
QUAX Experiment
• The CSN2 has approved the QUAX experiment in 2020 for a 3 + 2 years 

to run an observatory for searching axion via the axion-photon coupling

• The R&D activity on the axion – electron coupling will proceed with low 
priority

• Two haloscopes will be built: one in Legnaro and the other in Frascati

• The LNL haloscope will be based on hybrid copper-dielectric cavities, 
travelling wave parametric amplifiers and 14 T magnet

• The LNF haloscope will be based on multiple-copper cavities, JPA/TWPA 
amplifier and 9 T magnet



LNL Haloscope – RUN 2024
• Major renovations on dilution unit

• New connection for Cold Plate

• New input lines for Mixing Chamber

• New flexible line from cold plate to mixing 

chamber

• Gold coating of heat shield

• Installation of a large tuning range cavity

• Tuning about 60 MHz

• Large effective volume

• Q factor up to 80 000

• TWPA in operation with partially automated 

control system 

• Dilution unit performed well, mixing chamber @ 50 mK, cavity temperature at 100 mK
• Magnet working at 8 T as usual
• TWPA amplifier working fine in strong magnetic field ambient
• Installed automations working as expected
• Performed scanning of about 40 MHz with almost KSVZ sensitivity

QUAX



Dilution unit control system 

In order to 
allow long 
term 
operation 
of the 
dilution 
system a 
PLC-based 
control 
system of 
the 
dilution 
unit is 
currently 
being built



Tunable cavity

LamedNewRight cylindrical 
hybrid cavity

Copper shell
Sapphire cylinder 
inside

Clamshell 
mechanism for 
tuning

Base frequency 
10.2 GHz

Q factor at about 
80 000 at 
cryogenic temp

Cavity 
parts

Endcap with rf 
sliding contacts

Antenna

Cavity in the 
dilution 
insert

Open cavity with 
sapphire cylinder



LAMED TC
• Rame OFHC
• Zaffiro armeno L = 420 mm
• Tuning con parete laterale
• Tappi singolo pezzo
• Tappi con scanalatura profondità 

5.3 mm per zaffiro
• Contatti tappi parete mobile in 

rame elastico
• Movimento con pantografo, 

motore lineare vs molle di 
richiamo

• Teflon in scanalatura d=1.6 mm

Q0 ~ 70.000 – 80.000
Accoppiamento variabile
Tuning massimo ca 55 MHz

(fenicio: Pungolo)

Lunghezza interna 413.4 mm
Diametro 60.5 mm



Devices for automation
Installed the new automatic system for 
Noise Temperature Measurement

Original idea published in
A haloscope amplification chain based on a 
traveling wave parametric amplifier - RSI 2022

Computer controlled motors for cavity tuning 
and antenna coupling optimization

Spring 
loaded 
Antenna 
tuner

Multi-path controller

Long runs require automatization of all procedures: antenna coupling, cavity 
tuning, noise temperature measurement

Stepper 
motors

Spring loaded 
Cavity tuner



Devices for automation

Python based programming for run 
control and data acquisition

New ADC board with up to 20 MS/s 
sampling rate – run rate 4.4 MS/s

Semi-automatic run control:

By Operator:

- Cavity tuning
- TWPA amplifier tuning

Computer controlled:

- Cavity mode characterization (Q0, beta)
- RF characterization (gain, noise)
- Data acquisition and storage

Control board with rf 
instrumentation racks

Data are transferred to INFN Cloud for offline analysis



Run control

Run steps:

1. Cavity tuning   (manual)

2. TWPA amplifier optimization  (manual)

3. Measurement of Tsys and Gain ( 2 m)

4. Measurement of fc, QL, Q0 , gain profile (2 m)

5. Short data acquisition with thermal input (2 m)

6. Repeat steps 3-4   (4 m)

7. Long data acquisition with no input (65 m)

8. Repeat steps 3-4   (4 m)

9. Start over

Time for a single point  80 - 100 minutes

SLOW CONTROL

All measured parameters, data and 
spectra saved to Logfiles



Data acquisition

• 2- channel acquisition (I, Q from Mixer)
• Sampling rate  =  4.4 MS/s
• Single block length 2^23 = 8 388 608 samples
• Single block length = 1.908 s 

• FFT of each block during acquisition
• fLO ~ fc – 1 MHz
• Spectral window [fLO– 2.2 MHz, fLO + 2.2 MHz]
• 16384 bins of 268.6 Hz width

Raw data and FFTs stored locally during acquisition
Data copied to cloud once per day

Data file size 33.6 MByte
Typical run 65 GByte
Daily request 600 GByte

Total memory storage up to about 20 TByte

ADC CONTROL



QUAX RUN 2024 - Parameters

Magnetic field ON
Cavity frequency fc= 10.15– 10.21 GHz
Noise temperature Tsys = 1.1 – 1.5 K
Quality factor Q0 = 60000 - 80000
Antenna coupling  = 1.4 – 1.8
Cavity Volume V = 1.06 liters
Estimated efficiency C030= 0.4
Effective field B2=50.89 T2 
Axion mass ma = 44.9 eV
Typical Integration time tm = 3800 s

Expected axion power in a 10 kHz 
window  Pa = 6.0e-24 W

Expected sensitivity (Dicke) in a 10 kHz 
window  P= 2.5e-23 W



Improved RF set-up

-    Reduced losses on the read-out line

- Better isolation of the auxiliary line

- Better thermalization of critical elements

- Increase gain of TWPA amplifier

Key changes for a lower noise temperature



QUAX RUN 2024 – Spring and autumn sessions

Covered span: 
~40 MHz with 225 h vacuum data taking

Maximum tuning: 58.45 MHz 
Ratio: 65% of available scan

Duty cycle 50%

Effective scan rate about 
100 kHz/hour
2.5 MHz/day

Total run time 3 weeks
2 separate weeks for data taking

May 28th to May 30th   - 48 h of field ON
June 11th to June 14th  - 90 h of field ON

Tuning range

Cavity open Cavity closed

Spring session

Autumn session
Total run time 2 weeks

Nov 7th to Nov 13th   - 138 h of field ON
Break due to power failure

Nov 19th to Nov 21th  - 42 h of field ON



QUAX RUN 2024

Analysis in progress
System noise temperatures

SQL = 0.49 K

Expected sensitivity with 
measured parameters in 

axion coupling normalized 
to KSVZ model

KSVZ

Formule scaling

This result shows that with 
the expected improvements 
on the cavity and field the 
QUAX design sensitivity is 

within reach

Preliminary estimated sensitivity on coupling parameter g



QUAX Data Analysis Checks

Parameter evaluation (β, fc, Q0, QL)

Remove freq-dependent

TWPA
Filters

Remove time-dependent



Dicke check for every data run

QUAX Data Analysis Checks

Spectra division based on behaviour over 
time @ cavity



QUAX RESULTS





QUAX comparison



LNL Haloscope – High Frequency Tunable Cavities
Objectives: 
• Resonance frequency above 10 GHz
• Tunable with range 100 MHz
• Large Volume 
• High Q over the entire tuning range
• Limited spurious modes 
• Operation in strong B field
• Bead pulling measurements

TM030

QUAX publications on cavities
• A new class of axion haloscope resonators: the polygonal coaxial cavity – 2nd turn on PRApplied
• A tunable large volume dielectric cavity at 11 GHz – in preparation 2024
• A tunable clamshell cavity for wavelike dark matter searches - RSI 2023 
• High- Q Microwave Dielectric Resonator for Axion Dark-Matter Haloscopes - PRAppl 2022
• Realization of a high quality factor resonator with hollow dielectric cylinders for axion searches - NIMA 2021
• High quality factor photonic cavity for dark matter axion searches - RSI 2020

Dedicated test 
station for cavity 
characterization 
@ 4 K

Q0 ~ 200 k

Maximum 
tuning ~ 100 
MHz



SAMEK 2G
(fenicio: Pilastro)

Lunghezza interna 243.4 mm
Diametro 60.5 mm

• Rame OFHC - electropolishing
• Zaffiro lituano L = 250 mm
• No tuning yet
• Tappi doppio pezzo - apribili
• Tappi con scanalatura profondità 

5.3 mm per zaffiro
• Tappi con scanalatura ove campo 

nullo per apertura
• No contatti elastici fra pezzi 

mobili
• Previsto movimento con vite su 

tappo superiore
• Teflon in scanalatura d=1.2 mm



Future steps @ LNL-PD

• Proceed with automation of data acquisition and control

• Proceed with installation of  safety controls of dilution unit based on PLC

• Optimize dilution pumping system

• Improve mechanics of present cavity to allow tuning up to 90 MHz

• RUN with TWPA @ about 10.1 GHz, with Tn = 1.2 K and complete scanning of cavity Lamek (March – April)

• Realization of improved cavity design based on experience with Samek



LNF Haloscope – RUN 2024



LNF 9 T SC Magnet

Anchored to 4 K stage

• Reached 9 T

• Took data at one freq with 9 T

• Quench

• Ramp to 8 T  ok

• Took data with 8 T stably for 2 weeks

Update mid 2024: Problem solved, ready to reach 9T



Microwave cavity + tuning

• OFHC Copper

• Radius = 13.5 mm,  height = 246 mm

• TM010 mode

• Starting frequency (𝜶 = 𝟎°): 8.83 GHz

• Tuning ~𝟑𝟎𝟎 MHz with 𝚫𝜶 ∼ 𝟖𝟎°

HFSS simulations by Simone Tocci



Rod and Antenna Movements

Frequency vs rod position

• 1 linear motor for Antenna

• 1 rotative motor for Rod

6 MHz scan
Δ𝑚𝑎 = 𝟐𝟓𝒏𝒆𝑽

𝑸𝟎, 𝜷 and 𝑮𝒂𝒊𝒏 remain stable

Operated at 20 mK



Amplification Chain

Coming soon:
FPGA

2 MHz
ADC

LO

low-noise cryogenic
HEMT

4 K 300 K

FET low-freq
Voltage ampliI-Q mixer

RF
LO

I
Q

16 bit

𝑇𝑛
𝐻𝐸𝑀𝑇 ≃ 3 𝐾 𝑇𝑛

𝐹𝐸𝑇 ≃ 80 𝐾 𝑉𝑛 = 2.3 𝑛𝑉/ 𝐻𝑧

𝐺𝐻𝐸𝑀𝑇 ≃ 37 𝑑𝐵 𝐺𝐹𝐸𝑇 ≃ 36 𝑑𝐵 𝐺𝑉 ≃ × 1000

Tot eff. Gain = 116 dB Noise Temp = 4.5 K

Coming soon:
JPA



Calibration + spectrum

Fits by Gianluca Vidali (student)

cavity

LO

From fit we extract
𝜈𝑐, 𝑄0, 𝛽, 𝐺𝑎𝑖𝑛

Fit procedure

Raw power spectrum

▪ 𝑉 = 0.141 𝑙
▪ 𝑓𝑠𝑡𝑎𝑟𝑡 = 8.83 GHz
▪ 𝑚𝑎 = 36.5 𝜇𝑒𝑉
▪ 𝑄0 = 50000
▪ 𝛽 = 0.5
▪ C010 = 0.667
▪ 𝐵0 = 8 T (Bav=6.5 B0)

▪ Δ𝑡 = 3760 𝑠
▪ 𝑇𝑐𝑎𝑣 = 40 mK

From calibrated power spectrum
we extract the noise temp

𝑇𝑛 ≃ 4.5 𝐾
for each frequency step



Analysis
Analysis procedure by Alessandro D’Elia

• Fit to power spectra
with Savitzky-Golay filter
to calculate residuals

• Maximum likelihood over all
scans to estimate the best 
value ො𝑔𝑎𝛾𝛾

• Calculate the efficiency of the SG 
filter by Monte Carlo simulations
with fake axion signal
(𝜀 = 0.84)

Example of power spectrum with SG fit Cumulative normalized residuals over all scans



Final plot - 𝒈𝒂𝜸𝜸

Touched the QCD line Avg value 𝑔𝑎𝛾𝛾 = 2 × 10−13 𝐺𝑒𝑉−1





LNF Next Steps

- Finish the optimization of the tuning rod mechanics and complete the relevant tests for Cavity control

- Assembly of the haloscope and configuration/calibrations of the DRY-DU for the acquisition with TWPA improvements

- New Run planned for September with scanning larger then 50 MHz





Mechanical Improvements to Cavity Tuning System



EM Simulations and First Tests Results



LNL Haloscope – RUN 2025 A
Objectives: 
• New mechanics for tuning
• Extend search window
• Improvements on dilution unit

From steel 
wire to rigid 
cylinder

TM030 - ”axion” 
search mode

Cavity transmission spectra 
Tuning vs motor position

Run started on April 3rd 



Cavità  QUAX  

RUN 2024



LNL Haloscope – High Frequency Tunable Cavities

Single crystal dielectric - copper cavity
Gap on top plate for safety

Close with tuning 
mechanism

Open with 
sapphire view

General layout Simulated Map of E 
field TM030 mode

Upper end cap details

GAP

Rf sliding 
contact

4
0

0
 m

m

60 mm



QUAX data analysis (preliminary Monte Carlo)

Overlapping spectra w. 
different axion sensitivity

Creation of Confidence Belt 
and ROC for every detector
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