enhanced search of axions. The SMPD operates in a frequency range of about
100 MHz around the central frequency at 7.33 GHz corresponding to an axion mass m, = 25 ueV. The
experiment will employ a NbTi cavity under an intermediate field of a 3 T magnetic field. The experiment

objective is to identify the optimal quantum protocol.

1.5 Thesis structure

This thesis deals with important issues to be addressed for the pilot experiment.

discusses aspects of the main superconducting circuit components employed in the SMPD.
reports the results of some test performed on the cavity realized for the pilot experiment.
discusses the power of the signal expected from axions, the limit of linear receivers and the
possible advantage of a photon counter.

gives the basic working principle of a parametric amplifier and report the result of a measurement
of the equivalent noise temperature of a the TWPA present in the QUAX apparatus.

is a recap of some concepts of qubit dynamics and control techniques used for superconducting
qubits.

explains the basic SMPD working principle and aspects related to the experimental setup.
reports the analysis of dark count data collected with the SMPD and of some preliminary tests

performed to define measurement protocol to employ for the haloscope experiment.



2 Superconducting device

2.1 Superconductivity

Superconductivity is a phenomenon observed in many materials that below a critical temperature T,
present zero resistivity to dc currents and magnetic fields are expelled from the material bulk (Meissner
effect). These effects can be phenomenologically described in terms of superconducting charge carriers,
with number density ng, that moving in the material without resistance produce a superconducting
current density J;. This description leads to the London equations[19] that combined to the Maxwell

equation

VB = izB
/\L
) . (2.1)
V3, = —J,
AL

Where B is the magnetic field and the London penetration depth is A\, =,/ ns’:;m , with m, the electron
mass, e the electric charge and py vacuum permeability. From the first London equation one finds that
a magnetic field is exponentially suppressed on the length scale A\, B(z) = Boe %/t at the material
surface. Similarly, the second equation implies that superconducting currents flow only in a superficial

layer of thickness Ay, typically in the order of tens or hundreds of nm [20].

The [Bardeen—Cooper—Schrieffer (BCS)| theory shows that the superconducting carriers are made of elec-

tron pairs with opposite spins and opposite moments, called Cooper pairs. The pairs forms due to a
weak attraction between electrons mediated by lattice phonons. The electrons involved in this process
are those within an energy range kpT, of the Fermi energy. This range can be used to estimate the

momentum spread of the electrons involved

2
kgT. =46 ( p > = £5p = vpdp (2.2)
2Mme Me

with vp the Fermi velocity. The spatial extent of the pairs £, also known as the coherence length, is

related to the momentum spread according to the Heisenberg uncertainty principle.

p~h (2.3)
So from
h’UF
= 24
=T (2.4)

For the most common superconducting material this length is of some tens of nm.
Each Cooper behaves as a spin zero Boson, so at low-temperature Bose-Einstein condensation occurs and
all the pairs are in the lowest energy state described by the wavefunction

h(x) = y/ng(x)e ™) (2.5)

The pairs density ng = |1/)|2 is usually uniform in the bulk of the superconductor and drops at the surface
on the length scale given by the the correlation length £. ¢(x) is usually referred to as the superconductor
phase. Below T, there is a temperature dependent energy gap A(T') between electrons in the normal
conduction state and the one in the condensate state. When the system is kept at temperature T' by the

contact with a thermal bath the equilibrium state is the one that minimizes the free energy

F=Upw-TS (2.6)

with Uiyt the system internal energy and S the entropy. When T' < T, the minimum is reached when



part of the electrons condensate into Cooper pairs. The density of residual normal conduction electrons

is proportional to the Boltzmann Factor
n, x exp{—A/kpT} (2.7)

2.1.1 Flux quantization
In presence of a vector potential A the current density is given by [21]

I, = L2 (hVe — 2¢A) (2.8)

where n; and ¢ are as in the modulus and the phase of the Cooper pairs wavefunction.
Considering a superconducting loop crossed by a magnetic field as shown in and computing the

line integral of J4 over a loop in the bulk of the superconductor where J; = 0 one finds

?{(w - 2W%A) dl=A¢— QW%%B =0 (2.9)

where @ is the magnetic flux. Since the wavefunction is single-valued A¢ has to be an integer multiple

of 27 and therefore ¢ is an integer multiple of the flux quanta ® = 2+ ~ 2.067 x 107> Wb.

®p =ndg n ez (2.10)

Figure 3: magnetic flux through a superconducting loop

2.1.2 Critical magnetic field

Superconductors are classified into type I and type II.

Type I superconductors are the ones for which )\TL < % Under a magnetic field strength H they
behave as perfect diamagnet up to a maximum critical field H.. Above this field, the superconductivity
is destroyed and the material turns to normal conductivity. The reason is that the supercurrents produced
to compensate H and maintain B = 0 inside the material increase the free energy of the superconducting

state

oV H?
2

where V is the superconductor volume. The critical field is reached when the free energy in the super-

Fy(H) = Fy(H = 0) + (2.11)

conducting state reaches the one of the normal conductor.

Type II superconductors have )\TL > % Under a magnetic field strength H they have negative surface
energy associated with the boundary between a superconducting region and a normal conducting region.
For this reason above a lower critical field H.;, the superconductor turns into a mixed phase in which it
breaks up into finely divided normal and superconducting zones arranged in a periodic lattice, as shown
in [Figure 4] The field penetrates into the material through the normal conducting cores. Each core is

surrounded by a vortex of superconducting current. To minimize the total free energy, the boundary

10



area tends to a maximum. Since the magnetic flux through a superconducting loop is quantized, the
maximum area is reached when each vortex brings one flux quanta ¢g = %

When the material is in the mixed state (Figure 4)) it has zero resistance to dc currents and a small
resistance to ac currents. Above an upper critical field H., the vortex density becomes so high that

normal cores starts to overlap and the superconductivity is completely lost[20].

Magnetic field lines

Normal State

 Intermediate  State

Superconductor

Meissner State

c Normal core

Figure 4: On the left: Phase diagram for a type II superconductor. On the right: Array of flux vortices
that enters a type II superconductor in the mixed phase. Each vortex brings a single flux quanta. The
cores are in the normal conduction state but the region between the cores remains superconducting. The
separation of the vortices is a few thousand nanometers. [19]

reports the critical fields for some materials commonly employed for superconductive cavities.
The upper critical field of type II superconductors is generally higher than the critical field for type I

materials.

Table 1: Critical temperature and upper critical field at zero temperature of some materials employed for
superconducting cavities. For alloys the critical temperature and critical fields depends on the composition
of the particular sample.

Pb Nb NbTi NbsSn

T. [K] 719 925 ~10 ~18.00
Type I 11 1T 1I
poH.[T]  0.08
poHez [T] 027 210 225
ref. MRz Eo 23 [20]

2.2 Resistance to rf currents

For temperature below T, the current flow in a superconductor can be described in terms of two fluids,
one made of the Cooper pairs and the other made of normal electrons. DC currents are carried only by
Cooper pairs and flow with zero resistance. In this flow, all the pairs move in the same direction and with
the same velocity. Under an rf field, the inertia of the electron pairs comes into play. The supercurrent
can not immediately respond to the field oscillations for this reason an oscillating electric field penetrates
a surface layer and starts accelerating normal electrons introducing dissipations. The electric field is

induced by the time-varying magnetic field that penetrates at the surface so

dB
FE x o x wB (2.12)

where w is the signal angular frequency. since the the normal electron current density is proportional to
the field and to the density of normal electrons j, o« n,E and the dissipated power P, is proportional to
the product J, F then

P, x npw?B? (2.13)

11



The surface resistance can be defined in terms of the dissipated power per unit surface area

P, 1
Pe _ —R,B? (2.14)
ds 2ug
Equation 2.142.13] and [2.7] then gives
A
R, = A,w? exp{kg} (2.15)

with A5 a proportionality constant, and this approximation is valid for T' < T./2 where the energy gap
A(T) is close to its asymptotic value A(0). Thus the surface resistance has an exponential dependence

from the temperature and increases with the square of the current frequency.

2.3 Josephson effect

When two superconductors are separated a thin barrier Cooper pairs can tunnel through it so a super-
conducting current can flow across the barrier. The system can be described with a two component

wavefunction [21]

id1
- ( "Sleim) (2.16)
VMs2€

where components 1 and 2 refer to the wavefunction on the two sides of the barrier. The time evolution

N el K)
H=| 2 (2.17)
(K e%

Where V is the voltage difference across the junction ad K is a constant that accounts for the tunneling

is governed by the Hamiltonian

of the pairs. From the Schrodinger equation and using the approximation n; &~ ns & ng one finds the
Josephson equations for the current I and the voltage V' across the junction

I = I.sin(¢)
B Dy do (2.18)
T omdt

Where ¢ = ¢ — ¢1 and I, = 21@% is the maximum current that can flow through the junction without
resistance and is called the junction critical current. From the Josephson equations it can be seen that a
Josephson junction behaves as a nonlinear inductor

oy dI I

_ al _p 4 2.1
v orlcos(¢) dt — 7 dt (2.19)

Real Josephson junctions are made of an oxide layer between two superconductors, thus the present also
an intrinsic capacitance C';.

2.4 Superconducting circuits

Superconducting circuits works with ac currents at GHz frequency. They are fabricated with lithographic
and etching techniques from a deposition of superconducting material on an insulating substrate.

2.4.1 |CPWlresonators

CPW resonators are made of a central superconducting line of length [ and width w, isolated by a gap of
width s from the ground plate w and s are usually of few um, [ is of some mm. The resonator

is usually capacitively coupled to transmission lines or other circuit elements.

12
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Figure 5: (a) CPW cross section. A superconducting layer of thickness ¢ is patterned to create a central
superconducting line of width s separated by gaps of width w from the grounded plate. An oxide layer
(yellow) isolates the circuit from the substrate. (b) Lumped element equivalent circuit. (D) Optical mi-
croscope image of a CPW resonator. (E,F,G,H) Optical microscope image of different types of capacitors
used to couple the resonator to a transmission line. [24] [25]

The resonance frequency of the fundamental mode is determined by the resonator geometry and by the
choice of the materials [24]

Uph,
== 2.20
o 2l ( )
Where vy, = +/L;C; is the phase velocity and L;, C; are the inductance and capacitance per unit length.

For superconductors the inductance is the sum of the geometrical inductance and of the kinetic inductance
due to Cooper pairs inertia. For some devices the latter contribution is much smaller than the geometrical
one and the inductance and capacitance are given by [24]

I, — Ho K(ko)
4 K(ko) (2.21)
C, = 460663‘M
K (kg)

where € is the the effective permittivity that depends on the substrate. K denotes the complete elliptic
integral of the first kind

[ do
K@:A jiiﬁﬁﬁ (2.22)

And the two arguments of K are kg = w/(w + 2s), kjy = \/1 — k3.

The system can be usefully described in terms of an equivalent lumped element LC circuit as shown in

Figure 5| (b). This system behaves as a harmonic oscillator in which the energy oscillates between the

electric field in the capacitor and the magnetic field in the inductor. The quantum counterpart of the
Q Pp

normalized charge in the capacitor n = 52 and of the normalized magnetic flux in the inductor ¢ = T

are two operators n and gAb with the commutation relation [és, fz} =14. So the system Hamiltonian is the

one of a quantum harmonic oscillator

~2
H =4Ecn* + Epo (2.23)

with Eo = % and Ef, = + (%)2

13



2.42 SQUID
A SQUID is made of a superconducting loop with two Josephson junctions as shown in

L || =

S| o | B

I -

Figure 6: A SQUID is made of a superconducting loop with two Josephson junctions in parallel. The
inductance of the SQUID depends on the magnetic field threading the loop.

The flux quantization (Equation 2.10) becomes in this case

)
bo — b + 277(}%3 =2tn  nez (2.24)

Where a,b label the two junctions and ®p is the total magnetic flux accounts for externally applied
magnetic field and for the flux generated by geometric self inductance of the loop. Considering for

simplicity a simmetric SQUID I, = I, = I.. the current flowing trhough the loop is found to be [26]

I = Isin(¢q) + Isin(¢p) = 21.cos (ﬂij) sin(¢) (2.25)
where ¢ = (¢q + ¢p)/2. This equation shows that the SQUID loop behaves as a single Josephson junction
with a critical current that depends on the magnetic flux through the loop. For this reason one of the
main applications of SQUIDs is for measurement of weak magnetic fields.

An advantage of the SQUID is that its inductance can be tuned by changing the externally applied flux.
When the current is small compared to the critical one I, and the flux due to self inductance is negligible
compared to external one ®., the squid inductance can be written as

L, (2.26)

2ml,

P
COS ( Do )‘

When a SQUID is inserted in a CPW resonator it can be used to tune the resonant frequency [27]

Vb

% 2.2
YTV L)L (2:27)

with L; the resonator total inductance.

2.4.3 Transmon qubit

A transmon qubit is made of a Josephson junction parallel to a capacitor as shown in The

energy in the capacitor is given by

1

E H =
capacitor
2Cvtot

Q* = 4Ecn’ (2.28)

where the total capacitance Cio; = Cs + C is the sum of the shunt capacitance and of the intrinsic

junction capacitance. The energy of the junction inductance can be calculated as

b dgdp Dol

t
Einductor :/0 V(t)](t)dt:/o %Elcsm(@dt: 5 cos(9) (2.29)

14



Similarly to the case of CPW resonators this system can be quantized and is described by the Hamiltonian

[25]

H = 4Ecin? — Ejcos(¢) (2.30)

Where E; = I.9y/27 is called the Josephson energy. Transmon qubits are usually designed such that
FEc < Ejy.

The Hamiltonian of is the one of an anharmonic oscillator. Indeed the first term can be
seen as a kinetic energy term while the second as potential energy that has a cosine profile instead the
parabolic one of a harmonic oscillator. Thanks to the anharmonicity the Hamiltonian eigenstates are
not equally spaced in energy. So the transition energy hwg; from ground |0) to first excited |1) state
is different from the one for the transition to higher excitation states (see [Figure 7). This is crucial for
using the system as a qubit, as it possible to control the system with pulses at the angular frequency wg;
avoiding transitions to higher states. The system can then be described as an effective two level system
with the Hamiltonian

N G,

Hqubit = —7%101? (2.31)

with &, the Pauli-z operator

un

Transmon

o

(¥¥]

¢

Energy [ Fiwon]

* 2 P
' 5 % b
5— ) 0
-Tr -T2 0 /2 T
—é— Superconducting phase,qﬁ

Figure 7: On the left: Transmon qubit circuit. The orange box represents a Josephson junction with
inductance Lj; and capacitance C;. On the right: The transmon anharmonic potential yields non-
equidistant energy levels. This allows to isolate the two lowest energy levels |0) and |1) that constitute
the two-dimensional qubit subspace.|2]]
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3 Microwave Cavity

3.1 Cavity Fundamentals

The description of electromagnetic field in a resonant cavity start from the solution of Maxwell equations

in a certain volume with given boundary conditions given by metallic walls. The wave equation in vacuum

<v2 - ;g;) @) =0 (3.1)

Considering a waveguide with a constant cross section and perfect conducting walls, Shown in

gives

the boundary conditions are
E-n=0 Bxn=0 (3.2)

with 7 the normal versor to the boundary surface.
In cylindrical coordinates z, p, ¢, wave solutions travelling along the z-axis are written as

E= E(p, ¢)ei(k2727rut) (3.3)
B = B(p, d))ei(k‘zf?n'yt) (34)

Figure 8: constant cross section waveguide [19] .

The wave equation then takes the form of the eigenvalue equation

[vi + (27;7;’)2 - kﬂ @) =0 (3.5)

The solutions of form an orthogonal set with respect to the scalar product
1 3 * 3 1 *
<E2,B2|E1,B1> = 5 d X€0€(X)E2 . El + d XfBz . Bl (36)
Ho
with e(x) the space-dependent relative dielectric constant. The solutions are called Transverse Magnetic

(TM) if B, = 0 or Transverse Electric (TE) if E, = 0.
Taking for instance a TM solution, the transverse fields can be expressed as a function of F,.

ik 27v)?
ELzﬁvLEz ")/25( 2) 7]432

;Y ¢ (3.7)
B, = 777—”;0#02 xE|

To obtain the field in cavity we consider two perfect conductors in the planes z = 0 and z = d. The

solutions are standing waves that for a TM mode can be expressed as
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l
E, = 9(p, ¢) cos <7;z) 1=0,1,2,... (3.8)
And can be rewritten as
(V2 =)¢(p,9) =0 (3.9)

For a cylindrical geometry, a set of solutions that are labelled TM,,,,; is found, with integer indices m, n
and [ related to the number of nodes along the directions (}b p and z. The solutions are written in terms
of the Bessel functions J,,(p) as [19]

l n
EmD — Ey cos <7;Z> Jm (u% p) cos(me) (3.10)
c Umn \ 2 I\ 2

where R is the radius of the cylinder and w,, is the n-th zero of the Bessel function J,,.

For a real cavity whose geometry differs from the perfect cylinder, solutions that can be thought of as
perturbations of the TM,,,, modes and that are therefore indicated with the same nomenclature. In
most cases, it is hard to find analytically the solutions but they can be numerically computed. A software
capable of performing such computation is Ansys HFSS [28].

Not every cavity mode is axion-sensitive, indeed as discussed in for a haloscope with an axial
magnetic field, the power of the axion signal is proportional to the form factor : [29]

| [ Xy - 2|
Vfd?’xe(x)|Enml|2 -

(3.12)

nml =

with V' the cavity volume. The form factor vanishes for TE modes and is a factor of order 1 for the
TMjp19 mode (Figure 12)) which is the one usually employed in haloscope experiments.
An important parameter that characterizes losses in a resonator is the quality factor @ that is defined as

27‘('1/0U
= — 1
Q="7 (3.13)

with U the energy stored in the resonator, vy the resonant frequency and P. the power dissipated via

Joule heating. The total energy in the cavity is given by the volume integral

1 2 1 2
U= ¢ E dga::—/ B|“d*x 3.14
50 | [BPds = o | By (314)

while the dissipated power is given by

1 2
P.= —RS/ B|“d*x (3.15)
2#% s| |

So the quality factor can be written as

1 2mwopo [ B3z
~ 2
Rs fS |B| d2x

G
= — 3.16
T (3.16)
where G is called geometry constant.

3.1.1 Cavity testing

Tho evaluate the key parameters, quality factor () and resonant frequency vy, the cavity is tested according
to the the scheme shown in[Figure 9] The cavity is coupled to a pair of antennas. The coupling parameter
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B is defined as the ratio of the power extracted by the antenna P. to the one internally dissipated by the
cavity P..

— Pe
B=% (3.17)

c
The scheme generally used to test a cavity uses two ports. The power waves a, ; traveling into and b, ;

traveling out of a port are defined as [30]:

w = Vi + Zoly i Vioi — Zolw i
27, 27,

V.i and I, ; are the Fourier components, at frequency v, of the voltage and current in the port 7. Zj is an

b; = (3.18)

arbitrary reference impedance, generally set to Zy = 50 €2 that gives the wave the dimension of /power.
The relation between the waves going into the resonator and the ones coming out is determined by the

scattering matrix of the resonator S.

bw,l _ S11 Si2 a1 (319)
bu,2 Sa1 S22 ) \ w2

A two ports cavity resonator is well described by an equivalent lumped element circuit shown in [Figure 9|
The elements of the equivalent circuit are related to cavity characteristics as follows:

® resonance vy =

1
27V CL
e Unloaded quality factor @ = % é

e couplings §; = Rﬁ" i=1,2

The scattering matrix of the equivalent circuit can be written as in [31].

g— 1 1 — 31+ B2 +2iQ0 V3152 (3.20)
14 81+ B2 4+ 2iQ0 vV B1B2 14 81 — B2 + 2iQ0 .
with
I <l 1]
=" (3.21)

The scattering matrix is measured using a two-port [Vector Network Analyzer (VNA)| an instrument that

measures the amplitude and the phase of the reflected and transmitted signal.

The loaded quality factor is defined as

2mvgU

= 3.22
QL Pc + Pel + PeQ ( )

and it is related to the unloaded quality factor by

1 1 1 1 1
— ==+ + ==+ —+ = 3.23
o QU= GTG TG, (328)
with
27TI/0U Q

Q Pei ﬁz ( )

The power transfer between the two ports has a Lorentzian profile, as shown in The maximum
at the resonance frequency vg. The upper (1v,) and lower (v;) cut-off frequencies are defined as the

frequencies at which the power transfer is half the maximum

S|

=3 (3.25)

‘ 512(1/)
S12(v0)
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Figure 9: (a) The measurement system, (b) equivalent circuit of a loop coupled cavity, (¢) equivalent
circuit referred to the middle loop [31].

From one can see that this two frequencies are symmetric with respect to vy and that

Q=2 (3.26)

vy — v Av

This expresses the relation between the quality factor and the cavity linewidth Av. The coupling of a

resonator to a transmission line is often expressed also in terms of the coupling rate defined as

o 27TVO

R; = Q
i

(3.27)
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And the total linewidth is then expressed as
Av = Av. + Kk1/21 + ke /27 (3.28)

with Av, the unloaded quality factor.

3.2 High Q in multitesla fields

For a haloscope experiment, it is desirable to have a high-Q cavity since that would improve the signal-to-
noise ratio enhancing sensitivity and scan rate [32]. Pure niobium Superconducting cavities have a small
surface resistance at microwave frequency and are capable of reaching Q values > 2 x 10! [33]. However,
the magnetic field required in an haloscope By ~ 10T is well above the niobium critical field .
State of the art haloscope experiments have typically operates with copper cavities [5][6]. Studies have
shown that improvements can be obtained by employing coatings done with superconducting alloys such
as NbTi, NbsSn, and YBCO [34] [35] [36]. These alloys are type II superconductors with high upper
critical field and even under multitesla field provide a smaller surface resistance than copper. The cavity
that will be employed for the pilot experiment is a copper cavity with a NbTi coating deposited via
magnetron sputtering. A copper cavity at the frequency of interest is about @ ~ 2 x 10%. As detailed in

fsubsection 3.4] at [Liquid Helium (LHe)| temperature, under 3T field our cavity shows a quality factor of

Q ~ 4 x 10° largely exceeding that of a copper cavity. We can expect further improvements when the
cavity will be held at mK temperature.

High quality factors can also be obtained in cavities that exploit higher-order modes that allow for probing
heavier axions (higher frequency) without reducing the cavity volume. This is important as the axion
signal is proportional to the detector volume. The main disadvantage of higher order modes is that
they have a form factor much lower than that of the fundamental mode. Indeed these modes present
multiple lobes in which the field is oriented in opposite directions, so some of these lobes give a negative
contribution to the integral at the numerator in Proposals to employ these modes for
haloscope cavities are based on the suppression of the negative contributions by inserting in the cavity
dielectric shells that reduce the field amplitude in the opposite lobes [37][35].

1'0"“-'\ —— w/ dielectric

0.8 w/o dielectric 1

& \ \\, (_:zd
0.4
0.2

-0.2

=-0.4 _ . .
0.0 0.2 0.4 0.6 0.8 1.0
Radius [A.U.]

(a) (b)

Field strength [A.U.]

Figure 10: (a) The radial profile of the axial component of the TM030 mode axial electric field. The two
curve shows the profile with (back) or without (green) the dielectric medium (cyan). (b) Dielectric shell
to implement the effect in a cylindrical pill-box cavity. [37]
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3.3 Cavity design and FEM (finite Element Simulation) simulation

An essential tool for cavity design are simulation software such as Ansys HFSS [39]. Ansys HFSS is a
full-wave frequency-domain three-dimensional electromagnetic field solver which uses the finite element
method to solve Maxwell’s equations. There are two main types of solutions that can be calculated.
The eigenmode solver calculates the natural resonances of the cavity based upon geometry, materials,
and boundary conditions. It calculates modal frequencies, unloaded quality factors, and electromagnetic
field profiles. The driven modal solution uses one or more ports to excite the cavity structure. It can be
applied to predict transmission and reflection coefficients and study how to achieve critical coupling to a
cavity mode.

The cavity that will be employed for the pilot experiment has a cylindrical body closed by two conical end
caps. Its dimensions are summarized in referring to resonator tested in this thesis and designed
for the first generation SMPD. A new cavity has been designed since a new generation SMPD with
improved performance and a slightly different working range (7.28 — 7.38) GHz has now been realized.
The new cavity has the same geometry but with a radius reduced to r¢y; = 15.82mm . The cavity is
carved out of a copper cylinder cut into two semi-cells along a longitudinal plane. A NbTi coating is
deposited on the walls of the cylindrical body and in the first 2mm of the cones (see .

Table 2: Cavity geometrical dimensions

Cylinder radius ey 16.6 mm

Cylinder height hey 125 mm
Cones height heon 10 mm
Tuning rod radius ryun 1 mm

T. rod distance from cavity axis 5 mm

T. rod travel range 4.8mm

NbTi coated on Cu

L
0 30 60 (mm)

Figure 11: On the right: Copper cavity with NbTi deposition. The cavity is made of two semi-cells closed
together. On the left: Tuning system made of 3 cylindrical sapphire rods (blue part). The rods can be
inserted into the cavity and by adjusting the penetration the resonant frequency can be tuned. The plot
shows only half of the cavity.

The mode of interest is the TM010 shown in [Figure 12] as obtained by applying the eigenmode solver. In
this mode, the electric field oscillates along the cavity axis and is maximum in the center. The magnetic
field lies on transverse planes with field lines that turn around the cavity axis. With the dimentions in
FEM analysis gives 1919 = 7.07476 GHz, due to numerical approximation usually the measured
differ by about 1%. In the simulation we can treat the NbTi coated walls as perfect conductor and assume
that the main loss channel is due to the copper end cups. This assumption is supported by the value of

the quality factor measured in the real cavity.
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3.3.1 Cavity frequency tuning

As the axion mass is unknown the cavity frequency needs to be varied across the largest possible frequency
range. A commonly used tuning method employs a dielectric tuning rod that can be moved at different
positions inside the cavity perturbing the field distribution of the cavity mode and its resonant frequency.
The tuning system in our cavity is made of three cylindrical sapphire rods, disposed as shown in
whose position can be vertically adjusted by a piezoelectric cryogenic motor that have a nominal maximum
travel range of 4.8 mm [40].

Simulations enable us to study how the rods penetration Az affect the resonance frequency shift dvg1g,
the quality factor @, and the mode form factor Cyi19 as shown in The tuning mechanism
should be limited to the region highlighted in red in the figure since for Az 2 12mm, the form factor
quickly drops at low values. With a travel range of about 5 mm the cavity can be tuned of about 5 MHz.
The quality factor is decreased by the insertion of the tuning bars, this effect is not directly due to losses
on the sapphire, indeed at low temperature, the sapphire dielectric loss tangent is smaller than 10~7 [41].
The reductions of @ and Cpig are both related to the fact that the TMyp( is distorted by the presence
of the rods the region with the higher field amplitude is concentrated in the end cap cone containing the
rods. shows this effect in the case where the rods are completely inserted into the cavity. The
form factor is reduced in this situation because the volume integral at the numerator in
is decreased while the one at the denumerator is increased by the high sapphire dielectric constant. The
quality factor is reduced because the cone caps are not covered by the NbTi coating so dissipations are

increased.

2

50 (mm)

Figure 12: On the left: Electric field of the TM010 mode on a longitudinal plane. On the right: magnetic
field of the TM010 mode on a transverse plane. To evaluate the mode quantities such as the resonant
frequency we can exploit the TM mode with respect to the central cavity plane and simulate only half of
the cavity volume saving computational time. This symmetry is broken by the fact that the tuning rods
are placed only at one end of the cavity, so for a correct evaluation of the mode form factor under the
effect of the rods, it is required to simulate the whole cavity.

3.4 Experimental cavity tests

3.4.1 Testat B=0T

In a first test, performed at [Laboratori Nazionali di Legnaro (LNL)| we measured the scattering param-

eters of the NbTi cavity at LHe temperature. The cavity was enclosed in a chamber inserted in a LHe
dewar. The chamber was filled with He gas at 500 mbar pressure at room temperature that decreased to
about 50 mbar after system cooling. The temperature of the cavity was monitored a sensor attached to
the the cavity support. We probe the cavity using two antennas connected at the two ends of the cavity
and connected via coaxial transmission lines to a Vector Network Analyzer (VNA). The antennas consist
of a 0.3 mm-long prolongation of the central conductor of the coaxial cables to achieve a coupling § < 1
in superconducting regime. So the loaded quality factor is close to the unloaded one.

During the cooling we use the VNA measure the cavity frequency v and quality factor @ at different
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Figure 13: (a) Form factor vs tuning rods penetration. After penetration of about 12 mm the form factor
is quickly degraded, so the tuning system should be used in the region highlighted in red. (b) frequency
tuning vs rods penetration. With a travel range of about 5 mm the cavity frequency can be tuned of
about 5 MHz. (c¢) Quality factor vs rods penetration. The quality factor decreases when the tuning rods
are inserted. The increased dissipation is not related to the losses on the sapphire but to the fact that
the mode gets modified in such a way that increases the field amplitude at the copper surface in the cone.

temperatures down to a minimum temperature of 4.4 K. Below NbTi critical temperature, we observe
an increase of almost 2 orders of magnitude in the quality factor as shown in reaching about
3 x 105. We expect that the resonant frequency increases due to thermal contractions. Indeed, the

resonant frequency is inversely proportional to the cavity radius (Equation 3.11f). For a small variation
of the cavity radius, the relation can be linearized

vy = vo(l - acuT) (329)

With ac, = 1.6 x 107° K~! the Copper linear expansion coefficient [42]. The fit in gives
Vo = 7.0018+£0.0002 GHz and shows that this is a good approximation for 7' > 150 K. At low temperature
Qo 1s no longer constant@].

The measured scattering parameters are shown in We can observe some distortion of the re-
flection coefficient Soo and that, despite beeing a reciprocal system, there is a small systematic difference
between S1o and Sp;. Fitting the data with the quality factor and the coupling coeffi-
cients can be estimated. For fitting purposes, it is convenient to rewrite the reflections and transmission
coefficients as

g — c~1 —2QL/Q; +2iQLd
Z 1+2iQL0

g 2@

Y14 2iQL8

(3.30)

Sij (3.31)
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Figure 14: Mode distortion when the tuning rods are completely inserted into the cavity. The field is
concentrated in the cone containing the rods, this leads to a reduction of the form factor and to increased
dissipations.
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Figure 15: On the left: Loaded Quality factor vs temperature. There is a steep increase in the quality
factor around the critical temperature T, = 9.2 K at which NbTi become superconductive. On the right:
shift of the resonant frequency due to thermal contractions.

and use as fitting parameters (), @; and the proportionality constants a, ¢ introduced to account for
the attenuation due to the transmission lines.

Table 3: Parameters estimated from the fit of scattering parameters measurements.

6.991153 4 0.000001 | 3.037 x 10° £8 x 10% | 5.58 x 107 &1 x 10° | 0.0544 + 0.0002

6.991154 £ 0.000001 | 3.04 x 10° +£4 x 10 5.67 x 10" £ 5 x 10° | 0.0536 £ 0.0002

6.991153 £ 0.000001 3.063 x 10°£1 x 10

6.991153 = 0.000001 3.060 x 10° + 1 x 103

From the results of the fits, reported in we can see that the two antennas are indeed under-
coupled and so the loaded quality factor is close to the unloaded one. The quality factor results above
3 x 105, This value is within a 20% difference from the one find in simulation, showing that indeed the

major contribution to the losses comes from the copper cones.
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Figure 16: VNA measurements of the scattering parameters. (a) Transmission coefficients |S12| and |Sa;].
(b) zoom around the resonance peak of the plot in (a). (c¢) and (d) reflection coefficients S11 and Sao.

3.4.2 Test under magnetic field

In a second set of measurements, performed at the laboratory led by U. Gambardella in Fisciano (Salerno),
we tested the cavity immersed in an external magnetic field directed along the cavity axis. The cavity
was cooled using a flow cryostat, allowing to cool the system down to 3.5 K The temperature of the He
flow is controlled with a thermostat and the values reported in the following refer to the value set on
this thermostat. A pump excracts the He gas from the chamber and the pressure is kept at about 600
mbar. The cavity is inserted in the bore of a solenoid magnet capable of producing maximum fields above
10 T. From tabulated values of the field profile, we can estimate that the magnitude of the field varies
by about 40 % for displacement along the field axis of the order of the cavity length ~ 15 cm, while it
has negligible variations for displacements from the magnet axis in the radial direction of the order of
the cavity radius. The field values reported in the following refer to the nominal one set on the control
modulus of the solenoid current, which correspond to the field in the center of the magnet.

For data acquisition, we started from the zero-field configuration at the temperature of 4K and we
performed a temperature scan increasing it until the NbTi critical temperature. After a scan, we cooled
down again the cavity to the minimum temperature and increase the magnetic field before performing the
following temperature scan. Note that when the B field has been ramped up, we can not go back to the
zero-field field configuration since some current would remain in the solenoid generating a residual field in
the order of 100 Gauss. For each measurement point, we took three acquisitions of the S21 parameter and
we use the standard deviation between the three to estimate uncertainties in the measured values. We
observed a dependence of the resonant frequency on the temperature as shown in this provides
us a means to evaluate the thermalization of the cavity at the temperature of the He flow. Indeed, when

we change the temperature we can see a drift of the resonance peak and wait until it stabilizes around
the new value.
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shows how the loaded quality factor changes with respect to temperature and to the applied

magnetic field.
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Figure 17: Top: Loaded quality factor vs applied magnetic field at different temperatures. Bottom:
Loaded quality factor vs temperature under different applied magnetic fields. Black dots are the values
measured at LNL without applied field.

The field that will be used in the pilot experiment is of 3 T, under this field at 4 K the loaded quality
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factor is about 4 x 10°. At 11 T we measure a loaded quality factor of about 1.5 x 10%, comparable with
the value measured above T,, showing that the coating has completely turned to normal conductivity.
Indeed under this field we do not see changes in the quality factor increasing the temperature from 4 to
5 K. In the range of temperatures we probed, the quality factor increases approximately linearly reducing
the temperature, so we expect a further improvement of Q going to mK temperatures. From |Figure 17
we can a faster decrease of the quality factor when the temperature increase respect to what observed in
the test at LNL. However in the first test the data were taken during the transient cooldown without a
temperature feedback control system, so the temperature values are less reliable than in this second test.
shows the effect of temperature changes on the resonance frequency.

6.986 -

6.984 -

Vo [GHZ]

6.982 -

6.980 -

——
—+
—+

—— B=0.2T B=5.0T
—— B=0.5T B=11.0T

4 5 6 7 8
T [K]

Figure 18: Frequency shift due to temperature variation. The fit is done on the data for B=0 T with a
profile given by Clausius-Mossotti equation at constant pressure.

The dependence of the resonant frequency on the cavity temperature is similar under all applied fields.
The value measured at zero applied field ad T = 4 K is vy = 6.98556 £+ 0.00004 GHz which is about 6
MHz lower than the value measured in the test at LNL laboratory. These effects can be related to the
polarizability of the He inside the cavity. For a linear homogeneous and isotropic medium, the dielectric

constant € can be calculated with the Clausius-Mossotti equation [44].

€—¢ _ A7 Naopm,
€+ 2¢g 3M

with €y the vacuum dielectric constant, N4 the Avogrado’s number, « the polarizability, p,, the mass

(3.32)

density and M the molecular mass. For a diluted gas the refractive index n can be approximated as

3aP
kgT

with P the gas pressure and kp the Boltzmann constant. The resonance frequency of the cavity is

(3.33)

n~4/1+

inversely proportional to the index of refraction of the He inside it. Assuming that the pressure remained
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constant in all measurements we can try to fit the dependence of vy on T with a curve of the kind

v= 4 (3.34)

1+ 2
shows that this curve has a trend similar to the data. Computing the He polarizability from the
B coefficient obtained from the fit and for a pressure P = 600 mbar we find age = 1.1 x 10724 cm? while
the actual value is age. = 0.859 x 10724 cm? [45]. The difference can be explained by the uncertainty
in the measurement of the pressure. The ratio between the resonant frequency measured at the lowest
temperature without applied field in the first (v1) and second (v2) test is vy /v &~ 1.0008 while the one

predicted by [Equation 3.34] using the correct value of the He polarizability is \/1 + 22% /\/1 + zg% ~
1.0013 .
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4 Axion signal

The aim of a haloscope is to exploit the axion electromagnetic interaction to produce a detectable mi-
crowave signal. The process for which a haloscope can detect axions is the inverse Primakoff effect. This
effect is described by the Feynman diagram in In this process, an axion interacts with the

2
MaC

magnetic field inside the cavity producing a photon at frequency v, = ™

y

a--»-

Bo

Figure 19: Inverse Primakoff effect

Experimental search however can not look for single scattering events but for the effect of the presence of
the axion field that due to the high occupation number can be described as a classical field. The presence

of the axion field a gives a modification of Gauss’ law and Ampere’s law of Maxwell’s equations [12]

V-E=p—gs,Va-B
(4.1)

da

OE

5 B—i—VaxE)

Where p and J are the usual charge and current densities. The spatial coherence length of the axion field
is inversely proportional to the axion mass and in general much larger than the detector size. Therefore
one can assume Va = 0 and that the only contribution comes from the time derivative of the axion field.
The axion coherence time 7, is instead shorter than any typical measurement time 7 > 7, &~ 100 us. So
the axion signal results in incoherent electric field fluctuations indistinguishable from noise fluctuations.
The signature of the signal is thus an increment of the power at the output of the cavity with respect
to the one expected from other noise sources. From the modified Maxwell’s equations, one can derive an
expression for the axion signal’s power expected in haloscopes experiments [6]. Assuming that the cavity
resonant frequency corresponds to the axion frequency, the expected deposited power is given by [32] [36]

2%3 .3 2
_ [ 207hcp, B By Q1LQa
&W_<% r2A )XQ+5%%mvameHh (+2)

For easier readability, the quantities appearing in the equation are summarized in[Table 4] [Table 5|reports
the expected axion signal power calculated for the experimental parameters in the pilot experiment and

for the ones prospected for the QUAX experiment.
The constant g, is related to the coupling gqy~ by

2
Gayy TA
_ 4.3
Gy mac? o (4.3)
The axion signal has a line shape reflective of the axion kinetic energy distribution. Assuming that dark
matter obeys the standard halo model the velocity of axions follow a Maxwell-Boltzmann distribution.

The signal line shape is then given by [46].
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Table 4: Quantities appearing in [Equation 4.2

gy -0.97 (KSVZ) 0.36 (DSFZ) Ve cavity frequency
« fine structure constant By applied magnetic field
h Plank’s constant Lo vacuum permeability
speed of light A% cavity volume
Pa 0.45 GeV /cm? Chmi form factor
A 78 MeV QL loaded quality factor
B antenna coupling Qa 106
3/2 )
gv) = % v —1, (Vaii%> T (4.4)

Where (v?) = 270km/s is the rms velocity of the dark matter halo[47]. The axion quality factor, given
by the ratio of v over the signal linewidth is @, = A”—l‘ja ~ % ~ 10%. A good choice for haloscope search
would be to have a cavity quality factor comparable to the one of the axion. Indeed for Av, < Ay,
not the whole signal is captured while for Av. > Av, increases the noise in the measurement without
increasing the signal power [6]. However, has been shown that an higher quality factor @ > @, can
improve the scan rate [32]. Despite the realization of high Q haloscope cavities, a narrowband receiver
would open some other experimental challeges. Indeed the experiments conducted so far relied on the
inequality Av, < Ay, to compute the reference noise baseline [48] [46].

Table 5: Expected axion signal power for the experimental parameters in the pilot experiment and for the
ones prospected for the QUAX experiment. For the QUAX experiment here are considered the simulated
parameters for a cavity that employs both dielectric elements to increase the form factor for the TM30
and an NbsSn superconducting coating.

v, GHz Q B| BT |Vem® | Cumi | Payy1072*W | Ty Hz

pilot exp. 7.3 4x10° | 1 | 37T 113 0.64 0.95 (KSWZ) 0.2

0.13 (DFSZ) 0.02

QUAX 10.48 | 1x10% | 1 | 14T | 1150 0.47 439 (KSWZ) 63

60 (DFSZ) 8.7

4.1 Model for the axion cavity coupling

On a volume with the typical size of a resonant cavity and on the time scale of the cavity coherence time

the axion field can be considered as a classical homogeneous field oscillating at w, = m“Tg
V2ph3c? h . ,
a = apcos(wat + ¢g) = #cos(wat + o) = g(Aoe“““t + Aje ety (4.5)
a

From a quantum mechanical point of view the electric field in the cavity is described by the operator

N hw ) )
B=i) /% [&kUke_’“’kt - a,LU;;eW] (4.6)
k

where k is an index that labels the cavity modes, Uy are the electric field solutions of the eigenvalue
and dk,dL are the annihilation and creation operators for the photon Fock state. When
the cavity is cooled down to mK temperature all the cavity modes are in a thermal state with a low
occupation number that can be approximated as the vacuum state |0). Indeed the density matrix of a

thermal state is given by
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1—e FBT

1 _ _hw 1
=7 Ze 5T |n) (n] 4 =——"F (4.7)
n
and the probability of finding the system not in the vacuum state for w/2m ~ 7GHz and T' ~ 10mK is

P(n>0)=1—{(0pp|0) = e ™57 ~ 2 x 10715 (4.8)

A quantum state can be graphically schematize as an ellipse in a phasor diagram that represents on its
axis the two quadrature operators X; = fa+a N, Xy = =(a— a"). The center of the ellipse have

as coordinates the expected value of the two quadratures ((X,), (X3)). The lenght of the ellipse axis

N -2 A
is given by the fluctuations of the two quadratures [AX;| = /(X;) — (X;)2, or of a combination of

the two in the case the ellipse is rotated with respect to the diagram axis. As a consequence of the
Heisenberg uncertainty principle the area of the ellipse can not be below A,;, = 7. The vacuum state
correspond in this diagram to a circle with radius % The effect of the axion field is to displace the state
of the mode at the axion frequency from vacuum to a choerent state with low occupation number. Since
the the phase relation between the axion field and the electromagnetic field remain constant only within
the cavity coherence time 7.4, = ﬁ

Veav
the net result is to enlarge the uncertainty ellipse of the vacuum state. The increase in the quadrature

the direction of the displacement randomly changes quickly and

fluctuations are the noise added by the axion signal.

Xy (b) Xo (© Xo

e 4 .
W W @

Figure 20: Pictorial view of the effect of the axion field in the phasor diagram in the cavity rotating frame.
(a) The vacuum state is a state of minimal uncertainty equally distributed on the two quadratures. (b)
The axion field acts displacing the vacuum state. (c) The phase of the axion field changes randomly
on the time scale of the axion coherence time 7, ~ 100us so that the displacement direction has quick
random jumps. The net effect is thus to increase the quadrature fluctuations with respect to one in
vacuum state.

As a result of the displacement the probability of measuring the cavity field in the one photon state |1)

increases. The interaction Hamiltonian between axion and electromagnetic fields is given by the first

term in
H; = ﬁ/d3xaE -B (4.9)
Ho

Considering the applied magnetic field B = Byz the |0) — |1) transition probability can be evaluated
from the Fermi golden rule [49]

1 b 2
P~‘<0|/ Hdt' 1)
hJo
oC> B3 )
~ 2V"/pw2 =0 Zwk /dXGon

For t large enough sin®[(wy, — wa)t/2]/[(wk — wa)/2)? ~ 27tS(w), — wa). The functions Uy, are normalized

(4.10)
blnz[(wk — wa)t/2]

A(wr — wa)/2]?
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according to the scalar product defined in SO

‘/dxeoUz - Z

with C} the form factor of the mode k. The sum over the modes can be approximated with an integral

Py dxaUp

= =VC 4.11
Vfdxeoe(x)|U;€|2 ¥ (4-11)

weighted on the mode density D(w)

1
Z Crwid(wg —wg) =~ /de(w)waé(wk —wa) = Cy, —w, =C,, QL (4.12)
k chav
The transition rate is R = % and the corresponding power transmitted to the antenna is Py, =
%MGR, the resulting expression is analogues to the one in [Equation 4.2
Poy = g2 pahic? p B—gVCQ (4.13)
ayy = GayyLPallC 1+ﬁ/~50 we WL .

Describing the evolution of the system in the Heisenberg picture we can consider the state fixed in the
initial vacuum state and study the evolution of the annihilation operator a of the mode at frequency wy,.
The Hamiltonian of the system is

H=H,+H;
AT A 1 - ~ Tw, * _—iw - * A iw * _—iw,
= hw, (aTa + 2) + ihga (Aoe of 4 Age “t) + ihg al (Aoe ol 4 Age “t) (4.14)
g= €0%a /dng -zB,
4y
where A is defined from [Equation 4.5 The Heisenberg-Langevin equation is then [I3]
= o]+ [Ana] - G

(4.15)

, . -~ K
= —iwi+g* (Aoe“”“t + Aseﬂw”t) 1-— 5&

with « the total cavity decay rate accounting for losses and decay through the measurement port, 1 the

identity operator. The equation is more easily solved in the cavity rotating frame, that means by doing

the change of variable @' = ae™a?

da’ ; P
6761 :W+ g AN — gd’ (4.16)

The rotating wave approximation consist of neglecting the fast oscillating terms. The steady state solution

da’ _ () o
= ( gives

2" .-
i iA31 (4.17)

As mentioned above the effect of the axion field is to bring the system from the vacuum state to a one
with non null expected number of photons

(W) = @"a) = 24,2 (4.18)

4.2 Linear amplifier and power receiver

The cavity oscillating field induces currents in the antenna producing a signal that propagates through the

transmission line connected to it. A classical narrow-band signal V' (¢) can be described be decomposed
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in the sum of two slowly varying functions X;(¢) and X2(t) modulated at the carrier frequency.

V(t) = X1 (t)cos(2mvt) + Xa(t)sin(2nvt) (4.19)

where the time scale on which X; and X5 vary is given by the reciprocal of the signal bandwidth ¢ = ﬁ.

In the most commonly used haloscope scheme, this signal is amplified by a linear amplification chain. The

amplified signal is demodulated by mixing it with a|Local Oscillator (LO)|in an 1Q mixer that separates

the two quadratures. The two demodulated quadratures are digitized with an[Analog to Digital Converter|
and Fourier transformed to compute the power spectrum of the signal. Many spectra are averaged
to reduce fluctuations [4§].

Cavity

Figure 21: Principal components of the heterodyne detection scheme. The signal is amplified and divided
into its two quadratures with an I Q mixer. The I and Q signals are digitaized ad Fourier transformed
to compute the signal spectrum. The axion signal is searched as an excess power in a portion of the
spectrum.

The amplification chain adds noise to the measurement. The added noise is generally stated by referring
it to the amplifier input which means treating the system as if the amplifier was noiseless and a noise
source increases the noise level at the input of the amplifier. The amplification is usually performed with
more than one amplification stage, however, the noise performance of the amplification chain mainly
depends on the first amplifier. Indeed the noise added in later stages is amplified only by a portion of
the chain and is thus generally negligible with respect to the one added in the first stage. The voltage
noise fluctuations at the output of a haloscope readout line have a Gaussian distribution as would be in
the case of Johnson thermal noise produced by a load at a finite temperature. So, noise power is usually
expressed in terms of an equivalent noise temperature Ty,. This is defined by ideally substituting the
system with a fictitious load at temperature 75, and that the noise produced by this load is amplified
by an ideal noiseless amplification chain with the same gain as the real one. The noise power produced
by the load in a bandwidth Av is E| [50]

PN = kBTSySAV (420)

The quantum mechanical treatment of the signal usually consist in promoting the the two quadratures
to operators X 1 and X 5> with the commutation relation [X 1,5( 2] = % that behaves as position and
momentum of a quantum harmonic oscillator. The state of this oscillator is strongly related to the one

of cavity field. When the system is at temperature T' the equivalent noise temperature is

1 1
kBTsys = hv (Wl + 5 + Na) (421)

The first term in the parenthesis is the average number of blackbody photons unit bandwidth and for
T at the mK level gives a negligible contribution. The % term comes from vacuum fluctuations of the
cavity field and N, accounts for the amplifier added noise. The implies that kpTsys > hv [51] (see
. At this limit the noise power in an axion bandwidth is Pysqr ~ 3 x 1072° W this is about
three orders of magnitude greater than the excess power expected from the axion. This means that in

IThis expression is in principle correct only in the Rayleigh—Jeans approximation KT > hv. However, since the
equivalent load is just an ideal model this expression can be used to define the noise equivalent temperature also at the
SQL where kpTsys = hv.
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order to detect an axion signal the noise power needs to be measured with an uncertainty smaller than
a part in a thousand.

The power measured from a single spectrum has a x? distribution, however since many spectra are aver-
aged the distribution can be approximated as Gaussian [48]. The standard deviation of the distribution

of the power measured in an axion linewidth is given by [6]

Av,
5Py = kpTaysy| —2 (4.22)
T

Whit 7 the total integration time. The [Signal to Noise Ratio (SNR)[ X is then given by the Dicke

radiometer equation

¥ — Psig T
kBTsys Aua

(4.23)

A long integration time allows to improve the SNR, however, the long term stability of the system sets a
limit on the maximum integration time. Indeed any experimental system on sufficiently long time scales
is subjected to drifts in some of its parameters that in this case brings to fluctuation of the average

noise power in the long term. Thus is valid only up to a certain maximum integration

time. During a measurement the whole cavity bandwidth Av, = Avy, o is simultaneously probed, so

from the scan rate R for a given sensitivity and a given SNR can be estimated to be

dl - Av, . & Pg'yfy . gﬁwpihzc(‘ 52 Eévzcz QLQE

dt = QUERTZN? O RRTEF (L+ B2 g "(Qr+ Qa)’
From one finds that the signal power is maximized for a critically coupled antenna = 1,
the highest scan rate is instead achieved for 8 = 2. Overcoming the antenna has indeed the effect of

R (4.24)

lowering the loaded quality factor, on one hand reducing the signal but on the other increasing the cavity

resonance so that a wider range is simultaneously probed.

4.3 Beyond standard quantum limit

4.3.1 Squeezing

A strategy that has been employed to circumvent the SQL is to prepare the cavity field in a squeezed
vacuum state. In a squeezed vacuum the fluctuations in one of the two field quadrature are reduced
and the one in the other is enhanced as a consequence of the Heisenberg uncertainty principle. Since an
axion-like signal increases evenly the fluctuations in the two quadratures, the squeezed one will present
an improved signal to noise ratio. The benefit of this strategy is that it allows to overcouple the antenna
to the measurement port without losing sensitivity. Increasing the coupling enlarges the cavity resonance
so that a wider bandwidth is simultaneously probed enhancing the scan rate. A scan rate improvement
of a factor 2.12 £+ 0.08 was demonstrated by applying this method in [I3].

4.3.2 Photon counter

A photon counter would overcome the limit switching from the measurement of the two quadratures X 1,
X5 to the one of the photon number operator N. The information about the signal phase is lost in
the measurement so the uncertainty of the photon number can be reduced without a fundamental limit.

Indeed, the average thermal population of the cavity mode is give by

1 _ _hv

7 — ~ EpT
n(T) = S IRET _ 1 kpTachy © (4.25)

So it can in principle be arbitrarily reduced by lowering the temperature. The effect of an axion signal
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(a)
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Figure 22: In the squeezed state fluctuations in the X, quadrature are reduced and the one in the X, are
enhanced. The axion signal increases evenly the fluctuations in both quadratures. After amplification,
the signal to noise ratio in the X; quadrature is improved with respect to what would be obtained without

squeezing [13]

would be in this case to increase the photon counting rate by
Lsig = Poryry /g (4.26)

An ideal photon counter can bring an exponential improvement of the scan rate with respect to the one
achievable with a linear amplifier at the SQL [14]

M ~ @e k'};T (427)

~

RsqL Qa
At v = 7 GHz for instance an improvement in scan rate of a factor 1000 would be achieved by cooling the
system at T' = 40 mK. This theoretically unlimited advantage in scan rate is the main motivation for the
research of an implementation of such a scheme for haloscope readout. A photon counter doesn’t have
the spectral resolution needed to reconstruct the signal spectrum. For this reason, photon counters can
not an exclusive alternative to linear amplifiers but the two technologies need parallel development. Any
possible photon counting device will have a finite detection efficiency 1 and dark count rate I'y. which is
the photon counting rate when there is no signal applied to the counter. These are the two most important
parameters setting the level of improvement that can be achieved. Dark count processes usually have
Poissonian statistics. The uncertainty in the number of dark counts collected in an integration time 7

can be estimated as

5Ndc =V chT (428)

This contribution in general prevails over the uncertainty due to thermal photons and intrinsic shot noise
of the axion signal. The SNR can be written in this case

Nl gigT T
2= \/T—QT = Mlsig / T (4.29)

Av. Aven?PZ
T hmever,, (4.:30)

and the relative scan rate

Rcounter =

For a given cavity than the ratio between the scan rate achievable with a counter over the one of linear

amplification is

counter k Ts s 2 2A a
R t < B Y ) T’ v (431)

Rlin hv ch
The [SMPD] that will be employed in the pilot experiment have an efficiency 1 ~ 0.4 and dark count rate
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I'4c &~ 100 Hz so [Equation 4.31] gives a potential improvement of a factor 11 with respect to the SQL scan
rate.

4.4 ROC curve

A tool used to evaluate the goodness of a detector is its [Receiver Operating Characteristic (ROC)| The

ROC curve consists in plotting the probability of correctly identifying a signal [True Positive Rate (TPR)|

against the probability of false detections |[False Positive Rate (FPR)l These probabilities are generally a

function of a threshold value used to discriminate the presence or absence of the signal.

For the case of linear amplification, the quantity used for discrimination is the power P measured with the
heterodyne technique. Here we consider the optimal case in which the cavity bandwidth is comparable
to the one of the axion Av,. ~ Av,, the receiver has no calibration uncertainties and the reference noise
level is known so that a discrimination threshold can be set directly on the value of the measured power
P. P to has a Gaussian distribution with standard deviation given by the presence of a
signal shifts the average of the distribution by P;,.

P ~ N(Pn,dPn) if there is no signal
(4.32)
P ~ N (P + Psig,0Py) if there is signal
i
‘Threshold
i
No signal . :
) 1
“““ ! l
|
1 ] 1
[} | |
I | 1
1 1 1
Py Pn*Psig Power
Figure 23: Distribution of the measured power in presence or absence of asignal.
Setting the threshold level to Py, = Pn + t6 Py, with t € (=00, +00) , the ROC curve is given by
o1 1 taPprsig
TPRlzn =3 26rf (7\@51:’1\, ) (4 33)
FPRyy = 5 — Lerf (%)

at the SQL 0Py = kpTayey/ 2% = hury /22,

For a photon counter, the noise is given by the count rate in absence of any signal called the dark count
rate ['y.. The number of dark counts collected in a time interval 7 typically follows a Poissonian statistic.
The presence of a signal can be detected by setting a threshold on the number of collected counts. For
a large enough average number of counts, m = 74, the Poisson distribution is well approximated by a
gaussian distribution with average 7 and standard deviation /7. The threshold level can be chosen as
Nip, = Dgem + ty/TgeT, t € (—00,+00). Considering also a finite detector efficiency 7, the ROC curve is
given by

o VT aeT—nPsigT/hv
TPR.ount = % — %erf (t—g)
V2vTa.r (4.34)
FPR.ount = % — %erf (%)

Figure 24| compares the curves given in [Equation 4.33| and [Equation 4.34| for a signal power Py;,/hv =

7.5 Hz and acquisition time 7 = 150s. The ROC of linear amplifiers is computed at the SQL and assuming
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a cavity linewidth equal to the one of the axion Av = Ay,. The ROC for the counter is computed using
I'yc = 100 Hz and n = 0.4 that are typical values for the photon detector presented in

T=150s, Psig/hv =7.5 Hz

1.0 (—

0.8 -

0.6 -

TPR

0.4

0.2
— SQL

—— Counter

0.0

0.0 0.2 0.4 0.6 0.8 1.0
FPR

Figure 24: ROC curve computed according to a Gaussian distribution of the noise power and of the dark
counts. The ROC for the linear amplifiers is computed at the SQL and assuming a cavity linewidth equal
to the one of the axion Av = Ay,. The ROC for the counter is computed using I'y. = 100 Hz and n = 0.4
that are typical values for the photon detector presented in

The time tags collected with a photon counter give information on the arrival time of every single photon,
this may bring some additional information with respect to a bear evaluation of the total number of
collected counts. To capture this information we may apply a detection criterion based on the Kumar-
Caroll index [52].
dy. = [{At)o — (At)] (4.35)
V3 o2((At)o) + o2((At))]

Where (At); and (At)g are the averages waiting times between clicks calculated respectively in a sample

under test and in a reference sample with no signal, and ¢2 indicates the variance of these estimations.
A discrimination threshold can be set on the value of this index. Since we are looking for an increase in
the rate, the waiting time decreases in presence of a signal. So we may remove the modulus from the
definition so that only events with (At); < (At)o will be flagged. We tested this detection strategy in

[subsubsection 8.3.1 the index is highly correlated to the number of counts so it does not bring much

additional information and it gives a ROC curve equivalent to the criteria based on the number of counts.

37



5 Superconducting Parametric amplifiers

Parametric amplification consists of the amplification of an oscillation with a periodic modulation of some
oscillator parameter. The most famous example is the oscillation of a person on a swing that modulates
its moment of inertia with respect to the pivot point, by changing position. In the case of microwave

amplifiers, the modulated parameter is usually the value of some inductor. The amplifies with the best

performance in terms of added noise are |[Josephson Parametric Amplifier (JPA)| and [Traveling Wave|

[Parametric Amplifiers (TWPA)| JPAs are based on Josephson junctions embedded in a microwave res-

onator. They can SQL added noise, however due to their resonant nature they have limited bandwidth.
TWPASs consist of non-resonant nonlinear transmission lines and can reach amplification bandwidth up
to a few GHz [53]. The nonlinearity can be achieved by embedding an array of Josephson junctions or
loops containing Josephson junctions, in a transmission line [54]. Other devices achieve the required non-
linearity exploiting kinetic inductance in superconducting materials[55]. schematize a nonlinear

transmission line.
V(x,t) 1(x¢)

T 1 T T,

Figure 25: Scheme of a transmission line with modulable inductance.

The wave equation for the current propagating through the line is

oI 0 oI
57 (Ll(I)Clat> =0 (5.1)

Where Cj is the capacitance per unit length and L;(I) is the current dependent inductance per unit

length

Li(I) = Lo[l + eI + CI? + O(1%))] (5.2)

For a dispersive transmission line, Ly and C; depend on the frequency of the wave. In the three-wave
mixing process a pump tone, with angular frequency w, is used to modulate the inductance and amplify
a signal at ws. As a byproduct of the amplification, an idler signal is produced with w; = w, — ws. For
this process is sufficient to consider the first order non linearity and one can look for a solution of the
kind

I(z,t) = L(x)e!Fro=wrt) 4 [ (g)e!Fsm=wst) [ (z)etRim—wit) 4 e e

(5.3)
kj =wjy/Lo(w;)Ciw;)  j € {p;s,i}
2
where I;(x) are slowly varying functions such that ‘ﬁmﬂf ‘ < ‘% Substituting this expression in [Equa-
and collecting separately terms at the three different angular frequencies one finds
dI iek .
T; — ZGQPISIZ'S’LAkm
dI i€k iAk
T = plie ™ (5.4)
d]i - in‘i

Ip]:e—zAkx

dr
where Ak = kg + k; — kp. Considering that the power transported by each wave is proportional to the
square modulus of the complex representation of the current P; o |I; |2, from [Equation 5.4 one can derive
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the Manley-Rowe relation[56].

£(8)-3(2) (2

This relation gives a clear intuition of how the system can be described quantum mechanically as a
flux of pump photons that decay into photos photos at signal and idler frequency. If the pump tone is
strong one can assume that it is not depleted during the amplification. As shown in in this
approximation the complex amplitude of the signal current is given by

4 1Ak Ak y
o= Vil <gz e et (56)
9

where g = +/|K| — Afz and K = “7162]611’ As shown in [Figure 26| if Ak < 2|K| = €|Ip|vksk; then
|I5] is exponentially amplified and the gain is maximum for Ak = 0. If instead Ak > 2|K]|, g becomes

imaginary and I starts to oscillate. The condition Ak = 0 is called perfect phase matching. Higher
order nonlinearity enables the 4 wave mixing process in which two pump photons are converted into a
signal and an idler photon 2w, = ws + w;. Both in 3 wave mixing and 4 waves mixing TWPAs the
phase matching condition required is usually achieved with careful engineering of the dispersion relation.
A phase matching mechanism based on reversed Kerr effect was demonstrated in [54], this mechanism
has the advantage of avoiding gaps in the transmission spectra and reducing gain ripples. This type of
amplifier is the one currently employed for the first amplification stage in the QUAX setup.

—— Ak=0
107{ — 0<Ak<2[K|
—— Ak>2|K|

105 4

<]

103 4

101 4

Figure 26: Amplification gain for different values of wavevector mismatch.

5.1 Equivalent noise temperature measurement

We performed a measurement of the equivalent noise temperature T, of the amplification chain present
at the moment in the haloscope setup at LNL. shows the low-temperature electronics of the
setup. The cavity in this setup resonates at v, ~ 10.35 GHz. Line L1 is connected to an antenna weakly
coupled to the cavity. The signals injected through line L3 are directed with a circulator to the movable
antenna used to pick up the signal from the cavity. The same circulator directs the signals coming from
the cavity to readout line L4. The first amplification stage is performed by a 4 wave mixing TWPA the
signals are further amplified with a cryogenic|Hig Electron Mobility Transistor (HEMT)|and with a room
temperature HEMT (not shown in the figure). The pump tone is provided through line L3 and reaches
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the TWPA after reflecting on the cavity. The measurement of T, proceeds as described in [§] and is
referred to the point Al on the antenna where the three lines joins.

Line 1 - L1 L3 L4

Ing ouT

O
%m-‘ 10 %‘m-‘ 10 %Im-' %

Cavity input AUX line
O o]

CF 16 1 K

|

100 mK

Cﬂ@] )
HP & QHz

<\ Direct

@ - 200 ol By

Al

]
—

ﬁTumlhl(r antenna

1y = 5906 GHz
ry = 94168 GHz
1y = 10.770 GHz

Weakly coupled antenna

Figure 27: Layout of cryogenic apparatus. Green cables are superconducting (NbTi). The point Al is

the reference point for the measurement of the system noise temperature. The tunable antenna is almost
critically coupled to the cavity [g].

Calling P1 the point at the input of line L1, P3 the one at the input of line 1.3 and P4 the point at

the end of line L4 after all the amplification stages, the measurement consist in the acquisition of the
following three transmission power spectra:

e S41: From P1 to P4.
e S13: From P3 to P1.
e S43: From P3 to P4.
The first two measurement are performed at the cavity resonant frequency. To go from P3 to P4 the

signal has to reflect on the cavity so S43 is measured twice at the frequencies v, 4+ dv, with dv = 200 kHz
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Figure 28: P; vs P, in the three transmission measurements. Top left S43, top right S43, bottom S31.
The transmission S31 was measured once with a resolution bandwidth of 100 kHz and another with 30
kHz. Both measurements gives similar values for Gi3.

and the computed quantities are then averaged between the two measurements. The frequency dependent

line gains are defined as
e g1(v) : from the point P1 to antenna Al - bidirectional
e g3(v) : from the point P3 to antenna Al - bidirectional
e g4(v) : from antenna Al to the point P4 (Complete de- tection chain)

A pure tone of power P; is injected on one of the lines by a calibrated signal generator and the output

power P, is measured with a[Spectrum Analyzer (SA)| P; and P, are related by

P™ =P, + P,G,, ay€ {41,13,43} (5.7)

where Gy = g X gy and P, is the noise power that can be expressed as

Pn = g4kBTsysB (58)

Where B is the resolution bandwidth of the SA when measuring the output power from P4. A linear fit
of P, vs P; along the three different path provides estimations of G, zy € {41,13,43} from which we
can compute g1, g3,94. The noise power P, is evaluated as the power measured by the SA at point P4
when there is no input signal. shows the fits of the measurements and the results are reported
in The SQL noise temperature for v = 10.35 GHz is Tsgr, = 0.5K thus the noise temperature
of our amplification line is about 4 times the value at SQL.
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Table 6: Parameters estimated from the fits. Gy3 is the average valued over the two measurements at
Ve +0v, G41 is averaged over the two measurements with different resolution bandwidth.

em 3641 g1 (8.34+0.1) x 1077
Gi3 (6.24+0.1) x 10712 g3 (7.54+0.1) x 1076
Gas (327 + 6) ga (4.35 £ 0.06) x 107

P (1.2240.07) x 1071°W P (1.124+0.05) x 107 10W
T, 20+0.1K T 1.9+0.1K

syYs
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6 Qubit dynamics and control

6.1 Bloch sphere

The state of a qubit is conveniently represented as a vector in the Bloch sphere. This representation start

from the fact that the density matrix p of a two-level system can be written as

1.
p=5(+Rubs+ Ryb, + R:62) (6.1)

where 1 is the 2 x 2 identity matrix and &, . are the Pauli matricies. R is the Bloch vector and it
satisfies |R|2 =R? —I—Ri + R? < 1, where the equal sign holds if and only if the state is pure. So there is a
one-to-one relation between qubit states and the vectors in the unitary radius sphere. The points where
the surface of the sphere intersects the axis x y and z corresponds to the eigenstates of 6, 6, and &..

6.2 Non unitary evolution

The temporal evolution of a quantum subsystem in contact with the environment is in general non unitary.
The most general linear differential equation for the density matrix that preserve its proprieties is the
Lindblad master equation [21]

% = ;1 La (6.2)
where H is the hermitian subsystem Hamiltonian and L, are arbitrary operators that describe the
interaction with the environment. For a qubit with unperturbed Hamiltonian H = —hwé, /2 the first
term gives a precession of the Bloch vector around the z axis and is generally removed moving to the
qubit rotating frame, that means by studying the evolution p, = eft/hpe—ifth,

The Lindblad operators that describe the noise a qubit is usually subjected to are

where I'y is the pure dephasing rate and I'y is the energy relaxation rate. The first is responsible for
pure dephasing of the state, this noise is usually called longitudinal noise since Ly is diagonal, this noise
causes fluctuations of the qubit frequency. As pictorially represented in m (c), its effect is to
add uncertainty on the angular position of the Bloch vector in the transverse (xy) plane.The other two
are responsible for the transverse noise wich consist in the energy exchanges between the qubit and the
environment. The effect of this noise is relaxation of the qubit state along the longitudinal (z) axis as
shown in (b). The solution of the Lindblad master equation accounting for all three operators
is then

. P00 + (poo(0) — pog)e Tt po1(0)e~(C1/24T0)t
= ( o (6.4)

p10(0)e=(F1/2+L0)t Pz + (p11(0) — pin)e”

where pog and piy are the values in the stationary state solution and p; ;(0) are the initial conditions.

The longitudinal relaxation time is 7} = F%, while the transverse relaxation time gets a contribution both

1

from pure dephasing and from energy relaxation Th = 1%2 = e
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Figure 29: (a) Block sphere representation of a qubit state. The longitudinal axis refers to the z-axis,
and the transverse plane refers to the xy-plane. (b) The exchange of energy between the qubit and
the environment brings to excitations or relaxations of the qubit. The result is that the longitudinal
component of the Bloch vector evolves toward its value in the equilibrium state. (c¢) Longitudinal noise
is responsible for stochastic fluctuations of the transverse component of the Bloch vector.
decoherence rate I's =T'y, 4+ I'1/2 at which decay the off-diagonal component of the density matrix gets

a contribution both from pure dephasing and energy relaxation. [25]

6.3 Rabi oscillations

(d) The

Applying a periodic perturbation H, = hncos(wt)o,, with angular frequency close to the qubit frequency

Wwg, W — wg = 0 < w, the Bloch vector starts to rotate with angular frequency 7 around an axis that

slowly rotates in the xy plane with angular frequency §. Considering for simplicity the case in which the

qubit undergoes no dissipation, the evolution equation

d _ 1

- A 1 0. A
i {Ho +H1,p} == [—wq2 + ncos(wt)dy, P

can be expressed in terms of the Bloch vector as

0 —wy/2 0
dR B
i —wq/2 0 —2ncos(wt) | R=MR
0 2ncos(wt) 0

Moving to the qubit rotating frame R; = U(¢)R, with

cos(wqt)  sin(wqt) 0
U(t) = [ —sin(wyt) cos(wgt) 0
0 0 1
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becomes

dR;
— =M
dt R
0 0 N[sin(2wy + 0)t—
sindt]
0 0 —n[cos(2wq + 6)t— (6.8)
M; =
cosdt]
—nfsin(2wy 4+ 0)t—  nlcos(2wy + )t— 0
sindt] cosdt]

In the rotating wave approximation the fast rotating terms at frequency 2w, + 6 can be neglected and
the equation become

IR cos(dt)
TI ~Y({t) xRy Y(t) = —n | sin(5t) (6.9)
0

This equation describes the rotation of the vector Ry with angular velocity Y. The vector Y slowly rotates
in the xy plane with angular frequency §. Equivalently, the evolution can be seen in the rotating frame
at the perturbation frequency w as the rotation of the Bloch vector with angular velocity Y’ = (n,0,8)7
that is the combination of a rotation around the x-axis at frequency 7 and a rotation around the z-axis
at frequency 9.

For a superconducting qubit, the perturbation H can be obtained by applying a tone at frequency w to
the qubit. To rotate the qubit state by an angle o along a meridian a pulse is applied with amplitude An
and duration 7, such that 77, = a. The most commonly used pulses are the ones for which a = 7 and
a = w/2. The first inverts of the qubit state while the latter brings the qubit to a superposition state.
For fast operation, one wants to minimize the pulse duration, however short pulses at high intensity can

produce unwanted excitation of higher modes of the circuit.

6.4 Ramsey interferometry

The Ramsey sequence is used to measure the qubit decoherence time T5. In this sequence the qubit
is initialized in the ground state |0). A 7/2 pulse brings the state on the Bloch sphere equator. The
/2 pulse frequency is slightly detuned by § = w — w, from the qubit frequency so that, in the pulse
rotating frame, the Bloch vector rotates around the z axis. After a waiting time 7 a second 7/2 pulse is
applied and the qubit state is measured after the pulse. Due to the Bloch vector rotation the probability
of measuring the qubit in the excited state oscillates with angular frequency J as shown in
Indeed for instance after a time 7 = 7/J the vector has rotated half of the equator and the second 7/2
pulse brings it back to ground state, wile after a time 7 = 27/4 the vector completes a full rotation and
the second 7 /2 pulse brings it to the excited state. As discussed in one of the effects of
noise is to progressively add uncertainty on the angular position of the Bloch vector. So the probability
oscillations are damped on the time scale of the coherence time 75

p(r) = Ae= /T (cos(6T + ¢)) + B (6.10)

Where the * indicates that the Ramsey experiment is sensitive to “inhomogeneous broadening.” That
is, it is highly sensitive to quasistatic, low-frequency fluctuations that are constant within experimental
trial, but vary from trial to trial.[25] Moreover if coherent noise processes take place, as for instance slow

drifts in the qubit frequency the exponent n can be greater than 1 [57].
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Figure 30: Ramsey sequence. The qubit is inizialided in the ground state |0). A 7/2 brings the state to
the equator of the Bloch sphere. After a time 7 is applied a second 7/2 pulse is applied and the qubit
state is measured after the pulse. Varying the time delay 7 the probability of measuring the excited
state oscillates at the detuning frequency 6 = w — w, and the oscillation is exponentially damped on the
decoherence time 7. [25]

6.5 Dispersive coupling

When a transmon qubit is placed in proximity to a resonator, the charges of one element can influence
those of the other through a coupling capacitor. The general Hamiltonian describing the interaction
between a superconducting qubit and a single-mode microwave field can be written as [16] El

H 1 w
5 =wr (a*a + 5) + 0=+ g:02(a+ a') + g.(64 +6-)(a+al) (6.11)

Where @ and @' are the annihilation and creation operators of the resonator mode at frequency w,, g
and g, are the transverse and longitudinal coupling strength respectively. When the photon energy is
not to much different from the qubit transition energy |Ag,| = Jwy — wr| € (wg + wy) We can neglect the
terms 6.(a+ a') , 64a' and 6_a that do not conserve the number of excitations. We then obtain the

simplified Jaynes—Cummings Hamiltonian

h 2

with ¢ = 2g,. This Hamiltonian leads to a Hybridization of the resonator and qubit modes, meaning

that its eigenstates are given by the entangled states

H 1 Q
=L, (a*a+—) + %5+ as, +alol) (6.12)

I+, 7) = cos (%") I1) [n) + sin (%) 10) [ + 1)

, ; (6.13)
|—,n) = —sin (%) |1) n) 4 cos (%) |0) |n + 1)
with tan(6,) = QOA— V:TH These states are called dressed states and correspond to the eigeinvalues
EF 1 A 4x(n+1)
=, | +x+=E 1+ 6.14
. (n + 2) R L (6.14)

2
Where y = &3; is called the dispersive coupling coefficient. |[Figure 31| graphically compares this new

2Contrary to the previous paragraphs, here the qubit Hamiltonian has 46, instead of —&, to follow the most used
convention. The only difference is to switch the order in which the states |0) and |1) are taken in the matrix representation
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energy levels and the one of the unperturbed Hamiltonian eigenstate. In the dispersive regime |Ag,| > Qo
there is no resonant photon excange between the qubit and the resonator and the dressed states tend to

the unperturbed ones

~ |1
+m), D In)

o~

— ~ 10 1
=n)  ~ 10) [t 1)

~

(6.15)

n

In this regime the qubit transition frequency becomes (E;} — E;;)/h = wy + 2nx + x showing Stark shift
(2nx) due to the photons in the resonator and a Lamb shift (x) due to the vacuum fluctuations in the
resonator. Similarly the resonator frequency became dependent on the qubit state (E,ir1 — ER/h =
w, £ x. Indeed, in the dispersive regime the Hamiltonian of can be effectively written as

a &
i At 5 i
= (afa+x0. ) + (@ + 05 (6.16)
lg)|n + 2) vVn+29 _ |[+,n+1) le)m+ 1)
T o ITIimmmseecteeeceszoII T T o
e)n + 1) [=n+1) o) +2)
Wr T X
|g)[n+1) vn + 10 |+,n) v le}|n)
I T S S T _
eTn) =n) 1 )+ 1)
Wr — X wq + (2n+ 1)x
9)|n) vy _|+,m-1) ley|n — 1)
__- :::::::::___"_‘:::::_-.:a.g::::::::__:__:__:\E—_______‘ __
le)ln —1) = n—1) lg)|n)
i >
A/ > o A/Qy=0 AJQ— 50

Figure 31: Energy levels of the dressed states (black) and of unperturbed Hamiltonian eigenstates (blue)
vs Agr/Qo. The qubit (red) experiences a Stark shift 2ny due to the photons in the resonator and a
Lamb shift x due to the vacuum fluctuations in the resonator. The effective resonator frequency (green)

is w, £ x. [16]

6.6 Dispersive readout

The dispersive coupling to a resonator provides a useful method to measure a superconducting qubit in
the {|0),|1)} base. Indeed, as shown in thanks to the dispersive resonator frequency shift
the qubit state can be determined from the resonator reflection coefficient. When the system is designed
such that 2y = Aw,, at the frequency intermediate to the two possible resonances, there is a 7w phase
difference in the reflection coefficient depending on the qubit state. So, a heterodyne measurement of

the reflected signal allows distinguishing the two states by putting a threshold in the phasor diagram as
shown in
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Figure 32: Resonator reflection measurements when the qubit is in the ground |0) or excited |1) state
[58].

X

Figure 33: Phasor diagram of the signal reflected on the resonator in the cases in which the qubit is in
the ground or excited state. A threshold in the diagram allows distinguishing the two states.
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7 Single Microwave Photon Detector (SMPD)

7.1 Detection of confined ad itinerant photons

At optical and infrared frequencies different types of single photons detectors such as [Single-Photonl
[Avalanche Diode (SPAD)|and [Superconducting Nanowire Single Photon Detector (SNSPD )| are already
commercially available. The photon energy at microwave frequency is roughly five orders of magnitude

lower than that of an optical photon, so its detection needs substantially different methods. Single
microwave photon detectors mainly exist only as experimental prototypes. A distinction has to be made
on the detection of photons which are excitations of a standing-wave resonator mode (confined photons)
or of a traveling-wave transmission line mode (itinerant photons). The basic idea for measuring microwave
photons in a resonator is to let them interact with a real or artiﬁciaﬂ atom and then make a measurement
on the atom. The detection of confined photons in a 3D resonator was first realized with Rydberg atoms
passing through the cavity [59]. Confined photons can also be detected if the resonator is dispersively
coupled to a qubit exploiting the qubit frequency shift dependent on the resonator occupation number
(see . A photon detector of this kind has been employed in a dark matter experiment
sensitive to hidden photons [17].

Itinerant photons can be detected with a qubit embedded into a resonant cavity thanks to a proper design
of the qubit-cavity coupling ad of the cavity resonance. When the qubit is prepared in a superposition
state |[+) = % an itinerant photon that reflects on the cavity induce a phase flip that brings the

qubit to the state |—) = % [58].

Another itinerant photons counter scheme is based on a current biased Josephson junction. Under a bias
current I < I. the the evolution of the junction phase difference ¢ can be described as the one of a 1D
particle moving in the washboard potential [21]

U6, 1) = 5 cos(6) ~ -2 (7.1)
As shown in there are states in which the phase difference is confined in one of the local minima
and a state in which the phase increases freely moving down the potential. A microwave photon in a

transmission line coupled to the junction can trigger a transition from the confined to the unconfined
state. From the Josephson equation V' % we see that in the unconfined state there is a finite voltage
across the junction which can be measured revealing the transition.

Other possible photon detection schemes are described in [16]. Since most of the microwave photon
counter methods are based on superconducting circuits only the ones able to detect itinerant photons
can be applied for haloscope experiments since they need to be shielded from the magnetic field in the
haloscope cavity. The SMPD that will be used for the pilot experiment is described in

7.2 Transmon-based SMPD

The group Quantronics in 2020 demonstrated quantum nondemolition detection of single microwave
itinerant photons with a transmon based superconducting circuit|I§]. shows the scheme and
the working principle of the SMPD. The detector is made of two resonators, called buffer and waste,
coupled to a transmon qubit. The buffer and waste resonators are strongly coupled to transmission lines
at rate kp and K, respectively. The buffer line brings the itinerant photons to the detector that are
converted into a qubit excitation through a nonlinear process. The qubit state can be measured with
a dispersive readout as detailed in revealing the presence of the incoming photon. The
detection process is thus made possible by the Josephson junction nonlinearity under the effect of a pump
tone applied to the qubit with a frequency w, that satisfies the frequency matching condition

Wp = Wq + Wi, — wp (7.2)

3i.e. a superconducting qubit
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Figure 34: Washboard potential of a current biased Josephson junction. The junction phase difference
can be confined in a local minimum or increase moving down the potential. A microwave photon can
induce a transition between the two regimes. In the unconfined state, there is a finite measurable voltage
across the junction. [16]

with w, the qubit frequency under the pump effect, which is slightly shifted from the one of the un-
perturbed qubit. As discussed in the buffer and waste resonant frequencies depend on
the qubit state, wy and w¢ denotes the buffer and waste frequencies when the qubit is respectively in
the ground or in the excited state. Under these conditions the system is well described by the effective

Hamiltonian

Heff
h

= gbate, + g*b wa_ (7.3)
where b and @ are the annihilation operators of the buffer and waste mode respectively, and 61 are the
qubit rising and lowering operators. The process rate is g = §,/XquwXqb Where &, is the amplitude of the
pump tone expressed in units of the square root of the number of photons, while x4 and xg. are the
dispersive couplings of the buffer and waste to the qubit, respectively.

The first term in gi)wT6+ describes the detection process in which a photon in the buffer
is converted into an excitation of the qubit and of a photon in the waste mode. This process is made
irreversible through the engineering of the system dissipations as represented in (b). The
waste coupling to its transmission line is designed to be k., > |g|, so that the photon in the waste is
dissipated much faster than the rate of the reverse process g*l; wo _ allowing to store the qubit excitation.
Indeed, when treating the evolution of the buffer-qubit subsystem, it can be shown that the effect of the
coupling with the waste is to add to the Lindblad master equation the loss operator L= \/TMIA)&+, with
kit = 4]g|°/kw [18]. This operator is nonlocal since it involves operators from two different modes and
nonlinear since it contains the product of the operators. The effect of this operation is an evolution of
the qubit toward its excited state conditioned to the presence of a photon in the buffer.

The reverse process described by the second term in provides a useful way for resetting
the qubit to the ground state. Indeed, by applying a coherent tone to the waste the qubit excitation
combines with waste photons bringing the qubit back to the ground state and releasing a photon in the
buffer as represented in (c).

show the parameters of the device reported in [18§]
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Figure 35: (a) SMPD Schematic. Two resonators, buffer and waste, are coupled to a transmon qubit.
The buffer is coupled to a transmission line that on which propagates the itinerant photons that have
to be detected. The waste resonator is coupled to a transmission line that allows for quickly dissipating
excitations of the waste mode. A pump tone is applied to the qubit. (b) Photon detection principle. The
presence of the pump enables a nonlinear process that can convert a photon in the buffer into a qubit
excitation and a photon in the waste. The waste photon is dissipated through the waste line so that the
reverse process is inhibited and the detection becomes irreversible. A readout of the qubit state reveals if
a photon was detected. (c¢) The qubit can be rest to the ground state using the reverse nonlinear process.
A coherent tone is applied to the waste resonator so the qubit excitation can combine with waste photons
ad be released as a photon in the buffer. (d) SMPD circuit layout. The circuit is realized with a Tantalum
deposition on a Sapphire substrate. The buffer and the waste are coupled to the respective transmission
lines through other two resonators that act as filters. The purpose of these filters is to allow a strong

coupling with the lines without degradation of the qubit relaxation time 77. A SQUID loop inserted into
the buffer resonator allows to tune the device[18].
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Table 7: Parameters of the device reported in [I8]. The one that will be used for the pilot experiment is
a new version of the device so its parameters are different but these can be taken as some reference value.

Qubit Waste mode Buffer mode

we/2m  4.532GHz w9 /27 57725 GHz = wj/2m  5.4952GHz
Ty 8-9 us Fow,ext/ 2T 2.38 MHz Kbext/2m  0.890 MHz
5 10 us Kuw,int/20 < 100kHz = Kpine/27 80 MHz

Xqq/2m 146 MHz Xquw/2m 2.73MHz Xqb/2m 2.73MHz

7.3 SMPD operation cycle

The SMPD operation follows the general steps of a quantum sensing protocol consisting of repetitively
preparing the qubit in an initial state, making it evolve interacting with the quantity under measurement,
and readout the final state.[I5] Indeed, the SMPD operates by continously repeating a detection cycle
with a period Tgupp ~ 15 ps. As shown in the cycle is divided in the following three steps

e R: The qubit is reset to the ground state by applying a coherent tone to the waste resonator.

e D: The detector is exposed for a certain time window to itinerant photons coming from the buffer

line.

e M: The qubit state is measured with a dispersive readout to determine if a photon has excited the

qubit.

Each cycle gives as output a boolean variable corresponding to the presence or absence of a photon during

the cycle.

Qubit

1
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1
1
1
1
1
1
Waste \ 1
1
i
1
1
1
1
1
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Figure 36: SMPD detection cycle. In the reset step (R) a coherent tone is applied to the waste resonator to
bring the qubit to the ground state. In the detection step (D) the SMPD is sensitive to itinerant photons
that can trigger the nonlinear qubit excitation process. In the measurement step (M) the qubit state
is measured determining whether a photon was collected during the detection time. During continuous
operation, this cycle is repeated in a loop.

7.4 Setup

The SMPD operates in a dilution fridge with a 10 mK base temperature. shows the scheme
of the low-temperature stage of the setup used for the experimental tests reported in which is
similar to the one that will be used in the haloscope experiment. The signals injected into the buffer line
(blue) are routed toward a resonant cavity containing currently hosting Erbium-doped crystal used for

running fluorescence measurements [60]. This cavity will be substituted by the NbTi cavity described in
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[section 3| for the pilot haloscope experiment. Signals originated in the cavity or reflected at its input port
are directed to the SMPD buffer via a circulator. The buffer line includes an output port that allows for
measuring the spectrum of signals reflected on the cavity on the buffer. The qubit line (purple) is used
to apply the pump tone and control pulses to the qubit. The flux line (red) brings the dc current that
sets the magnetic flux value through the buffer SQUID. The waste line (green) constitutes the dissipation
channel of the waste mode. This line is also used to send reset pulses and for the qubit dispersive
readout. The readout signal has to be weak enough not to perturb the qubit, thus the reflected signal
needs to be amplified before the heterodyne measurement. This is accomplished using a TWPA as the
first amplification stage. The TWPA pump is provided via another line (yellow) that is coupled with a
directional coupler to the waste line downstream to the SMPD. All the lines are provided with attenuators

and infrared-blocking filters to reduce noise coming from higher temperature stages.
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Figure 37: scheme of the low-temperature apparatus. The buffer line brings external signals to the cavity
and connects the cavity to the buffer. The qubit line (purple) sends the pump tone and control pulses
to the qubit. The flux line (red) provides the magnetic flux to the buffer SQUID. The waste line (green)
is used as the dissipation channel of the waste mode, to send reset pulses and for the qubit dispersive
readout. The readout signal is amplified with a TWPA feed via a TWPA pump line (yellow).

shows main elements present in the room-temperature electronics. The SMPD is operated via
a [Field Programmable Gate Array (FPGA)lbased control developed by Quantum Machines [61I]. This

module incorporates three [Arbitrary Waveform Generator (AWG)| whose output rf signals are mixed to

GHz-frequency LOs to produce all the pulses needed for SMPD operation. The QM also implements the
acquisition and analysis of the demodulated output readout signal to determine the qubit state. The
output data provided by the QM is a time stamp sequence corresponding to the times at which the qubit

was found in the excited state. The signals sent on the buffer line are split and measured with a [SA] to

monitor their power (see|subsubsection 8.3.2). A dc voltage generator sets the magnetic flux in the buffer
SQUID. A signal generator provides the TWPA pump tone.
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Figure 38: Principal elements of the room temperature part of the apparatus. A control module (Quantum
machine) generates the envelope signals that are mixed to GHz LO and provides the pulses needed for
SMPD operation. This module acquires the readout signal determining the qubit state. A dc voltage
generator sets the magnetic flux in the buffer SQUID. A signal generator provides the TWPA pump tone.
A @ is used to monitor the power of the signals sent on the buffer line.

7.5 Detector tunability

The SMPD allows for detection of photons in a ~100 MHz-width frequency range centered around
7.33 GHz. The detector bandwidth is set by the buffer resonator linewidth Av, =~ 1 MHz. The buffer
frequency can be tuned across the working range by applying a magnetic flux to an embedded [SQUID|
(sec Fubscction 2).

The magnetic flux is regulated by a dc voltage generator. When we set the generator for the first time
to a new bias voltage we need to identify the new pump frequency that satisfies the frequency matching
condition As shown in (c) (d) this can be accomplished by scanning the pump
frequency and recording the number of clicks. During the scan a signal can also be injected on the buffer
line to provide the photons to detect, whose frequency an be adjusted to match the new buffer frequency.
The number of clicks is maximum when the signal frequency matches the the new buffer frequency wy
with the qubit in ground state. Keeping a fixed pump frequency and scanning the signal one, the SMPD
efficiency profile can be recorded as shown in The width of the recorded curve is related to
the buffer resonance linewidth, Ay, ~ 1 MHz.

7.6 Efficiency measurement

The SMPD efficiency can be measured by sending a well known signal on the buffer line and measuring
the corresponding click rate. The photon flux at the buffer input is calibrated by performing a Ramsey
interometry while applying the signal to the buffer. Due to dispersive coupling, the presence of photons in
the buffer resonator induces a qubit frequency shift. The photon number fluctuations lead to fluctuations
of the frequency shift increasing the qubit dephasing rate. If €. is the signal field amplitude, and
0r = wp — wyt is the detuning between the buffer aand the signal frequency EI, the qubit frequency shift is

given by [62]

5wq = qu(ﬁJr + ﬁf) - quDs (74)

4Here wy, the bare buffer frequency i.e. the one corresponding to w, in [Equation 6.16|that do not incorporate the qubit
state dependent shift.
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Figure 39: Pump frequency calibration. The pump frequency is scanned looking for the value that
maximise the efficiency of the nonlinear detection process and thus the probability of measuring the
quibit in the excited state. The plots shows the excitation probability when (a) a signal is applied to the
buffer line and its frequency is scanned around the buffer frequency. (b) no signal is applied and only
dark counts are collected. (c),(d) and (e) shows the marginal distributions obtained from the (a) and (b)
plots. The black vertical line in (d) indicates the chosen pump frequency, and in (e) the frequency of the

signals that will be injected on the buffer line (see [subsection 8.3)

with xq the buffer-qubit dispersive coupling coeflicient

2
_ 6rf
Ky 4+ (0r £ Xgb)?

C2(y 7o)X,
Ky /4 + X2, + 02

S

The added dephasing rate is

ro— (ﬁ2+ + W—Q)/beib (7.6)

Ky /44 Xgp, + 07
For calibration, the signal frequency is scanned around the buffer one while keeping a constant amplitude.
Detuning and dephasing rate are measured with Ramsey interferometry, they are then fitted as function
of 4, according to [Equation 7.4] and [Equation 7.6| with k;, x4 and €% as fitting parameters

shows the profile of these curves. The value of €% gives a measure of the photon flux at the buffer input.
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Figure 40: Qubit excitation probability when vs signal frequency. The profile is related to the one of the
buffer resonance.

This photon counting method gives good results for a sufficiently high photon flux ~ 10% photons/s, but
it is not reliable for measuring low power signals. The SMPD efficiency 7 is finally calculated as the ratio
of SMPD click rate over the photon flux calculated from calibration. The efficiency measured with this
protocol is referred to photons at the buffer input. We measured n ~ 0.4 as shown in

O, r,,

Figure 41: Profiles of detuning (left) and dephasing (right).
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The performance of the SMPD that will be used in the pilot haloscope experiment are reported in[Table §|

Table 8: Summary of the performance of the SMPD that will be used in the pilot haloscope experiment.

Detector bandwidth ~ 1 MHz
Detector tunability range [7.28; 7.38] GHz
Dark count rate (T'qc) ~ 100 Hz
Efficiency (n) ~ 0.4
Operating temperature 10 mK
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8 Darkcount and preliminary tests analysis

8.1 Dark counts rate

When no signal is applied, the SMPD has a residual detection rate referred to as dark count rate I'qc.
In previous measurements, it has been observed that this rate depends on the system temperature and
the data reported in the following refers to an operation in the optimal case in which the system is
thermalized at the dilution refrigerator base temperature of 10 mK. shows a typical sequence
of dark count clicks and the dark count rate measured in an 8-hour-long acquisition. I'y. is about 100 Hz

and clearly not stationary.
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Figure 42: (a) Time series of the dark count rate I'q. measured in 10s-duration intervals in an almost
8-hour-long acquisition. (b) A typical sequence of clicks collected in 0.5s. (¢) dark counts rate computed
on 1s-duration intervals for the 300s time window highlighted in (a).

As shown in [Figure 39| (c),when the pump frequency is detuned from the frequency matching condition
(Equation 7.2) the dark count rate decreases. This shows that the counts are related to the presence of
photons in the buffer resonator. These photons come from noise coupled to the buffer line and from the

thermal excitation of the cavity, of the transmission line and of the buffer resonator.

To define an equivalent noise temperature of the buffer line we can consider the scheme in [Figure 43
A load at the equivalent temperature Ty, emits itinerant photons on the buffer line. The cavity is
represented as a lossless cavity coupled to a load at the cavity temperature. In this model we assume a
dark count free SMPD.

The noise spectrum can be written as

SN W) = w [T(W)A(Teay) + RW)A(Tays)] (8.1)

with T = [S21]2, R = |Sa2|? the cavity transmission and reflection coefficients, and 7 is the average

occupation number at a given temperature.

1 _ hw
— _ ~ e kBT 82
ehl//kBT _ 1 k‘,BT<<hV ( )

n(T)
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Lossless cavity Dark count free SMPD

Figure 43: Noise equivalent system. A load at the equivalent temperature Ty, emits itinerant photons on
the buffer line. The cavity is represented as a lossless cavity coupled to a load at the cavity temperature,
and is readout by a dark count free SMPD.

The efficiency of the SMPD has a Lorentzian profile centered at the buffer frequency v}, with a linewidth

Ay, and a peak value 7.

7o

_ (8.3)
4l 41

n(v)

The dark count rate is then calculated as

L= [ W) ) (3.4)

When the buffer is sufficiently detuned from the cavity resonance frequency R(vp) =1 T(1p) = 0. So the

dark count rate is

™
ch = §Aybn0ﬁ(Tsys) (85)

We measure a dark count rate I'gq. = 100 Hz, a buffer linewidth A, ~ 1 MHz and a peak efficiency
n =~ 0.4. This gives an equivalent line temperature T, ~ 40 mK, exceeding the base temperature of
the dilution fridge (10mK ). This indicates that noise coupled from higher temperature stages is non-
negligible.

A cavity thermalized at Teq, < Tyys at v = v, should absorb rather than emit photons. This effect
influences the dark count rate as shown in the plot of which was obtained from
with Ty = 40mK, Tiqy = 10mK, Ay, = 1MHz, Qp = 2 X 10°, Veqy = 7.3GHz and a detuning
0v = v, — v, between the cavity frequency and the buffer frequency.
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-5 1] 5
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Figure 44: Expected dark count rate when the cavity is thermalized at T, below the system equivalent
temperature Ty, evaluated from for different values of the detuning dv between cavity and
buffer resonant frequency.
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8.2 Inhomogeneous Poisson process

As shown in dark counts have not stationary increments. In this subsection, I present some
tests we performed to verify that the dark counts process can be described as an inhomogeneous Poisson
process[63]. An inhomogeneous Poisson process is a counting process: {N(t),t > 0}, so that N has
integer values that never decrease over time, but jump up at random times, and that satisfies the following

conditions:

i N0)=0

ii increments are independent (Markov) but not stationary
iii PIN(t+h)—N(t)=1)=At)h+o(h)

iv P(N(t+h) —N(t) >1)=o(h)

Where A(t) is a function of time called rate or intensity of the process. The number of counts Nia

collected in the time interval [tq, t5] is a random variable with Poissonian distribution
( I )\(t)dt) ta
P(Nyg =n) = T exp{/ )\(t)dt} (8.6)
! t

As in the ordinary Poisson process average and the variance of the distribution are equal

E(N12) = Var(ng) = /'t2 )\(t)dt (87)

ty

8.2.1 Waiting time distribution

In an inhomegeneous Poisson process, when a click is detected at time ¢ the |[probability density function|
for the waiting time 7 before the next event is given by

t+T1
p(Tt) = At +7) exp{—/t )\(t’)dt’} ~ A(t)e AOT (8.8)

Where the last approximation when the time scale on which the function A varies is much longer than
the delay between increments.

Given an observation of the process on the time interval [0,7] the pdf of the waiting time between the
events can be written as

T
p(r) = / p(rlt)p(t)dt (8.9)

with p(t) the pdf of having a click at time t. We can estimate the probability that a click occoured before

time time ¢ as the ratio of the average number of counts before time ¢ over the total expected counts

t
At dt! .
P(tclick < t) ~ fgﬂ# = p(t) — M — Lﬁ) (8.10)
Jo At dt X

with X the average of A(t) in the interval [0, T]. Assuming that the variations of \ are small compared to

its average value, we can write a Fourier series
_ S
At) =X+ 6ncos(2mvpt + ¢n) T~ 0T <1 Vn (8.11)

then gives
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T 2
oy = [N g
o T\

Ae A7 /T
T Jo

On 52
1+ Z 5% cos(2mvpt + ¢p) + O <)\2)1 dt (8.12)

Where the last approximation holds if T is long compared to the time over which A(t) oscillate. As
shown in the distribution of the delay time 7 between consecutive clicks has an exponential
behavior with a rate equal to the averaged intensity. The average rate obtained from the exponential fit
is Xfit = 106.57 + 0.05 Hz, the one computed as the total number of counts over the total acquisition
time i Acount = 106.70 & 0.06. Note that the residuals from the fit show an excess in the first bin of the
histogram. This excess can be ascribed to the finite fidelity of the qubit reset. If p is the probability that
in an SMPD cycle a photon is detected and pe,, the probability of an error in the reset, the probability
of waiting for n cycles between two detections can be written as

P(”) ~ (1 - p)nilp +perrfgl,n ~p +perr51,n n~1 (813)

Estimating p as the ratio of the total number of counts over the total number of cycles gives p ~ 1.6x 1073,
The binning of the histogram in [Figure 46)is chosen such that each bin corresponds to an integer number of
SMPD cycles. The excess of probability is concentrated in the first two bins and the bins corresponding to
n > 3 have probability p ~ 1.5 x 1073, So we can estimate the reset error probability to be pe,. ~ 2x 1073
compatible with the reset fidelity reported in [I§]. Estimating pe,. from a separate fidelity we may
compute a correction for the number of consecutive detections.
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L
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Figure 45: On the left: histogram of delay between detections. The distribution shows the expected
exponential behaviour. On the right: residuals from the exponential fit, The first bin in the histogram
shows an excess of counts.

8.2.2 Mean variance equality

A second test was aimed to verify that dark count data satisfy we can not rely on
substituting the ensemble average with a time average because the variations in A\(¢) would increase the
variance of the number of counts collected in equal size intervals spread across the whole data acquisition.
However, we can exploit the fact that the drift in A(¢) has a long time scale and treat it as locally constant.
We divided the data into samples of duration At. For each sample we count the number of clicks collected

in one second-duration intervals, and then compute the difference between the average number of counts
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Figure 46: Histogram of delays shorter than 1 ms with bin size equal to the SMPD cycle.

and the variance.

Var(n) — E(n)

o 100

(8.14)

shows the distribution of ¢ for the case At = 30s and At = 300s. For comparison, we applied
the same algorithm to a simulated Poisson process with a constant rate I' = 100 Hz. The two distributions

are well superimposed in the first case while in the second the effect of intensity drifts is evident.
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Figure 47: distribution of § when calculated on 30s (left) and 300s (right) intervals.

8.2.3 Linear increase of detection probability for short intervals

The third test we performed is a verification of the conditions iii and iv requested for a Poisson process
. We checked these conditions on the first 30s of data so that we can neglect effects due
to the intensity inhomogeneity. shows the linear increase of the one detection probability for
short observation time h. Once again we compare the results from our data to the ones obtained from
simulation. [Table 9| reports the results of the fit. The rate estimated from the fit is lower than the one

calculated from the total number of counts as is the case also int simulated data.

Table 9: Fit Results of P(N(t + h) — N(t) = 1) vs h for h < 1 ms.

data Afit Pi—o p #count/30s
99.1 £ 0.9Hz (8+£2) x 10~4 0.9998 107 + 2Hz

sim Afit Pi—o p #count/30s
86.5+0.5Hz | (1.5+£0.2) x 1072 | 0.998 97+ 2Hz
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Figure 48: Probability of having one or more clicks in an time interval h observed in the data (left) and
in a simulation (right).

8.3 On-off protocol

To use the SMPD for the detection of a small signal we need to reduce statistical fluctuations in the dark
counts below the count increment due to the presence of the signal. The drifts in the dark count intensity
exceeds than the intensity of the axion related signal we aim to detect. Our strategy to deal with these
drifts exploits the SMPD tunability discussed in We set the non resonant value choose
two reference buffer frequencies von = Vegy and Vo # Vegw, One in resonance with the cavity, the other
detuned by a few MHz, and switch the SMPD between these two frequencies every few seconds. The aim
of this protocol is to use the dark counts measured at the detuned frequency vog to infer on the intensity
function Aon(t) when counts at v, are recorded. The minimum time required for switching from one

frequency to another can be as low few us.

8.3.1 Fixed frequency test by software and hardware signal injection

We first tested our strategy at a fixed buffer frequency, intermittently injecting a signal into the system,
as shown in The dark counts during the whole acquisition should be generated by the same
process. The test objective is to use the data collected when the signal is not applied (b-intervals) to set
a threshold that allow to identify the presence of the signal.

130s  60s
| ] T
a : b | a b a

| -

t

Figure 49: Sequence of signals sent on the buffer line. In each a-b cycle the signal is on for 30s and then
turned off for 30s

The signal was injected both via software and hardware. For software injection, we added to the dark
counts data some artificial counts generated according to a Poisson process with rate I'y;; = 3 Hz. As-
suming a detector efficiency n = 0.4 this value corresponds to a signal power Ps;o/hv = 7.5Hz. The
reason for the choice of this value will be clarified in the following.

The data were divided into groups of 5 on-off cycles each, so that each group has a total of 7 = 150s
dark count/signal acquisition. To discriminate the presence of a signal we consider the counts difference

N, — Ny, normalized to the standard deviation expected for a process with 100 Hz rate

=N

Vi (8.15)
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Similarly, we applied the discrimination strategy based on the Kumar-Caroll index computing (At); on
data during a-periods and (At)y during b-periods.

To evaluate false positive rate we applied the same analysis to the dark count data without injecting
any signal. shows the ROC curve we obtained for the detection of the injected signal. A
degradation with respect to can be expected due to the 50% duty cycle introduced with
the on-off protocol and to the fact that the dark count rate is not a priori known but is inferred from data.
However, the curve is still above the limit calculated for a linear amplifier at the SQL. Hardware injection
is performed by sending directly a pure tone at the buffer frequency. Since a bolometric measurement
can not reconstruct the signal spectrum, we expect this tone to give the same results that would be
obtained from a signal with a more elaborated spectrum within the buffer bandwidth Av, ~ 1 MHz and
the same average power. We collected data for about 60 hours. shows the evolution of the
count rate measured on every 30s interval when the injected signal is on (a) or off (b). The signal gives
a net increase in the count rate of 3.00 & 0.04 Hz. The data were analyzed as described for the software
injection to extract the ROC curve shown in Also the hardware test present a ROC curve
beyond the SQL. shows the distributions of AN and dj. in presence or absence of the injected
signal. AN and dj. are highly correlated so the two criteria gives equivalent ROC curves.

T=150s, Psiglhv = 7.5 Hz T= 150 s, Psijg/hv = 7.5 Hz
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Figure 50: On the left: ROC curve estimated with software injection of a signal in dark count data. The
artificial data are injected with rate I'y;; = 3Hz. For an SMPD efficiency = 0.4 this is equivalent to
a signal with power Py;q/hv = 7.5 Hz. Using as discriminant the number of counts or the Kumar-Caroll
index gives similar ROCs. The limit ROC for an amplifier at SQL and the one ideally expected from a
counter are evaluated for an acquisition time of 27 because we take into account that the on-off protocol
introduces a 50% duty cycle. On the right: ROC curve evaluated sending to the SMPD a signal that
gives a net increase in clicks rate of 3Hz. Also in the hardware test the ROC result beyond the SQL.
The blue dashed line is the ROC obtained with software injection reported for comparison.

8.3.2 Correlation analysis

In the previously described on-off protocol, we need to use the data collected at the frequency vog to make
an inference on the dark count intensity at the frequency v,,. The observed drifts in dark count rate may
also be correlated with variations in SMPD efficiency 7. Frequency dependence of the efficiency may also
explain systematic differences in the dark count rate. Thus we acquired data to study the correlations
between these quantities.

The measurement sequence follows the scheme shown in repeated in loop. The first cycle step
is a 30s-duration dark counts acquisition at frequency v,,. The efficiency is then evaluated by sending
for 5s a calibrated pulse of about 2 x 10% photon/s at frequency v, rs and counting the corresponding
clicks. These two steps are then repeated at frequency vog-.

The signal used for the efficiency measurement is obtained by mixing the signal from an [AWG] with the

constant tone of a[LO] As the mixer can affect the signal power due to temperature instabilities, we spilt

the signal and send a fraction of it to a to monitor its power (Figure 38|).
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Figure 51: Clicks rate evaluated on 30s intervals with and without hardware injected signal.

- (I S
Souns }HH H }”I |l} oon }HH}“ | I}}
pe T L e T N

Figure 52: Distributions of AN and dj. with and without applied signal. The distributions in presence
of the signal are calculated on the sample with the hardware injected signal, the distributions in absence
of the signal are calculated on the dark count sample.
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Figure 53: Measurement cycle used to study the evolution of dark count at two frequencies. Dark counts
are acquired for 30s at v,,, a tone at frequency v,y is applied for 10s to the buffer line to measure the
SMPD efficiency, the same measurements are performed at frequency v.g. The cycle is repeated in loop.

In this test set vog_,,, = (7.3442 — 7.3406) GHz= 3.6 MHz. Both frequencies are detuned from the
resonant frequency of the spin cavity present in the setup during of the measurement. shows
the time series of the measured quantities. reports the linear correlation coefficients between
the measured quantities. The dark count rates at the two frequencies differ by about 15Hz but they
share common drifts. The efficiency fluctuations are instead rather similar at both frequencies. They are
not correlated with drifts in dark count rate nor can they be ascribed to signal instabilities, as measured
efficiency has a low correlation with the signal power monitored by the SA. The systematic difference in

the efficiency measured at the two frequencies may instead be the result of the small power difference
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Figure 54: Evolution in time of Dark count rate I'q., efficiency n and power P measured by the SA.

between the signals used at the two frequencies, indeed the average ratio between the efficiencies is

Pay o
B 1.05.

% ~ 1.02 while the one between the powers is

Table 10: Linear correlation coefficients of the measured quantities.

ch,on ch,on Tlon  Tloft Pon  Pog
ch,on 1

Tacon | 0.7 1

Nom | 0.07 004 1

Tloft 0.02 0.03 0.6 1

P 04 -03 02 03 1

Pog -0.3 -0.3 01 02 09 1

Despite the presence of a systematic difference, the dark counts measured at v can be used to make an
inference of the dark count intensity at v,,. Indeed the fluctuations in the difference between the two
rates are in a good approximation J-correlated. shows the difference in dark count between the
two frequencies. The spectrum of this time series is flat as expected for white noise.

The Allan variance is a statistical tool generally used to evaluate clock stability[64] that can be calculated

as
2 L, — 2
(1) = 5{Gnt1 = 7)) (8.16)
where the data are divided into IV samples of duration 7, ,, is the average frequency measured in the n-th
sample, and () denotes the average over all samples. For frequency white noise 05 (1) o< 771, [Figure 56

(a) shows the Allan variance of the dark count rate at frequency v, and the one of the difference between
the two dark count rates in a log-log plot. Fitting the Allan variance of the rate difference we get a slope
m = —1.07+0.02. [Figure 56| (b) shows that of the dark count rate difference I'4c on — I'dc,on 15 as in good
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Figure 55: On the left: Dark count rate difference I'gc.on — I'dc,on. On the right: Spectrum of the dark
count rate difference.

approximation a Gaussian distribution around an offset value of 15 Hz.

The strategy to deal with systematic differences will rely on the fact that for axion search data will be
acquired by tuning the cavity at different frequencies to match the axion mass. If a high-Q cavity is
available, some sets can be taken within the buffer bandwidth (~ 1) MHz. For instance, with a loaded
quality factor Qr ~ 2 x 10°, the cavity linewidth is bout Ave., ~ 36kHz and we may take about 5
measurements within a buffer linewidth. Indeed moving away by 2.5Av.,, from the buffer resonance
peak reduces to about 0.992 the peak value. The variation in efficiency would then be smaller than
the intrinsic fluctuations we observed . If any signal is present it will be measured only in
one of the sets so the majority of them will be dark counts sample. We can consider at turn each of

these sets as the one under test and use the others to characterize dark count rate offset ¢ = I'q¢ on —'dc,oft-

8.3.3 On-off with signal injection

We run a test to verify if we can efficiently evaluate the offset between the two darkcount rate with
few measurements taken taken at different times. The sequence of acquisition for this test is the one
schematized in repeated in loop. The (a) step is a 30s-duration dark count acquisition at
frequency voy, in the (b) step a weak signal at frequency v, is injected for 30s. The buffer is then tuned
t0 Vo, in step (c¢) dark counts are acquired for 30s, in step (d) dark counts are acquired for other 30s at
frequency vog the signal at frequency v,y is injected.

The injected signal gives an average increase in count rate of 2.3+£0.1 Hz so the power of the signal is
about Py;,/hv =~ 5.7Hz. The two frequencies used in this test differ from those employed in the previous
one. With these settings the offset in dark counts rate is smaller, and is of about 3 Hz. The average rate
difference between the counts collected at vog in the steps (¢) and (d) is 0.164+0.13 Hz proving that the
injected signal have no influence on the dark count rate at v.g.

The detection test proceeds as follows: we start by separating the data into blocks of 5 cycles each. We

have a total of these blocks N, = 128. For each block, we evaluate three quantities
® Non.de total count number during (a) steps.
® Nonsig total count number during (b) steps.
o Nogde total count number during (c) steps.

Each of these number of counts is collect in a time interval 7 = 150s. The idea of the test is that each
block ideally represents the result of a measurement set taken while scanning the cavity frequency within
the buffer linewidth. So we create groups randomly selecting 5 blocks. There are (]\gb) ~ 2.6 x 108 possible
combinations, in the test we create Ny = 10* groups so there is low probability of using the same group
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Figure 56: (a) Allan variance of the dark count rate I'qc on and of the rate difference Tacon — Ldc,off- (b)
Distribution of the dark count count rate difference I'qo on — I'ac,onr. The blue line is a Gaussian fit of the
distribution.
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on Vot
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Figure 57: Acquisition sequence used for the test in ??7. Step a Dark count are acquired for 30s at
frequency v,,. step b for 30s a weak signal with frequency vy, is injected in the buffer line and counts
are acquired at frequency v,,. Step c¢ dark count are acquired for 30s at frequency vog. Step d the weak
signal at frequency vy, is injected for 30 while the SMPD is still tuned at frequency veg. This cycle is
repeated in loop.

more than one time. For each group, at turn each block is selected as the test set and the others are used
as training sets. The dark count rate offset is estimated from the average rate different in the training
sets

c—= <Non,dc>train - <Noff,dc>train (817)

T

this value is then used in the test set to evaluate the rate difference used to discriminate the signal

presence

o N = OV + 7o

Jj € {sig,dc} (8.18)

i
Similarly we considered the case in which the on-off protocol is not adopted and so the the rate in the
test sample is compared to the average of the train samples
Ntesjc _ N d .
o0 = o on,dc)trein j € {sig,dc} (8.19)
T

shows the ROC curves evaluated in this test and the distributions of the residual rate difference
6T in the different scenarios. The ROC curve obtained applying the on-off protocol is better than the one
expected for a linear amplifier at the SQL. compares the distributions of I" when there is no
applied signal obtained with the on-off protocol or using a single frequency. The standard deviation of
the distribution is reduced by more than a factor 2. shows the same two distributions obtained
by applying this test to the dark count data used in the correlation analysis of subsubsection 8.3.2]

Remarkably, despite the wider offset, the distribution of the residual rate difference, obtained from on-off,
is similar to the one obtained from the data presented in this section, showing that this is a reproducible
result. In both cases, the distribution shows a deviation from a Gaussian distribution in the lower tail.

From this distribution, we can see that by applying the on-off protocol for a total measurement time
27 = 300s we may put an exclusion limit with a good confidence level for signals that gives a count rate
increase higher than 5Hz. This value is about 3 times the standard deviation of the distribution so we
may compare this level to working with a SNR ¥ = 3. Assuming an efficiency n = 0.4 the exclusion limit
on the power of an external signal would be Piyi;/hv = 12.5 Hz. Comparing with the expected axion
signal rate reported in we can see that with the cavity for the pilot experiment axion signals
rate is much lower than this limit, however, with a better performing cavity as the one foreseen for the
QUAX haloscope this sensitivity approaches the one required to probe axion even in the more pessimistic

models.
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Figure 58: (a) ROC curve using on-off protocol (black), for a linear amplifier at SQL (red) and measuring
only at frequency von.(b) 4T distributions in presence (red) or absence (black) of the signal obtained by
using the on-off protocol. (c¢) 6T distributions in absence of the signal evaluated with the on-off protocol
(black) or using a single frequency (red). (d) 6T distribution computed from the data of the test reported

in |subsubsect10n 8.3.2}
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9 Conclusions

An ideal photon counter can potentially give almost unlimited improvement to the haloscope scan rate
for axion search at frequencies around 10 GHz at mK temperature. We have however to consider that
real devices are affected by a dark count rate and have non unitary photodetection efficiency. The SMPD
that will be employed in the pilot haloscope experiment works at 7.3 GHz, and is able to detect itinerant
photons brought to the detector with a transmission line so that it can be shielded from the haloscope
magnetic field. As shown in [section §|it has an approximately 100 Hz dark count rate and ~0.4 efficiency.
If the dark count process were stationary and with 100 Hz rate, these values would give about a factor
10 scan rate speed-up with respect to a linear amplifier at the SQL.

However, the experimental study described in this thesis shows that dark count rate drifts, increasing
uncertainties in the average dark counts value. To deal with these drifts we devised an on-off protocol
consisting of a frequent switch of the SMPD frequency between the one of interest v,, and a reference
one Vg far from the cavity resonant frequency, and comparing the two counts rate. The tests have shown
that the dark counts measured when the SMPD is tuned at the two different frequencies have different
distributions. However, a good correlation between the two processes makes our protocol effective in
removing long-term drifts. Indeed, the dark count rate difference between the two frequencies shows, in
a good approximation, fluctuations from random white noise.

To characterize the remaining systematic dark counts offset we rely on data taken while scanning the
cavity resonance frequency to match the axion mass. To implement this strategy it is crucial to have a
narrow-linewidth cavity so that several sets can be taken within one buffer linewidth without changing
the two working frequencies v, and v.g. Thanks to the high quality factor for the NbTi cavity under
a 3 T, shown by the measurements reported in we could be able to take measurements
at about 5 different cavity tuning steps within a buffer linewidth without significant changes in the
detection efficiency. A test that mimics this strategy has shown that when comparing groups of 5 sets of
measurements each taken over a total measurement time 27 = 300 s the on-off protocol leads to a reduction
of more than a factor 2 in the uncertainty on the estimation of dark rate compared to measurements that
employ only a single working frequency.

The tuning of the resonant cavity frequency will be achieved with the insertion of three sapphire rods
into the cavity that might impact the system thermal stability. In fact, non ideal thermalization of the
rods could source unwanted blackbody photons in the cavity, and in addition the cryogenic motor can
introduce heat in the system. The investigation of these possible thermal effects will be crucial in the
pilot experiment.

In haloscope experiments signals can be injected in the cavity to test the detection efficiency[46]. In
this thesis a hardware injection test has been presented showing an improvement in the detector ROC
curve over the one expected for linear amplification at SQL. This could also be tested during the pilot
experiment. The injection of a small signal on the buffer line gives an increment in the count rate when
its frequency detuned from the cavity resonance, when the cavity frequency matches that of the injected
signal we expect that the rate deceases due to absorption. Thus we can try to identify the signal as a
count deficit while changing the cavity frequency.

If conditions to apply the on-off protocol holds, it will be possible to set a limit on the axion-photon

coupling gq~,. The preliminary test descibed in [subsubsection 8.3.3 has shown that with an integration

time 7 = 150s corresponding to a total measurement time 27 = 300s we would have sensitivity to signals
with a power higher than Pyg/hv ~ 13Hz. For the parameters of the NbTi cavity and the moderate field
of 3T this power is about 60 times higher than the axion signal power expected from the KSVZ model,
corresponding to ggy =4 x 10712 GevL.

If this SMPD is used for the readout of a cavity with a high quality factor Q ~ Q, ~ 10 in a 14 T field
as the one devised for the QUAX haloscope, then this sensitivity would allow to reach the limit of the
more pessimistic DFSZ models.

The scan rate achieved by this measurement would then be
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v 7GHz
Qr27 2 x 105 x 300s

~ 49Hz/s. (9.1)

~
Rcounter ~

For comparison, we can consider the scan rate for the same signal power achievable linear amplifier at
SQL asking for an SNR 3 = 3 and for the same cavity linewidth

Qu [ Pig \ 1 (13Hz)?
Rompl = 2 [ —22 ) — ~2x 221 ~38H 9.2
n =0, g ) 32 l— z/s (9-2)

From this analysis a clear advantage of the counter over a linear amplifier operated at SQL does not
emerge. However, state-of-the-art broadband linear amplifiers have noise temperature about 3-4 times
higher than the SQL as shown for the amplifier for the QUAX haloscope by the measurements reported
in To work with high Q cavities and linear amplifiers require an absolute calibration of the
noise power since the baseline power can not be inferred by exploiting the fact that the cavity resonance
is much broader than the axion signal linewidth. Such an inconvenient wouldn’t be encountered with a
photon detector since the dark count can be characterized as we described also with high Q cavities. It
is important to remark that contrary to SQL noise, the dark counts are a technical noise that can be
reduced both in term of dark count rate and of long-term fluctuations with the development of the very

recent technology of microwave photons counters.
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A [5QU

A linear amplifier produces an output signal that depends linearly on the input, the amplifier is also
phase-preserving if a phase shift of the input gives the same shift in the output. The amplifier is prepared
in an operating state that is independent from the signal, so the joint system of the signal and amplifier
is in a separable state. In the Heisenberg picture, the effect of a linear phase-preserving amplifier can by
described as the evolution of the annihilation and creation operators from a, a' before the amplification

to b, BT after the amplification, according to the relation [51]

b= Ma+F (A1)

The amplifier power gain is given by G = |M|?. The operator F acts on the amplifier Hilbert space
and therefore commutes with @ and af. In general F can be choose such that <j:> = 0 for the state
of operation of the device. This operator is needed to grant that describes a unitary
evolution.In particular b and ET have to satisfy the commutation relation [b,b'] = 1. This requirement

implies

1= M+ [F, F (A.2)
An arbitrary operator R can be written as a combination of two hermitian operators Ry and R

R=Ry +iRk, Ri=(R+ R fry = (R - RN (A.3)

w\)—*
w‘,_.

The Heisenberg’s uncertainty principle sets a lower limit to the mean-square fluctuation of R

1 . .12 .2
§<RR YRR - (RWR'Y = ‘ARl‘ ‘
(A4)

> 2’ARIHAR2‘ > ‘ [Ry, Ro) ‘ 2‘ ([R,R"] >‘
After the amplification the two quadrature X 1out and X 20ut are measured with heterodyne detection and
summed in quadrature to compute the output power. Considering as input the vacuum state <X lout) =
<X20ut> = 0 and the powe measured in output is
2 ~

+ ’AX 20ut

(Xt + Kot = [ A 100 "= |aif = glaap + |aF] (A.5)

The term ‘A]—' represents the noise power added by the amplifier. combining [Equation A.2|and [Equa-
[Eion A4 one finds the lower limit

1
‘Af’ ‘ ] el (A.6)
So the lower limit on the measured output power is
o2 o2 1 1
<X10ut+X2out> >G<2+2’1_G_1‘> (A?)

The first % terms comes from the fluctuations of the signal quadrature in the vacuum state. The sec-
ond term is the minimum added noise referred to the amplifier input, which means that the system is
equivalent to a noiseless amplifier where the noise at the input is increased by ‘Aj: ‘2 /G. Amplifiers have
usually a high gain G > 1 so the limit correspond to 1/2 quanta of added noise.

N . . . N o2 -2
5Here the power is given as a photon flux per unit bandwidth , the power in W is given by P = hvAv{X7ut + Xoout)
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B Non linear optics

In this appendix I report the calculations needed to obtain the results of [section 5| [Equation 5.1| can be

rewritten as

0?1 0?1  LoCie 0217

= LoCi—5 + = l 5

Ox? ot 2 0Ot

Where only the first order non linearity has been considered. Looking for a solution with the form of
quation 5.3| we can collect for instance all terms oscillating at ws. Considering that w, = w, —w; we

find

(B.1)

0%I d 1 dI -
v s z(k T—wst) ik —2 s z(k T—wst) _ k2I i(ksz—wst)
ox?|, T dx? + dx sts€
0%I or
v _ i(ksx—wst)
o, = —wile (B.2)
8212 * 0 —ki)r—(wp—w;
at2 — _Q(Wp _ wi)zlpli e [(kp—ki)z—(wp i)t]
Substituting in [Equation B.1] and neglecting second order spatial derivatives for the slow variation ap-
proximation “f;lz‘“’ <
o odi i(ksz—wst) 2 i(ksz—wst) 2 i(ksz—wst) 2 * t[(kp—ki)z—wst]
2sz%e — kilze = —lycwilse —locewi I e (B.3)
Using the dispersion relation ks = /lo(ws)c(ws)ws gives
dI iek .
s _ YeRs o ora i(kp—ki—ks)a B.4
dz 2 2t e ( )
The other two relations in are similarly found.
The Manley-Rowe relation is found straightforwardly by evaluating
dlIL)*  dI, dIy _ieks _inp ieks np
— = I ANEL I — e
de dr a2 ¢ P Ty
dL)*  ieks _ja, zek AR d|1,?
—L = SemiAkep e SR ] = (B.5)
dx 9 ¢ prste dx
2 2
d|IP| _ ZEk‘? zAk:rI I I* k9 77,AkzI*I [ d|19|
dx 2 2 dx

and using that P;j oc |I;|>.
In the undepleted pump approximation, I, is taken as a constant, and only the two equation for I, and
I; are considered. For convenience we can use the normalization {I, I;} — {Is/Vks, I;/\/k;

C(lils _ KIi*e—iAkx

X

e | (B.6)
i K*IsezAkw

dx

where K = “7“’2’”” . We can start by looking for a solution with in the form
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I, = (Ae%” + Be_g’”)e_i%”

e (B.7)
IF = (Ce9% + De™9%)e* 2"
Where A B C' D are complex constants. Substituting in the equation for I one finds
T —gx\ —ifky iAk T —gx\ —i&ky T —gz\ , —ilky
(gAe9” — gBe ™ 9%)e "2 " — T(Aeg + Be 9%)e "2 ¥ = (KCe9" + KDe 9%)e "2 (B.8)
The equality must hold separately for the terms with et9* and for the ones with e=9%. This gives
i A
(g - Z;) A—KC=0
(B.9)
i Ak
(g + 12> B+KD=0
Similarly using the equation for I we find
YAV
AR (B.10)
_K*B-— <g—z2>D:0

The two equations for A and C gives the system

qg— i%k -K A o
, - (B.11)
_K* g+ ’LAQk C

The system admits non trivial solution if

1Ak
g- -K Ak?
L | = KP=0 (B.12)
~K* g+ 4
Ak?
g== |K‘2 v (B.13)

We can limit to the positive solution since we are including in the solution both the term e9* and e™9%.
Imposing the initial boundary conditions I4(0) = I and I;(0) = 0 we get 4 equation in the 4 unknown
A BC D.

(g—ZAk)A—K(]:O (B.14)

The solution of the system is
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So the solution of [Equation B.6|is

g+
Is:IsO< 9

A= I
2g 0
ink
9— 3
B = I
2g 0
K*
C = I
2g 0
K*
D=— I
29

1Ak g— 1Ak Ak
— _ Ak
2 egz+ 2 e 9% | TR

g 29

7

(B.15)

(B.16)
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