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Brief history of the QUAX-LNL experiment
Brief history of the QUAX-LNL experiment

— 2015-2020: operation as pathfinder for ferromagnetic haloscope design; many technical
challenges solved but sensitivity still low compared to expected signal

— Due to this, low interest in trying to scan in this mode — focus shifts to operation as
demonstrator for haloscopes targeting high frequency regimes (10 GHz+)

— 2019: operation in traditional axion-photon haloscope mode starts, first run using
superconductive TMp19 Nb-Ti cavity, 2 T magnet and cryo HEMT amplifier operated at 4 K

— 2020: major upgrade in setup: dilution fridge implemented, bringing temperature down to
~200 mK, 8 T magnet and JPA for total noise temperature of 1 K using Cu TMp1o cavity

— 2021: implementation of high Q (107) dielectric cavity, but: frequency outside JPA range
— low sensitivity first run using cryo HEMT and outside del fridge, Tss =17 K

— Now: first run using TWPA and dielectric cavity, high Q cavity and 8 T field
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Current experimental limits on the axion parameter space

from https:/ /cajohare.github.io/AxionLimits/
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The haloscope: a resonant axion dark matter detector

o

Axion signal is very narrow — We can collect and enhance it with resonant cavities!

— axions converted to photons inside intense magnetic field
— high-Q microwave cavity collects and integrates signal
— signal amplified by low noise receiver chain, then digitized by ADC

— axion signal revealed as excess power over noise fluctuations
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The Haloscope: a resonant DM axion detector Expected axion signal

Expected axion signal

The collected axion power extracted from the cavity is:

2 r/3 3 R
Paxion = (g$ Y . ) ichg v C"m/#z
™ Mo X 1+ 14+ (QQLM)

where the form factor C,, is given by:
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The Haloscope: a resonant DM axion detector Noise background estimation

Noise background estimation

System noise — thermal noise + quantum noise + added noise:

Av = kg Tss Av

Pnoise(Al/) = N(V7 T)hI/AI/ = |:(Iwhl/> + hv (% + NA)

eksT —1

But: hv ~ 0.5 K at 10 GHz, T~ 0.1 K for our apparatus — only small contribution from
the physical temperature
Let us then suppose Tss =~ T + Ta ~ 2 K and Av = 8.6 kHz:

Pnoiss ~ kB TsAV ~2.4- 10719 w

Then, from the Dicke radiometer equation, the fluctuations after At total integration
time are:

1 1
Av o3 Toys Av 2 /36005 2
e ~ keTey| S8 = 4.2 w
ovicke ~ k5 Ts\[ 7y = 42-10 <2K 8.6 kHz At
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Experimental setup

Experimental apparatus
Cavity mountings
and tuning
mechanisms
Cryostat technical scheme

From left to right:

— Rack hosting the magnet current generator,
thermometers and liquid helium level sensor

— Dewar containing the cryogenic part of the
apparatus

— Vector Network Analyzer (VNA) used for
reflection and transmission measurements

— Rack hosting signal generators, room
temperature electronics and ADC

— Liquid helium supply
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SN menct
8T Magnet

The magnet is powered by
a 125 A custom-built,
ultra-high precision current
generator

Compensation coil shields
the cryogenic electronics
from ~ 0.3 T residual field

Nb-Ti SC magnet
surrounds the cavity and
provides the 8T magnetic
field
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The high-Q dielectric cavity

— exploiting the TMg3p mode

— high-Q factor due to field
confinement by dielectric shells

— simple tuning mechanism allows
frequency adjustment over a 1.2
MHz range

- Q factor stays high over the
whole range, no mode
disturbances seen

l CaVity l Vcav l \% l Cnml l Veff=C'V l QO ‘
QUAX 2020 | 10.4 GHz 80 cm3 0.69 [ 55.6 cm® | 76000
QUAX 2022 | 10.35 GHz | 1056 cm® | 0.033 | 34.7 cm® | 9.1-10°

— described in 10.1103/PhysRevApplied.17.054013
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Electric field and surface loss for the TMg3g9 mode

Sapphire tuning bars
Teflon pins

Sapphire cylinders

Only upper
half of the
cavity shown
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Elsctionieelsctip
Cryogenic RF setup

Picture of the cryogenic part of the
receiver prior to TWPA installation
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Room temperature

Electronics setup

electronics

Piloting the external source SG2 with
the Spectrum Analyzer allows to obtain
cavity parameters from reflection fit of
S43 (i.e. input on line 3, output on line
4) — Vcav, QLy B

The amplified 10* K diode noise source
allows to obtain indipendent
measurement of v, and Q; from S41

SG2 also allows to add off-resonance
monochromatic tone to monitor gain
stability during data runs

Data acquisition during runs handled by
ADC

All instruments referenced to
GPS-disciplined clock
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TWPA amplifier

— Provided by Grenoble INP group

— Based on three-wave mixing, provides
extremely wide-bandwidth amplification

— Tested repeatedly to ensure temporal stability
and effective magnetic shielding

— Minimum Tsys obtained on frequency-tunable
~ 1 MHz-wide maximum gain lobes

— previous model described in 10.1063/5.0098039
Status and recent developments of the QUAX haloscope at LNL 15 / 37



Auxiliary measurements and data acquisition routine Calibration procedure

Calibration procedure

The calibration procedure exploits the presence of three lines and is a two step process:
e First we calibrate the transmission G of the lines (the K are the VNA transmission
measurement results):

Gy = Kaltki3—Ke3 Gy = (-747+0.1)dB
G, — —Halhaaikd . Gs = (~50.9 £ 0.1) dB

G = K41—K123+K43 Gy = (+52.1+0.1)dB
= 2

e Secondly we measure the noise level at the cavity tunable antenna through the Y-factor
method:
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Gl precotio
Noise contributions breakdown

We have TJ# =2.06 4 0.13 K on resonance, and T5# = 2.07 £ 0.14 K off resonance.
Errors dominated by spread of the points — significant long term temperature variations
Noise contributions modeled at the HEMT output in the following general way:
PSDremt (vs) = hvs Guemt [NHemt + (1 — A2) N2 4+ A2 Grwea(N1wea
+(1 = ANy + A N(vs; Ts) + AL N(vi; T))]

We know the transmissions A; > of the non-superconductive cables to be almost 1, and
Gremt to be high; then, at the input point (3-wave mixing — the idler also adds noise):

Ntwea Nuemt
Ay A1 A2 Grwea

Ngys ~ N(vs, Ts) + N(vi, T;) +

where Nyeymr can be estimated from the noise temperature of the system with TWPA off.
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Auxiliary measurements and data acquisition routine Data-taking procedure

Run data-taking procedure

— The cavity frequency is readjusted monitoring the cavity B \ (/ﬁﬁg
resonance with the VNA on the S—B path Z, \
7 \’ !
— A reflection spectrum is acquired using the VNA on the 33 \ {
A—B path: this allows us to calculate the coupling 3 of the  32{8=1459£0.01Y
a nten na -100 -75 -50 -25 0 k-3 50 s 100

Frequency from cavity resonance [kHz]

The spectrum of the resonance is measured by feeding the
input of the S—B line with an

, and acquiring the output on the ADC for ~423.7 s
— we obtain frequency and loaded quality factor of the
resonance

— A data run with is acquired on the ADC.
Measured liquid helium level and cavity temperature at the
time the run is started are also recorded

— Being the cavity-LO detuning always ~ 500 kHz, the
employed 2 MHz sampling rate allows to reconstruct the
cavity signal from the acquired time series by the
Nyquist-Shannon theorem
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The QUAX-a~ 2022 measurement run Run parameters overview

Run parameters overview

— 8 runs acquired over the span of 17
consecutive hours

— Antenna massively overcoupled to maintain a
loaded Q factor close to 1/4 of the axion one,
allowing to apply standard analysis procedure
and increase signal extraction efficiency

— Qo estimated from measurements at high
antenna coupling lower than expected!
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The QUAX-a~ 2022 measurement run Raw data processing

Raw data processing

— Mean spectra obtained by the Bartlett method of averaging periodograms, bin size is chosen
as Av =651 Hz

— The off-resonance monitoring peak amplitudes are subsequently retrieved from the obtained
power spectra, showing gain stability within 5.3%

— For each run, we obtain § fitting the cavity reflection collected on the SA on the S43 line

— Similarly, we obtain v, and Q; from a Lorentzian fit of the excess noise transmitted
through the cavity with diode noise source on and acquired on the ADC

— Due to insufficient high frequency noise rejection from the ADC filters, noise levels are
increased by aliasing by a factor of ~1.7 during the digitization.

— For all ADC data, the temperature of the cavity appears as T;y‘?c =1.7-Tgs =3.5KI
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The QUAX-a~ 2022 measurement run Data lysis: Axion d ion p d

Data analysis: Axion detection procedure

Detection algorithm based on classical hypothesis testing framework: on the basis of the
observed data, is the null hypothesis (only noise) rejected or not when compared with the
alternative hypothesis (signal + noise)

Solution: set threshold, and use ML (maximum likelyhood criterion) to implement
decision rule... but very robust model of the noise background is needed

We thus model PSD at haloscope output as a first order polynomial ratio:

lv — a+ ibf?

P 2.7
Flv)=e lv — ¢+ id|?

+f-(v—oc)

We fit every run in a 200 bin window about the cavity frequency. However: quality of the
fits degrades with too long integration times!

— all longer runs sliced into subruns of 2000 s duration, then recombined after fitting by
weighed mean

Now, quality of fits is good; with the employed choice of P, (x*)<0.001 to reject the null
hypothesis, no candidates are flagged
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The QUAX-a~ 2022 measurement run Data analysis: upper limit on axion-photon coupling

Data analysis: upper limit on axion-photon coupling /1

— No candidate signals found — a grand spectrum
is built, again by combining all bins of the same
frequency using the error on each bin as weight

— min(Cres,.5.) = (6.2 £0.4) - 1072* W,
compatible with Dicke estimate of
(6.54+0.4) 107 W

— x2 = 452 over 442 bins — P(x?)=0.37, Hq not
rejected — proceed for the upper limit

We assume for the axion the standard halo model with
pa = ppm and Maxwell-Boltzmann energy distribution
fa(V» Va)

3 3/2 3(w—v,)
a

fov,va) = 1.7v

2
N
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The QUAX-a~ 2022 measurement run Data analysis: upper limit on axion-photon coupling

Data analysis: upper limit on axion-photon coupling /2

The axion power spectrum is:

3.3 2

2 hc Pa 271'7/(;3\,30 VC030

53(7/7 V37V53V) _ga'y'y 2 X
my Mo

- B Q
1 ()
— The subruns are discretized into 33 intervals of center frequencies v;, and each subrun is
fitted with the function F(v;) 4+ Sa(vi; va; Veav) B, leaving g‘fw as free parameter

: f:?(V7V3)

— Monte Carlo simulations employed to check that the correct value was extracted by the
procedure, by injecting synthetic signals in our data

— The values of gfw(u,-) obtained from the subruns are then averaged together, using the
uncertainties obtained from the fitting procedures as weights

— This in turn allows to set an upper limit on g‘fw(u;) at 90 % C.L.

— power constrained procedure adopted for the values of gfw fluctuating below —og,_
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The QUAX-a~ 2022 measurement run Run analysis results

Run analysis results

We set a 90% Confidence Level upper limit
on gay~ in the range 42.8178 - 42.8190 peV,
with peak sensitivity g‘%q <2.05x10°1
Gev !

However, we couldn't exploit the full potential
of the cavity and had to work at very high g:

The efficiency gets drastically lower if the cavity
linewidth gets close to the axion width

— Very high-Q cavities only convenient in
practice with (noiseless) single-photon counters,
and/or when the temperature of the system can
be controlled exceptionally well

Raffaele Di Vora Status and recent developments of the QUAX haloscope at LNL 24 / 37



Cavity developments TMgjp tunable clamshell cavity

TMpo1o tunable clamshell cavity

Alternative solution to tuning bars for empty cylindrical TMo1o cavities

Idea: tune the frequency by rotating one half of the cavity with respect to
each other

Radiative losses are negligible until very high aperture angles

No degradation of Q expected for cavities with high aspect ratio

doi.org/
10.1063/
5.0137621
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Cavity developments TMgjp tunable clamshell cavity

Simulations and experimental results
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fMoyoeslveseslfconkis ity
TMo1o polygonal coaxial cavity: basic concept

COMING SOON ON ARXIV!

— High cavity volumes needed to extend haloscope approach to higher frequencies

— Idea: perfectly coaxial circular cavity — allows volume scaling to go as r—1
— Analogy with infinite rectangular cavity — expected C factors of the order of 0.8 for TMp1o
mode

— Tuning obtained by breaking continuous symmetry with a polygonal design allowing
reciprocal rotation
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Cavity developments TMpy10 pelygonal coaxial cavity

Simulations for ideal cavity model: mode map and expected parameters

— We employ a smaller hc;y =50 mm ideal
cavity model

— Mode map obtained over the whole tuning
range via Ansys HFSS drivenmodal
simulation, Q and C obtained with
eigenmode simulations

— Very high C>0.5 retained, but: eigenmode
result not reliable for this kind of cavity!
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Influence of sides number and eigenmode-drivenmodal comparison

— We vary the number of prism sides leaving
the inner and outer radius of the prisms
constant

— Base resonant frequency changes — we
normalize the frequency shift to obtain
more relative comparison

— C calculated in both eigenmode and
drivenmodal for the same configurations...
different results obtained!
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Cavity developments TMpy10 pelygonal coaxial cavity

Cavity nonidealities: effect of translational misalignment

— Central prism translated with respect to the external one along one diagonal
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Cavity developments TMpy10 pelygonal coaxial cavity

Cavity nonidealities: effect of prism tilt

— Central prism tilted with respect to the external one along a diagonal
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Summary

Summary

We successfully employed a large bandwdth, low noise Traveling Wave Parametric Amplifier
during an axion search under a 8T magnetic field

90% Confidence Level upper limit on gay~ set in the range 42.8178 - 42.8190 peV, with peak
sensitivity 1.2 - g, ksvz for the first time inside the axion model band above 10 GHz

106

10’: - == A Cavity development proceeds in

12,‘} e cagr | Solarv parallel on dielectric and novel designs:
- 12:? e o H°'iz°:mbm°h SO High V. dielectric cavity recently
% 102 tested at cryogenic temperatures
TR showing tuning of 90 MHz @ 10 GHz
:%m’t with close to no mode crossings

10-P
T e g Preliminary simulations and tests on

10’1: Z high V. coaxial design suggest

. Bl technical feasibility

10 %07 007100 740 8 40 e P00 A AT AT AT A0 48 ¢ AT
ma [eV] Additional dry dilution fridge installed

to allow for parallel development of
quantum counter-based setup
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Future perspectives

Future perspectives

Many substantial upgrades planned:

— Upon noticing the ADC aliasing issue, additional RF filters were installed and we already
have verification that the issue has been solved

— A microwave single photon counter with dark count rate below the SQL equivalent PSD will
allow to further reduce the system noise temperature; the first prototype has already been
tested in Paris by our group in a mock haloscope search

— A Nb3Sn magnet insert (currently in the latter stages of commissioning) will increase the
magnetic field to 14 T

— New cavities with Vs ~ 0.54 |, Qp ~ 250000 and V,gr ~ 0.88 I, Qo ~ 60000 respectively
promise a further improvement in the scan rate

— Upgrades in the instruments control hardware and software toward automatization of the
haloscope operation

The detector should then be able to probe the QCD axion parameter space above DFSZ
sensitivity and start to operate as a full time observatory
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Thank you for the attention!
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Backup slides Appendix: H | cavity results

PRELIMINARY experimental results: tuning

— Tunable 420 mm-long aluminium hexagonal
cavity mounted on support allowing
manual bead pulling in several positions

— Inner surface covered with copper tape to
improve Q
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PRELIMINARY experimental results: bead pulling
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Appendix: TWPA gain and bandwidth
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