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1 Introduction

The evidences for the existence of Dark Matter (DM) is overwhelming, with observations spanning
from the rotation of galaxies [1], the gravitational lensing of light [2], and the large-scale structure
of the Universe [3, 4] which all point to the presence of a vast amount of invisible matter. Despite
these considerations, a non-gravitational probe of the cosmic DM is yet to be obtained, due to
its feeble interaction with the Standard Model (SM) degrees of freedom which makes its detection
very challenging.

A possible DM candidate is the QCD axion [5, 6], a light pseudoscalar particle arising within
the solution to the strong CP puzzle proposed by Peccei and Quinn (PQ) [7, 8]. The puzzle
emerges as a naturalness problem in the following way. The QCD sector possess a continuum of
vacua characterised by a CP-violating angle 6 [9, 10]. However, the physical measurable quantity
is @ = 6 + argdet M, with M being the mass matrix of quarks. The above quantity induces an
electric dipole moment in the neutron [11, 12], and is severely constrained § < 10710 [13].

CP-violating contributions to the electric dipole moment of the neutron are also induced by
the SM electroweak interaction. However, these effects are significantly smaller [14-16] than the
current phenomenological reach. Nevertheless, it is somewhat puzzling that two separate unrelated
contributions produce such a minuscule quantity.

The axion makes the angle # dynamical and relaxes the vacuum structure to the CP-invariant
sector. The mechanism relies on a U(1) global symmetry broken by the QCD anomaly. Any other
source of explicit breaking would reintroduce CP violation, therefore posing a challenge for the
mechanism which, in order to explain a tiny number, requires the exactness of its global symmetry.
This is even more evident when considering gravity. In fact, any global U(1) symmetry is expected
to be explicitly broken by quantum gravity effects [17]. This leads to the so-called axion-quality
problem [18-20]. Several mechanisms have been proposed to protect the symmetry from this sort
of explicit breaking, see e.g. Refs. [21, 22].!

Although the original QCD axion model proposed in Refs. [5, 6] has been long excluded, other
models in which the axion feebly couples to the SM degrees of freedom have been proposed, such
as the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model [25, 26] and the Dine-Fischler-Srednicki-
Zhitnitsky (DFSZ) model [27, 28]. These benchmark models belong to a larger class which is
referred to as the “invisible” axion models. A rich experimental program will probe the exis-
tence of the QCD axion in the next decade [29-31]. Among the experiments, ADMX [32-39],

'Recently it has also been argued that consistency with quantum gravity forces the axion
mechanism to be exact, see [23, 24].
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HAYSTAC [40-44], ORGAN [45-47], BabyIAXO [48], the facilities at IBS-CAPP [49-54], CAST-
CAPP [55], RADES [56-59], QUAX [60-68], DMRadio/ABRACADABRA [69-71], CADEx [72],
GrAHal [73] and TASEH [74] will use a haloscope, i.e. a detector composed of a resonant cavity
immersed in a strong magnetic field [75-78].

In this document we propose the realization of the FINUDA (FIsica NUcleare at DAPNE)
magnet for Light Axion SearcH (FLASH) experiment a new haloscope to be built and operated at
the Frascati National Laboratories of INFN (INFN-LNF), which will probe the existence of cosmic
axions of masses around 1076 eV. This window is currently unexplored and lies in between the mass
range that is actively scanned in present and near-future searches by ADMX [38], BabyIAXO [48]
and DMRadio [71, 79] collaborations. In this view, FLASH will close the mass gap in the range of
the peV where the QCD axion is expected to provide the DM budget. As indicated by the name,
the realization of the haloscope is based on the reuse of the 3 m diameter superconducting magnet
of the FINUDA experiment that took data at DA®NE until 2007.

FLASH will also be able to constrain cosmological scenarios in which exotic particles other
than the QCD axion play a role. One such example includes axion-like particles (ALPs) [80-82],
see also the various reviews on the subject [83-90]. Alternative scenarios predict that the DM is
composed of scalar rather than pseudoscalar particles. In this work, we assess the reach of the
FLASH instrumentation when exploring models of the dilaton [91, 92] and the chameleon [93, 94],
two scalar fields. Another avenue that motivates the FLASH experiment is related to hidden photon
(HP) DM [95-97], see also Ref. [98]. In fact, haloscope experiments can efficiently constrain the
mixing parameter describing the coupling between the SM photon and the cosmic HP in the viable
phenomenological window.

Finally, it has been recently realized that resonant cavities could also serve the purpose
of detecting gravitational waves (GWs) signals within the band ranges falling in the MHz-GHz
region [99]. High-frequency GWs in the kHz range from coalescent compact objects or making
up a stochastic background have been sought for in past experiments Explorer [100] at CERN
and Nautilus [101] at INFN-LNF. Here, we show that the FLASH experiment can probe the GW
bandwidth ~ (100 — 300) MHz. As discussed below, exploring this frequency range may provide
insights on the abundance of primordial black holes (PBHs).

The document is organized in three parts. The first two parts, “Physics Case” I and “Con-
ceptual Project” II, are published in Ref. [102].

The first part, “Physics Case” 1, deals with the physics reach of the experiment. In Sec. 2
we summarize the design and the forecast reach of the FLASH haloscope. In Sec. 3 we review
the cosmology of the axion and we report the potential results for the search of QCD axions with
FLASH. The forecast results for other models such as an axion-like particle, the hidden photon,
chameleons, and GW signals are discussed in Sec. 4. In Sec. 5, we discuss how to further broaden
the discovery potential achievable within the FLASH collaboration, both during the data-taking
phase of FLASH and after its conclusion.

The second part, “Conceptual Project” II, deals with the design of the haloscope detector.
The details of the design and tuning for the radio frequency cavity are given in Sec. 6, while the
cryogenics is discussed in Sec. 7. The methods developed for the acquisition and analysis of the
data are reported in Sec. 8 and Sec. 9, respectively.

The third part, “Project Organization” III, deals with the aspects necessary to write the
Technical Design Report. In Sec. 10 we describe the tests, developments or R&D’s needed to reach
the desired Technology Readiness Levels between TRL6 and TRL9. In Sec. 11 we lists the points
to be addressed in term of safety and radio-protection in the TDR. In Sec. 12 we describe the
WP organization of the FLASH-TDR project and the participants role, while the estimated costs
for the TDR phase, and a preliminary estimate of the experiment cost, are discussed in Sec. 13.
Finally, our conclusions are drawn in Sec. 14.
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We work in natural units h = ¢ = kg = €9 = 1 unless otherwise specified.

2 Summary of the FLASH haloscope forecast reach

The FLASH experiment is expected to investigate the existence of the axion in the mass region
between m, = 0.49 peV and m, = 1.49 ueV by using resonant cavity techniques. Such a haloscope
apparatus foresees a copper resonant cavity with an inner volume of approximately 4.15m? in the
first stage of the search. The material and the properties of the cavity walls affect the cavity’s
efficiency in storing energy, which is quantified by the unloaded quality factor Qg. The loaded
quality factor Q@ = Qo/(1 + ) accounts for the additional coupling between the cavity and the
receiver by a quantity 5. Coordinates and orientation of the detector are shown in Tab. 1.

Table 1: Position and magnetic-field direction of FLASH experiment

Latitude 41° 49’ 26"
Longitude 12° 40" 13"
Elevation 100 m

B field direction | East—northeast

The axion converts in the presence of the strong magnetic field provided by the FINUDA
magnet [103, 104], an iron shielded solenoid coil of 1.4 m in radius and 2.2 m in length, made from an
aluminium-stabilised niobium titanium superconductor. The magnet can provide a homogeneous
axial field of strength up to By = 1.1 T. The field homogeinity, 6Bz /By < 5% and § Bx /By < 1%,
is provided by the two iron end-caps that close the magnet yoke. See Fig. 1 for additional details.

g

Figure 1: The FINUDA apparatus.

The expected power Py, for a QCD axion converting inside a cavity resonating at the fre-
quency v, can be as low as 10722 W, see Eq. (11) below. Therefore the cavity has to be cooled to
cryogenic temperatures to efficiently detect the signal. For this, ultra-low noise cryogenic-amplifiers
are needed for the first stage amplification, with the cryostat apparatus cooled down to 4.5 K being
inserted inside the bore of the FINUDA magnet. The scheme of the FLASH detector is shown in
Fig. 2.
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According to the Dicke radiometer equation [105], the signal to noise ratio (SNR) is

P T
NR = =8¢ /_° 1
SNR T\ Bor (1)

where Tgys is the combination of the amplifier and the thermal noises, 7 is the integration time and
Avy is the intrinsic signal bandwidth. For galactic axions, the latter corresponds to Avy = v./Q.,
where the astrophysical factor @, ~ 10% accounts for the DM velocity dispersion. The integration
time for each value of the scanning resonant frequency and for a given SNR can be determined
from inverting Eq. (1),

ve (1T 2
7 = (SNR)? == ( -‘/) : (2
Qa Psig )
If the loaded quality factor of the cavity is smaller than @, the number of signal bandwidths that
can be scanned simultaneously by a cavity is ~ Q,/Qr. The scan rate is obtained as the ratio of
the frequency step Av = v./Qy and the scan time in Eq. (2) to obtain (see also Refs. [40, 106])

% ~ & PSig ? (3)
a ~ o, \sNrT,, )

As discussed in Ref. [106], the scan rate refers to the minimum target for the axion coupling and
thus provides a measure of the sensitivity of the experiment.

Once the signal has originated in the cavity it has to be amplified and picked up efficiently.
A Microstrip SQUID Amplifier (MSA) [107, 108] operating at 300 mK is an optimal solution, in
terms of low noise, frequency band and gain, for the first stage of signal amplification. In the 4 K
region a cryogenic heterojunction field-effect transistor (HFET) amplifier is employed. A summary
of amplification steps and the equivalent temperature noise is shown in Table 2, with a discussion
of the amplification stage being given in Sec. 8.1.

Table 2: Summary of amplification steps and equivalent noise temperature.

Device Gain | Noise Temperature | operating temperature

MSA 20 dB 0.04K 0.3K

HFET 15 dB 5K 45K
Secondary Amplification | 60 dB 150K 300K

This represents the base configuration for the FLASH haloscope. During the TDR phase
we will consider other solutions to increase the detector sensitivity such as cooling the cavity
down to 1.9 K, or below, and using superconducting cavities. The need of cooling the SQUID to
0.3 K to reduce its added noise may turn out to be unnecessary since the linear dependence with
temperature of the added noise could saturate well before reaching that of the cryostat. This will
be verified during the R&D phase. The choice of the cavity frequency ranges may also change after
the final design of the FLASH cryostat will be available.
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Figure 2: Scheme of the FLASH detector (C. Capoccia - LNF).

Part I
Physics Case

3 Models of the QCD axion in the range of FLASH

3.1 Basic concepts

In the following three sections, we discuss the physical scenarios accessible to FLASH. We begin
with the QCD axion, arguably one of the most motivated and studied new-physics candidate. At
energies below the PQ and the electroweak symmetry breaking scales, the dynamics of the axion
field a is described by an effective Lagrangian

1 os a ~,, 1, 1 "

L= 5(8”@)(8,1,@) + S_TEGH GMV + Zga,y,y m(@ua)jayo s (4)
where «; is the strong force coupling strength, f, is the QCD axion decay constant, F*” GH" are
the electromagnetic (EM) and gluon field strengths respectively, and a tilde indicates the dual of
the field strengths. The coupling of the axion to the photons is described by the coupling constant

aﬁ"“’FW +

0 __ AEM FE
901 = 3rf, N )
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where agy is the fine-structure constant and E/N is the ratio of the EM and the color anomalies.
Different QCD axion models predict different values of the ratio E/N. The last term in Eq. (4)
describes any model-dependent coupling of the axion with the SM fermions, with fermionic current
Jao:

The QCD axion mass originates from non-perturbative effects during the QCD phase tran-
sition [5]. After a rotation of the quark fields, the interaction of the axion field with the chiral
condensate implies a potential for the QCD axion of the form [109, 110]

dm,my . a
V(a) = —m2f2 \/1 " e 1 ma? sin? (2fa> , (6)

where m, and f, are the mass and the decay constant of the pion and m,, mg are the masses of
the up and down quarks, respectively. The axion mass at zero temperature from the mixing with

the neutral pion is then [5]
V1M Mg mﬂ'fﬂ' — A72 (7)

My + My fa N fa7

where A = 75.5MeV is an energy scale related to the QCD phase transition.
In the new quark field basis, the axion-photon coupling is redefined as

meg =

agm ((F 24mg+my,\ _ oM
= = Gy s (8)

Jayy = 2fa \N 3 ma+my ) 7fa

1<E 24md+mu)

2

9
N 3 mg+my 9)

9y =
where the model dependent parameter is g, = —0.97 (g9, = 0.36) in the KSVZ (DFSZ) axion
model [25-28]. The properties of the QCD axion today are determined by the behavior of its
potential with temperature, which controls both the dynamics of the axion field in the early
Universe as well as the production of topological defects [111, 112].

At temperatures higher than that of the QCD phase transition, the effects of instantons be-
come severely suppressed. This reflects onto the value of the axion mass, whose dependence on
the temperature is fixed in terms of the QCD topological susceptibility. The axion mass decreases
quickly with an increasing value of the temperature of the plasma above the confinement tem-
perature T¢ [113]. Generally, the QCD axion mass is expressed in terms of the QCD topological
susceptibility x(T") as

2

9 m

mg(T) x(T), (10)

= X
where x(T') is normalised such that x(7 = 0) = A*. Estimating the temperature dependence of the
topological susceptibility is one of the goals of QCD lattice simulations that capture the dynamics
of the quark-gluon plasma around T [114-117].

3.2 Detecting cosmic axions with FLASH

The axion-photon coupling sparks hope to detect cosmic axions that make up the DM in the Galaxy
by means of resonant cavities on Earth. FLASH is expected to operate within the EM resonant
frequency of (117 —360) MHz, corresponding to an axion in the mass range m, ~ (0.49—1.49) peV.
The search is divided into a low-frequency (LF) region within (117—206) MHz and a high-frequency
(HF) region within (206 — 360) MHz, with the corresponding mass ranges within (0.49 — 0.85) ueV
and (0.85 — 1.49) ueV, respectively. When the resonant frequency of the cavity v, is tuned to the
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corresponding axion mass m,/(27), the expected power deposited by DM axions is [40, 41]

a1 Pa B
Py = (gg :QM A4) X (wCQL HBBSVC’WL[) . (11)

Here, p, is the local axion density, and the second set of parentheses contains the magnetic field
strength By, the cavity volume V| the angular frequency w. = 2mv., and a geometrical factor
Cmni =~ O(1) that depends on the cavity mode.

The discovery potential in the coupling-mass plane calculated through Eqs. (1) and (11) is
shown in Fig. 3. The FLASH sensitivity can reach the band predicted for QCD axions down to
the KSVZ model line. It is assumed here that axions make up the totality of the dark matter,
with the local DM energy density fixed to the reference value ppy = 0.45 GeV em 3 [118-120]. We

10710

1071 3

AN+A949

10712 3

OI'TS XINAV

10713 3

OXVIAqeq

1071 3

‘ga7| [Ge\/_l]

10715 3

10716 5

1017
_1 _0 _5 _A 2
A0 10 10 AN AN

Figure 3: The FLASH discovery potential (90% confidence level or c.l.) compared to existing
experimental limits. The brown lines with yellow error-band show the theoretical predictions for
the KSVZ and DFSZ axions [25-28]. The forecast reach of FLASH is compared with experimental
limits from other haloscopes [32, 33, 40, 41, 45, 46, 121-123] as well as a projection from [48] labled
‘babylAXO’ in green, which is expected to be realized somewhat later than FLASH. Image realized
with [124].

considered an integration time of 5 minutes for a single measurement with the large cavity and 10
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minutes for measurements for the small cavity. Here, we conservativelly considered MSA SQUID at
the cryostat temperature of 4.5 K, leading to a total noise system of about 5 K. In Table 3 we take as
an example the search in the larger volume setup for the frequency v, = 150 MHz, corresponding to
a KSVZ axion of mass m, = 0.62 ueV and coupling g}f%vz =2.45x 107 GeV~!. The parameters
used in Eq. (11) are given in the table, with the scan rate obtained from Eq. (3). According to
the estimated number of frequency steps shown in Table 5 the total integrated time will be about
2 years. We also show the potential reach with a cryogenic system upgraded to operate at a lower
temperature Tyys = 100 mK pointing to the possibility of probing the DSFZ-axion model. Further
solutions will be considered during the TDR phase. Cooling down to 1.9 K the cryostat would
push the sensitivity close to the central value expected for DFSZ axions. Furthermore, using a
superconducting cavity, such as NbTi [125] or ReBCO, would increase the quality factor and allow
a sensitivity beyond DFSZ axions.

Table 3: The FLASH discovery potential for KSVZ axions. The choice of the parameters corre-
sponds to the search at the peak frequency v, = 150 MHz in the large volume cavity and for a
period 7 = 5min. The coupling S = 2 is chosen to optimize the scan rate [40, 41].

Parameter Value
v, [MHz] 150
Mg [peV] 0.62
gaSVE [GeV ] 2.45 x 10716
Qr 1.4 % 10°
Co1o 0.53
Buax [T] 1.1
Ié] 2
7 [min] 5
Toys [K] 4.9
Pgg [W] 0.9 x 10722
Scan rate [Hzs 1] 8
Mg [peV] 0.49 - 1.49
Gary 90% cl. [GeVT] | (1.25 —6.06) x 10716

3.3 Production of cold axions in the early universe

Cold axions are produced in the early universe through various mechanisms, which include the
vacuum realignment mechanism (VRM) [126-128] and the decay of topological defects. Both these
mechanisms have to be studied jointly, nominally by means of numerical simulations.
The present energy density stored in the coherent oscillations of the field can be obtained by
solving the equation of motion for the axion field in an expanding universe,
dV(a)

d7V2a+3H(z+T:O, (12)

where a dot means a derivative with respect to cosmic time t¢.

10
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At very high temperatures, the axion potential can be safely neglected, so that the axion field
is frozen on super-horizon scales. The axion potential becomes a relevant term in Eq. (12) when
the Universe has sufficiently cooled off so that the Hubble rate H(T') at temperature 7' is of the
same order of the axion mass,

3H(Tosc) ~ ma(Tosc) y (13)

where Tyos. is the temperature at which the coherent oscillations in the axion field begin. If the
transition takes place in the standard cosmological scenario, the number of axions in a comoving
volume is preserved to present time, so that the present abundance of axions is expressed as

ma(0)  pa(Tose) s(To)

Q, = .
Me (Tosc) Perit S(Tosc)

(14)

Here, T is the present temperature of the CMB photons, s(T) is the entropy density at temperature
T, and perit = 3HZ M3, is the present critical density in terms of the Hubble constant Hy and the
reduced Planck mass Mp). The axion energy density at the onset of field oscillations pg(Tosc)
is obtained upon solving Eq. (12). Thus, it depends on the choice of the potential and of the
initial conditions for the axion field a; which are set at the time of the PQ phase transition. We
parametrize this by introducing the initial axion angle ; = a;/ f,, whose variance in the distribution
across the observable Universe (02) reveals information about the state of the early Universe when
T~ f,.

3.3.1 Pre-inflation axions

We first discuss the scenario in which the PQ symmetry breaking happens before or during inflation
and it is never restored afterwards. In this scenario, topological defects are inflated away and do
not contribute to the QCD axion energy density. One single patch within which the initial axion
angle 6; has a homogeneous value inflates outside of the scale of the observable Universe, so that
the present energy density in axions is found by solving Eq. (12) on super-horizon scales to give
(see e.g. Ref. [129])

me =~ 5 ueV 91-12/7 . (15)

3.3.2 Post-inflation axions

If the PQ symmetry breaking happens after the end of inflation, topological defects such as axionic
strings and domain walls form, with properties that greatly depend on the specific model for the
QCD axion considered. In this scenario, which is generally referred to as post-inflationary scenario,
(6?) is the average of the initial VRM angle squared over the circle, assuming that 6; is drawn from
a uniform distribution. For a quadratic potential one has (6?) = 72/3, however, in the periodic
potential that defines the QCD axion, this result is modified due to the presence of non-harmonic
terms [130].

The expression in Eq. (15) with §; = 7/+/3 yields to the naive estimate for the QCD axion
mass in this scenario m, =~ 20ueV, which is about one order of magnitude above the reach
of FLASH. Including the sub-horizon dynamics and the contributions from topological defects
generally leads to a higher value of the axion mass, in the range m, = [20 — 500] ueV, according
to recent simulations [131-140], pushing the window further away from the FLASH sensitivity.

Nevertheless, various uncertainties in the standard cosmological model and the particle con-
tent beyond the SM can greatly affect the above picture and modify the expected window of DM
axion masses. In this sense, an axion discovery by FLASH would provide insights on the particle
content of the early universe.

In the following we briefly discuss possible mechanisms that lower the expected mass window
of the QCD axion to the range accessible to FLASH, leaving further details to the literature cited.

11
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3.4 Scenarios of axion cosmology within the reach of FLASH
3.4.1 Initial misalignment angle

In the standard cosmological scenario, the QCD axion is the DM particle with the mass expressed
in Eq. (15), when the PQ symmetry is spontaneously broken during inflation. In this scenario,
the range of mass sensitivity in FLASH corresponds to the range |6;| € (0.2 — 0.4). For a uniform
probability of §; € [—m, ], the probability that #; is drawn with the desired value is about 6%.
Details for the probability distribution derived from the Fokker-Planck equation can be found in
Refs. [141, 142] and lead to a somewhat lower probability.

Recently, Ref. [143] used a Bayesian analysis technique, based on the code GAMBIT [144] and
its module DarkBit [145], to present a global fit to explore the parameter space of the QCD axion
(both the KSVZ and the DFSZ models). In particular, it is considered the scenario in which the
Peccei-Quinn symmetry breaks during a period of inflation, while taking into account results from
various observations and experiments in the likelihood including the light-shining-through-wall ex-
periments, helioscopes, cavity searches, distortions of gamma-ray spectra, supernovae, horizontal
branch stars and the hint from the cooling of white dwarfs. The marginalised posterior distribu-
tion obtained in Ref. [144] when demanding that the totality of DM is in axions gives the range
0.12 ueV < mg < 0.15meV at the 95% equal-tailed confidence interval. We stress that a portion
of the range inferred by this analysis is well within the reach of the FLASH experiment.

Small initial values of 8; might also occur naturally, i.e. without any fine tuning, in low-
scale inflation models in which inflation lasts sufficiently long [141, 142]. If H; < Aqep (see e.g.
Ref. [146]), the axion acquires a mass already during inflation, the ;-distribution flows towards
the CP conserving minimum and, for a long duration of the inflation period, stabilises around
sufficiently small 0; values. As a result the QCD axion can naturally give the DM abundance for
axion masses well below the classical window, down to 1072 eV [141].

3.4.2 Entropy generation

If a new species is present in the early universe and if it decays into thermalized products prior to
Big Bang Nucleosynthesis (BBN), the entropy density in a comoving volume is not conserved. If a
relevant amount of entropy is generated after the axions are produced, for example by the decay of
a massive scalar field, the axion density in Eq. (14) would be diluted by a factor A [127, 129, 147—
152], which would in turn lower the value for the DM axion mass. When p'* — p'%t /A, the axion
mass is

_(5—=50) peV

Ma ~ A7/6
The range explored by FLASH is reached if the contribution from the dilution factor is of order
A = (10 — 100). The value of the quantity A depends on the details of the modified cosmological

model and, ultimately, on the reheating temperature. A detailed derivation has been given in
Refs. [151-159].

(16)

3.4.3 Modifying the relation between the axion mass and decay constant

A different approach to modify the relation between the temperature and the mass of the axion in

Eq. (10) is through the addition of particle content, without changing the cosmological evolution.

This approach has the advantage of ensuring the preservation of well-tested cosmological predic-

tions, in particular BBN. It is indeed possible to make the axion lighter than expected. A particle

physics model that realises this s%er}ario has been proposed in Ref. [160]. The model relies on a Zx
T fa

symmetry under which @ — a + =*, and furthermore the axion interacts with N copies of QCD

whose fermions transform under Zy as 9y — tr41. Surprisingly, adding up the contributions
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of all the sectors one finds that cancellations occur in the axion potential with a high degree of
accuracy, and as a result, for even N the axion mass gets exponentially suppressed:

4m,
Mg — W 5 (17)
while, if N is odd, the axion potential retains the minimum in § = 0. The mass range accessible
to FLASH corresponds to 9 < N < 13. This scenario has been further explored in Refs. [161, 162].
A different possibility to generate DM axions with a mass below the canonical window can be
engineered within the framework of the mirror world [163-165] extended to include the axion, see

Ref. [166].

4 Additional models that will be probed with FLASH

4.1 Axion-like particles

Along with the QCD axion, other axion-like particles or ALPs can arise in theories of grand
unification or quantum gravity [167-169] and share a phenomenology similar to what discussed so
far. Here, an ALP is defined by a negligible axion-gluon coupling in Eq. (4) so that the instantons
appearing during the QCD phase transitions do not affect the axion potential and the mass of
the particle is independent of the temperature. Viable scenarios explored in the literature include
axions from closed strings [170, 171] or from heterotic string models [172]. From a theoretical
viewpoint, the embedment of the QCD axion within an UV-completed theory such as string theory
is desired as the QCD axion potential has to be protected against corrections that would otherwise
raise the axion mass and spoil the PQ solution. More generally, the ALP dark matter mass
predicted from string theory generally takes the form [167, 173]

2

—S/2 % , (18)
where S is the string instanton action. Testing this formula against cosmological data reveals a
preference for light “fuzzy” axion dark matter [174, 175]. Another effect resulting from string
theory is to provide additional massive “moduli” fields whose decay reheats the Universe leading
to the dilution discussed in Sec. 3.4.2. Given these uncertainties, it is not possible to give a generic
statement on the predictability of FLASH in targeting fundamental parameters, although specific
string axion models already exist in the literature for which the viable mass range overlaps with
this laboratory search.

The ALP potential V(a) is usually modeled as a quadratic form to incorporate the explicit
breaking origin of the mass term, so that the Lagrangian describing this particle is

Mg X €

LD f%FIW FH o+ %(3”61)(&@) - %miaz - igaw aﬁ}w v (19)
Here, an explicit dependence on temperature is not included due to the absence of a strong coupling
with the QCD sector. The ALP-photon coupling is also generally expressed in terms of the coupling
Ja~~y, similarly to what given in Eq. (5) and for some particle content that justifies the appearance
of the E/N ratio.

The same physical scenario described in Sec. 3.3 for the cosmological production of QCD
axions holds equally well for an ALP, with the important difference that the potential does not
depend on temperature, and the axion abundance in Eq. (14) when compared to the present DM
abundance yields (see e.g. Ref. [96, 152])

1013 4
OGeV) 9;4. (20)

ma%5ue\/< 7
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When 6; = O(1), the ALP is generally lighter than the QCD axion for a given decay constant. In
fact, for (0;)? = n2/3, the ALP mass is in the range of FLASH for f, ~ 10'3 GeV.

4.2 Scalar dark matter

So far we have investigated the case in which DM is composed of pseudoscalar particles. The
FLASH setup can be used to explore other types of DM candidates such as scalar particles [176],
which are motivated in theories of dilaton models [91, 92]. Scalar DM can be produced in the early
Universe through similar mechanisms as axionic DM, the most prominent for the range of masses
of interest for FLASH being VRM.

We consider a system comprising a scalar field ¢ of mass my interacting with the EM field
strength with a coupling g4~~, as described by the Lagrangian

1 1 1 1
£ =3 Fu P + 5(0"0)(040) = 3136° = § 9o OFyus ™ (21)

where the last term is the scalar-photon interaction that can be interpreted as the scalar counterpart
of the axion-photon interaction in Eq. (4). The conversion of ¢ in the cavity leads to a signal
whose power is analogous to the axion case in Eq. (11) upon the replacement gqyy — gy, and
mg — Mg [177]. Due to the different structure between the axion-photon and the scalar-photon
couplings, the coupling to the cavity is given by [177]
1| [, d®xe™*Bg - Bg|?

B3V fv d3z B, - B, ’
where B, is the magnetic field associated with the resonant mode «a. Since all of the TM modes
as well as the TEg;g mode possess a vanishing magnetic field along the z-direction, we consider

here the modes TEgp;; and TE 11, see Table 6. The mode TEg; is described by the component of
the magnetic field along the z direction

C. (22)

B, = By Jo(vor/R) sin(wz/L), (23)
where vg ~ 3.832, while the mode TEj1; is described by
B, = By Ji(vir/R) sin(nz/L) cos 8, (24)

with v; &~ 1.8412. In A, we compute the coupling in Eq. (22) for the two modes TEg1; and
TEq1; interacting with the magnetic field of the cavity assuming an isotropic DM distribution for
the bosonic wave number k& = mv with speed v ~ 200km/s. Because of the different angular
distribution of B,, the two couplings scale differently with the bosonic DM momentum, leading
to different estimates as already noted previously [177]. In fact, we obtain Cpy; ~ 5 x 107 and
Ci11 = 3 x 1077, so that only the bound obtained by considering the TE;;; mode is consistently
competitive with the existing bounds.

Figure 4 shows the forecast on the constraint for the scalar field coupling with the photon,
once the coupling obtained for the axion field has been rescaled by a factor \/C11/Co10 ~ 1073,
This is merely an estimate based on the simulations for the axion reach, since the TE;1; mode has
a different quality factor and frequency range (see Table 6). A proper analysis that considers the
coupling of the mode to the cavity is required and will be carried out along with the data analysis.

The bound has been expressed in terms of the dimensionless quantity |d.| = ﬁMplgm,y
that is relevant for scalar field models [178, 179]. Also shown are the current bounds placed by
laboratory searches for |d.| and reported in Ref. [124]. Future experiments involving a mechanical
resonator made of a single crystal can lead to competitive bounds in the mass range of interest for
FLASH [180] Note, that fifth-force and equivalence principle searches are generally stronger than
laboratory constraints [181-183]. For an update of the the bounds and forecasts on the coupling
of scalar particles in various mass ranges see the recent review in Ref. [31].
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Figure 4: The predicted sensitivity in FLASH for the coupling between a scalar particle and the
photon |d.| as expressed in Eq. (21), for the setup adopted for the first stage (filled blue area) and
once the cryogenic has been improved to reach Tgys = 100 mK (dashed blue line). Also shown are
current laboratory bounds, see Ref. [124] for details.

4.3 Chameleons

The “chameleon” was first introduced to potentially explain the present accelerating expansion of
the Universe through a variable effective mass that depends on the ambient energy density.? The
chameleon field ¢ is generally characterized by an effective interaction whose strength is a function
of the local environment [93], with a “screening” potential modeled as [94, 185]

Vet () = V(¢) + exp (%) Pm + iexp (%) FrE,, . (25)

Here, §,, and 3, are couplings to the density in matter p,, and photons, respectively, and V(¢) o
¢~ " is the self-interacting potential of the chameleon in the absence of other couplings, which
depends on the index n > 0. See Refs. [186, 187] for reviews of the chameleon model.

The effective mass associated with the potential in Eq. (25) depends on the couplings and on
the relative energy content in matter and radiation. Inside the walls of the cavity, the magnetic

field Byan can be neglected and for S, pm > 5733va117 the effective mass squared of the chameleon

2However, see Ref. [184] for a no-go theorem related to self-acceleration and for possible caveats.
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is
24-n

A* THn
=l ) (220 ) (20)
where A is the energy scale of the self-interacting potential. In the empty space within the cavity,
we assume that the effective mass meg is mostly provided by the interaction of the chameleon with
the magnetic field, with meg << Meg wan. It is therefore possible that the chameleon mass in the
walls of the cavity is higher than the mass inside the cavity itself, effectively trapping the field
along with the magnetic field [188-190]. In the interspace within the cavity walls, the chameleon
field follows the Klein-Gordon equation [190]

d? B
R v 2 2 =2 B (VxA), 27
(47~ 7+ e o= 4B (T x &) 0
where A is the potential of the propagating photon. Once the chameleon field is trapped inside
the resonant cavity, it experiences a delayed decay through the so-called afterglow effect [190, 191].

To reconstruct the signal produced inside the cavity, we derive the field equations from Eq. (25)
as [190]

By
OA=-"2V¢xB, 28
Mpy V? (28)

with the condition that we observe a standing wave instead of a moving wave as in the DM case.

We estimate the potential reach of FLASH for the coupling of the chameleon with the photon
3, following the procedure outlined in Ref. [192] in which the TEg;; cavity mode is excited by an
external source of power P, = 0.5 mW for a period tyg = 10 min, with a sweeping time 7 = 10 min in
Eq. (1) and a noise temperature Tyys = 4.5 K. The natural frequency of the TEg;; mode resonating
in the large cavity setup is fres ~ 214.5 MHz, with a quality factor Q ~ 1.3 x 10° (see Table 6). The
result will be independent on the chameleon mass for meg < wqg = 27 fres = 1.3 GHz, where we have
assumed that the external driving source operates with the pulsation wy. The results derived below
are then valid in the region 0.38 eV < meg < 0.9 peV, where the upper bound corresponds to wy
in eV and the lower bound on the chameleon mass is obtained by requiring that the field relaxes to
its ground state inside the cavity, or meg ~ 2/R &~ 0.38 ueV for R = 1050 mm. Since the chameleon
mass heavily depends on the underlying model and on the details of the self-interaction [93, 94],
we do not explicitly specify the expression for meg in terms of model parameters here.

Following the computation related to the expression in Eq. (22), we fix the coupling of the
cavity Cp11 ~ 0.005 as shown in A. This leads to the forecasts at one sigma level:

3x10° < B, S8 x 10M, (29)

which overlaps with previous searches that already exclude the coupling for cosmic chameleons in
some ranges, including GammeV [193], GammeV-CHASE (here CHASE) [194, 195], ADMX [192],
and CAST [196]. These results have been summarized in Fig. 5. Recently, a model describing an
axion with chameleon-like properties has been considered [197], although it seems that the favored
region is well outside the target in current haloscopes.

4.4 Hidden photon dark matter

This subsection is devoted to the simplest case of hidden photon (HP) [198-200] dark matter.?
Although several extensions are possible and have been proposed in the literature the advantage
of the realization discussed here is that the experimentally constrained signal is determined by two

3These particles have also been dubbed “dark photons” or “paraphotons”.
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Figure 5: Forecast reach for the search of the chameleon-photon coupling with FLASH, for the
setup described in the text (black line). Also shown are the results obtained by GammeV [193]
(red line), CHASE [194, 195] (blue line), ADMX [192] (green line), and CAST [196] (orange line).

parameters [96]: the kinetic mixing term y and the mass of the HP itself m.,. The dimensionless
mixing parameter x can be probed experimentally as a function of m.,,, and is generally expected
to be x < 1. For this reason, we work in this limit hereafter.

Before delving into the discussion it should be mentioned that O(1) fraction of DM can be
obtained from inflationary fluctuations in the form of hidden photon for [97]

my, ~107%eV (10" GeV/H;)" (30)

depending on the scale of inflation H;. As mentioned before, FLASH will be able to constrain
the mass scales of hypothetical particles in the range around ~ 10~ eV, therefore close to values
expected in Eq. (30) for a narrow range of H;. To our knowledge there is no consensus on a
formation model leading to the production of the right abundance of dark matter. Therefore,
in the following we will simply assume this to be the case and we remain agnostic on the exact
mechanism of production (see Ref. [98] for a review).

The HP field X, describes a hidden U(1) symmetry group that mixes with the photon through
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a Lagrangian density of the form [95]

Lo —EFW P iXW Xy %XW’ Py %mi,Xy XVt A, (31)
where X, is the field describing the HP with field strength tensor X,,,, and j£  is the electromagnetic
current. The Lagrangian in Eq. (31) leads to a possible decay channel of the HP into three
photons [201]. Demanding that the HP is a stable relic on cosmological timescales leads to the
bound

my, (xaem)? < 1keV, (32)

which is clearly satisfied for the range of masses of interest in FLASH, see Fig. 6. This motivates
the search for the HP as the cosmic DM.

Note, that the microwave resonant cavity experiments searching for axion can also be used to
probe the photon-HP mixing when operated without the magnetic field [96], which is unnecessary
in this case. The equation of motion for the photon field A*

0,0t AV = XmE/,X”, (33)

implies that HP could source ordinary photon. In particular, the power emission of the cavity is
related to the energy stored and the quality factor of the cavity, and it is given by [96, 202]

Psig = (X2 Pyr cos? 9) X <wc QL % VCnml) ) (34)

where (), is the quality factor, V' the volume of the cavity and 6 the direction between the hidden
photon field and the magnetic field as defined in Table 1.

Assuming the energy density of the HP to be equal to the DM density, the same quality
factor used for the axion search, and the volume of the cavity equal to Viaee for the large phase
of the experiment or Vaman for the small phase, Eq. (34) gives the expected power in the cavity
that enters the SNR in Eq. (1). This leads to a constraint of the HP as the DM with the FLASH
microwave cavity. The large dimensions of the cavity significantly enhance the sensitivity for
HP. The predicted sensitivity for FLASH is computed inserting in Eq. (1) the Pyg obtained from
Eq. (34). Two scenarios are possible, depending on the relative orientation of the cavity with
respect to an a priori unknown direction of the HP field. This is represented by the factor cos? @
in Eq. (34). Assuming that all directions in space are equally likely and demanding that the real
value is bigger with 95% probability leads to the value cos? @ = 0.0025 [98, 202],* while an average
over all possible directions gives cos?§ = 1/3.

Fig. 6 shows the predicted HP detection sensitivity of the FLASH experiment for the setup
discussed above and for cos? @ = 0.0025 (shaded dark purple area) or cos?f = 1/3 (shaded light
purple area), the latter being a more optimistic forecast. Also shown are the sensitivities expected
in an upgrade setup of FLASH with an improved cryogenics able to reach the noise temperature
Tiys = 100mK (dashed lines). Finally, we also show a compilation of current constraints on and
sensitivities of planned experiments to photon-HP mixing in the m., — x plane [124]. Even in
the most conservative scenario and with the planned setup, FLASH will be able to probe the HP
coupling orders of magnitude below.

4Here we use the value 0.0025 for comparison with previous experiments. A truly 90% C.L. can
only constraint the product y cos 8.
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Figure 6: Compilation of current constraints and projected sensitivities to photon-HP mixing of
current and planned experiments in the m,, — x plane. The predicted sensitivity for FLASH is
reported with full lines of different purple shades. The shaded dark purple region, represents the
predicted FLASH sensitivity in the scenario of highly directional HP field (cos®# = 0.0025). The
shaded light purple region reports the predicted FLASH sensitivity in the scenario of the isotropic
distribution of the HP field (cos? @ = 1/3). The projections from [48] labelled ‘babyIAXO’ in green
follow the same color-scheme. The dashed lines represent the FLASH forecast sensitivities when
operating the haloscope at a temperature of 100 mK. Dashed dark purple line: highly directional
HP field; Dashed light purple line: isotropic distribution of the HP field. Image realized with the
code in Ref. [124].

4.5 Detection of gravitational waves

The direct detection of gravitational waves (GWs) stands out as one of the most groundbreaking
achievements in 21st-century physics. These GWs have frequencies in the Hz to kHz range and
are produced during merger events of black holes or neutron stars. Furthermore, the detection of
high frequency gravitational waves (HFGW) in the MHz-GHz range has recently attracted interest
with many proposals currently under development, moved by the theoretical considerations that
predict various exotic sources to emit at such high frequencies [99]. One highly promising route
to search for HFGWs is through their expected signals in electromagnetic cavities exposed to high
electromagnetic (EM) fields. These signals result from two distinct effects: first, the modification
of the stationary modes of a cavity distorted by the passage of a GW; second, the generation of an
effective current by GWs in the presence of a background EM configuration, a phenomenon known
as the inverse Gertsenshtein effect. The ability to generate very strong stationary magnetic fields
and the similarity to searches for axionic dark matter motivate the consideration of a setup with
a stationary magnetic field.

Potential sources of HFGWs are generally divided into two categories, namely sources of
cosmological origin produced before recombination and sources of astrophysical origin. A cosmo-
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logical background of stochastic HFGWs is expected from various sources, including the primordial
thermal plasma [203, 204] or a first order phase transition in the dark sector [205]. When of cos-
mological origin, the HFGW strain hg as a function of the HFGW frequency v. is constrained by
BBN considerations and CMB data to be [206—-208]

ho < 1072° (100 MHz/v.) ANY? (35)

several orders of magnitudes below the expected reach of cavity searches [209]. For this, in the
following we consider astrophysical sources in the late Universe at such high frequencies, whose
origin likely requires new physics.

4.5.1 Gravitational waves from compact objects

Besides compact objects of astrophysical origin such as black holes (BH) and neutron stars, exotic
configurations in the form of primordial BHs or boson stars formed in the earliest stages of the
Universe could also be present today. As an example, primordial BHs (PBH) are too light to be
explained by known stellar dynamics and hence, if detected, their origin would require new physics.
A possibility is that they are formed in the early Universe, hence the name primordial (see Ref. [210]
for a recent review). The exact details of the formation scenario is currently unknown. Historically,
they have been conjectured to follow from inflationary overdensities [211-213]. However, these
scenarios require significant tuning in order to produce a sizeable amount of dark matter, see e.g.
Ref. [214] for a recent discussion. Over the past years, mechanisms that avoid such issues have
been proposed. For example, PBHs could form due to the preheating dynamics [215], or from
the confinement of heavy quarks [216]. Regardless of the specific formation scenario, PBHs could
constitute a substantial fraction of dark matter for masses of the order of (1075 —107!) M.
Heavier PBHs as the main DM constituents are excluded by severe lensing constrains, although a
small contribution is still allowed [217].

The GWs emitted by binary configurations of compact objects could possess the frequency
range and the strain required to be detectable with present or near-future technologies. Consider
two compact objects of similar mass M and size R, each of compactness C = GM/R, forming a
system of total mass Mo ~ 2M. The frequency of the emitted GW spectrum at the end of the
inspiral phase when the innermost stable circular orbit (ISCO) is occupied is visco. For the case
of two coalescing PBHs, the GW frequency at the ISCO is [218]

03/2

_ 36
3\/§7TGMtot ( )

Visco =
so that a signal in the bandwidth O(100 MHz) and for the compactness of a BH, C = 0.5, is

expected for PBHs in the mass range Mppy ~ 107° M. The GW strain sourced by a merging
event of total PBH mass My is [219)

5
— kpc Mot 3 v 3
ho >~ 9. 10728 [ =
0=9.77x 10 (d ) <10—8M®> (100MHZ) : (37)

where the distance d between the Earth and the source is found by demanding that at least one
merger event per year occurs within d [220]. The rate of merger events is obtained following the
analyses in Refs. [207, 221].
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4.5.2 Gravitational waves from Chern-Simons couplings

Along with the axion-photon interaction, an axion-gravity coupling can be introduced through a
Chern-Simons term of the form [222, 223]

Los = % l¢saRR, (38)
where the product RR = (1/2)e"7P R0 RS in terms of the Riemann tensor Rl ; and the Levi-
Civita tensor e#¥??. The coupling is parametrized in terms of the length scale fcg [224], which is
bound from the induced reduction of frame-dragging effects [225] and from the search for secondary
GWs associated with the coalescence of compact object binaries [226, 227].

An additional technique that leads to the constraint of the Chern-Simons coupling is the
resonant enhancement of the GW signal from binary systems [228, 229], which would take place
assuming that the cosmic DM is in the form of an axion-like particle of mass m, and with the
coupling in Eq. (38). An incoming GW of frequency wgw = m,/2 would stimulate the decay of
an axion into a coherent wave of gravitons. For m, ~ 107!3 eV, the effect enhances a chirping GW
signal at the frequencies that are discernible at the LIGO-Virgo-KAGRA array of detectors, while
the stimulated decay would be visible at FLASH if the dark matter axion falls in the mass range

me =~ (1-3) peV.

4.5.3 FLASH forecast reach for gravitational wave detection

A resonant cavity designed to probe the conversion of axions into photons can also be used to detect
gravitational waves through a graviton-photon conversion via the inverse Gertsenshtein effect [230]
(see also Refs. [231, 232]). In its simplest formulation, the coupling of the photon with gravity is
described by the Maxwell-Einstein action,

1
S = /d4a:\/—g <—4guagyﬁF“”F°‘ﬁ> , (39)

where g,,,, is the space-time metric with determinant g. The expansion of the metric to first order
around a flat background as gh¥ = np*” + h*¥, with |h*¥| < 1, leads to a coupling between a
GW of strain hy and frequency wg in an external magnetic field By as o< ho EBy, where E is the
electric field. Including the effects of the source requires adding a Breit-Wigner distribution of the
form [233, 234]

o — (40)

F(w) = [CEPA

where the relaxation time is defined as the time spent by the binary system within the frequency

range Av,>

r= 2V _ 2mNeydle (41)

Ve We

A quality factor describing the coherence of the source can then be defined as Qs = 27 Neycle,
analogously to the quantity @, introduced earlier for the axion. An electric signal of the same
frequency is then produced in the cavity with the signal power [209]

1 )
Psig = iQeH wf V5/3 (77h()B())2 ) (42)

®Note, that this definition differs from other work in the literature [220], where N¢yle is defined
in terms of the frequency range Av ~ v,.
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where Qe = min(Qr, Qs).
In the limit of an infinitely coherent source, the sensitivity of the cavity search to GW

detection estimated through Eq. (1) leads to [235]

3 5 1
200MHz\2 /0.1 T Am3\ ¢ /2 x 10° Tys \ 2
woz e (200 (N5) () (o) @
wq/2m n By Vv Qr 5K
Av 2min i
1kHz tin ’

where the expression accounts for an experimental setup similar to that of FLASH, corresponding
to the FINUDA magnet with a nominal magnetic field By = 1.1 T and a cavity volume Viarge =
4.15m3. We have also set the measurement integration time ¢, = 2 min with the signal bandwidth
(BW) equal to the cavity bandwidth Av = 1kHz and the cavity-GW coupling coefficient n = 0.14
for the mode TMg12. The quality factor for the mode is expected to be Qo ~ 7 x 10°. For
comparison, the sensitivity of ADMX could be in the range hy ~ 10722, where the difference
comes from the fact that although the FINUDA magnet has a smaller magnetic field, it has a
much larger effective volume than the ADMX magnet. In a realistic setup where the coherence
of the source is limited by Qg, Eq. (43) holds when replacing Qr — Qe and tiny — min(ting, 7);
moreover, we demand that the source satisfies Noycie 2 1. For Neye 2 @ matched filtering with
a table of expected waveforms could also be implemented allowing to substitute Av ~ 1/tint, so
that the sensitivity in Eq. (43) would scale differently [235]:

3 5

200MHz\2 /0.1 T 4m3\ ¢
he = 5x107% (| /= - 44
oo~ (wg/%)(nBo)(V) ()

. <2 % 10° Tsys>5 <2mm>5
Qr 5K Lint '

By comparing the theoretical expectation in Eq. (37) with the reach in Eq. (43), it could
be expected that an event originating within a distance d < 1kpc would fall within the reach
of FLASH. However, the in-spiraling binary that sources the GW signal is not as coherent as
DM axions are. This results in an effective limitation of the source resonating with the detector.
Similarly, the bandwidth also depends on how fast the system spans a given frequency range. It
follows that Av = v./Qes [220].

Fig. 7 shows the reach of the GW strain in Eq. (43) as a function of the binary mass M;. for
the planned FLASH setup (red solid line) and for an upgraded cryogenic system to Ty,s = 0.15 K
(red dashed line). Also shown is the signal generated by a merger event as in Eq. (37) for fppn = 1,
assuming that at least one event per year is observed [207, 220]. For simplicity, a monochromatic
spectrum has been assumed at each value of M;.. The rate of mergers in the range of interest
is also enhanced by the galactic overdensity [236]. Theoretical uncertainty arises from several
unknowns in the early Universe. For example, as shown in [220], the presence of non-Gaussianity
in the inflationary density perturbation can lead to a significant increase of the rate up to roughly
two orders of magnitude.

In Fig. 7 the frequency is fixed at 200 MHz, which is relevant for the FLASH setup. Mergers
with black holes heavier than about 10~7 M, produce a signal resonating within the cavity for less
than one cycle therefore requiring a different search strategy. For lighter black holes, the lack of
signal coherence - in the limit where Neycles < @1, - causes a significant decrease of the sensitivity
reach, down to masses of order 1071 M. At a first glance, the reach of FLASH might seem much
worse than the estimates proposed in Refs. [207, 220, 235]. However, previous results follow from
the assumption of a sufficiently coherent source within the frequency bandwidth, which is not the

22



FLASH CDR CSN2-FLASH-PM-QA-503-CDR

= 10-25| FLASH 100 mK fopn = 1
10—30 L
10—35 L
10-14 10-12 1010 108
Mtot[MQ]

Figure 7: Comparison of FLASH reach for different PBH masses. The red line correspond to the
reach of FLASH according to the values described below Eq. (43). The dashed red line corresponds
to the reach with improved cryogenics. The black line correspond to the expected gravitational
wave signal in case of a monochromatic spectrum at fpgg = 1. The frequency of the signal is fixed
to v, = 200 MHz.

case for merging PBHs as already discussed above. Finally, for black holes heavier than about
10~ My, a drop in the sensitivity is also caused by the fact that the duration of the signal in the
relevant bandwidth is shorter than the chosen integration time of order minute. Slightly different
values, but of comparable order are obtained within the frequency range of FLASH experiment.

For a deepened technical discussion of these findings, and a more general overview comparing
FLASH experiment with the reach of other resonant cavities, see the recent publication by some
of us [237].

4.6 GravNET: a global network of multiple cavity experiments

A key difference of HFGW detection from axion-like particle searches is rooted in the observation
that gravitational waves originating from distant sources yield a coherent signal across the Earth.
Instead of constructing a single dedicated cavity-based experiment, a global network of multiple
cavity experiments can combine their measurements coherently, significantly boosting sensitivity.
This idea was recently proposed as the GravNet proposal [238]. Tt is therefore foreseen to integrate
the FLASH haloscope as major site in the GravNet initiative. For this, the recorded signal will be
associated to GPS signals, hence allowing to a subsequent data-analysis of all cavity measurements
within GravNet. Including the FLASH haloscope into GravNet will allow to probe a completely
new parameter space of HFGW sources. It should be noted, that this does not impact the search
for axion like particles at all and will be conducted in parallel.
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5 Broadening the discovery potential

In this section we discuss how to broaden the discovery potential achievable within the FLASH
collaboration, both during the data-taking phase of FLASH and after its conclusion. In Sec. 5.1, we
discuss the case of Bulk Acoustic Wave resonators (BAW). These resonators have been proposed to
search for axion [239] and scalar [180, 240] dark matter as well as for HFGWs [241] in a frequency
range from a few hundred kHz to a few hundred MHz. The proposed experiments have much
in common with those with RF cavities and FLASH in particular: the cryogenic environment,
including the presence of a strong magnetic field; the SQUID amplifiers; the multi-mode digitization
and data acquisition; the data analysis. BAWs with modes at 100 MHz will be used in the FLASH
R&D to test and validate the amplification and acquisition chain as discussed in Sec. 10.

In Sec. 5.2 we propose possible uses of the FLASH cryostat for future experiments after the
FLASH data-taking is concluded.

5.1 Bulk Acoustic Wave Resonators

The piezoelectric effect is a property of certain materials where mechanical stress can generate an
electric charge. Conversely, these materials can deform mechanically when subjected to an electric
field. This effect is rooted in the non-centrosymmetric crystal structures of piezoelectric materials,
which lack a center of symmetry. When such a crystal is deformed, the symmetry-breaking leads
to a polarization within the material, creating an electric field and vice versa.

Key materials exhibiting piezoelectric properties include quartz, lead zirconate titanate, and
certain ceramics. These materials are widely used in sensors, actuators, and resonators because
they can efficiently convert between mechanical and electrical forms of energy.

The piezoelectric effect is utilized by Bulk Acoustic Wave (BAW) Resonators to generate and
sustain acoustic waves that propagates through the bulk of a crystal [242]. BAW resonators have
very high quality factors, meaning they can sustain oscillations for a long duration with minimal
energy loss. This property enhances the sensitivity of the device to weak interactions, making it
easier to detect low-amplitude signals that might be indicative of DM or gravitational waves.

While FLASH is highly effective for detecting axions and other weakly interacting particles in
the 10~! GHz frequency range, Quartz BAW devices offer a complementary approach for exploring
lower frequencies, particularly around the MHz range. This is crucial for accessing a different region
of the potential axion and scalar field mass spectrum and for investigating new GWs windows.

In the context of axion detection, BAW resonators operate on the principle that axion DM
can induce oscillatory forces within the crystal via the piezoazionic effect. These forces are reso-
nantly amplified when their frequency matches the resonant frequency of the BAW device. The
piezoelectric properties of the BAW material convert these mechanical vibrations into electrical
signals, which in turn will allow to impose constraints on the QCD axion parameter space [239].

For scalar fields, the interaction can cause periodic variations in the material properties of the
crystal, such as its density or elastic constants. These variations allow to constrain the scalar-EM
coupling to be |d.| < O(1) around MHz frequencies and |d.| < 10% at 100 MHz [180, 240]. Notice
that in both frequency regions, the expected bounds are significantly stronger than the existing
ones as it can be inferred from Fig. 4. In particular, in the latter frequency range overlapping with
FLASH, the bound from BAW resonator is, at least, one order of magnitude stronger (we remind
the reader that a significant loss of sensitivity is caused by the smallness of the quality factor with
respect to the TE;1; mode).

Regarding gravitational wave searches, a bulk acoustic-wave device represents a resonant
mass detector whose deformations induced by the passage of GWs could be read through the
piezoelectric effect. Some advantages are the access to a large number of sensitive modes (>100) in
a single device scattered over the wide frequency range (1-700) MHz or the possibility of scalation
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or modifications towards lower frequencies and/or better sensitivities from arrays of detectors.
The level of sensitivity of bulk acoustic-wave detectors is estimated at the level of /S, ~ 2 x
10722 Hz /2 subject to the mode geometry [243]. This level may be improved and the frequency
range extended down to hundreds of kHz range.

High-frequency GWs with single bulk acoustic-wave devices and two modes at ~ 4K have
been looked for since November 2018. Two strong rare events in the MHz band were reported
in these searches [241]. Their origin is still unclear (see e.g. [244]). Among future possibilities,
the building of an array of BAWs and multimode read-outs is being pursued by the Bulk Acoustic
Wave Sensors for a High-frequency Antenna (BAUSCIA) proposal in Milano Bicocca (MiB) and the
Multimode Acoustic Gravitational Wave Experiment (MAGE) in University of Western Australia
[245].

Further improvements could come from reaching the quantum ground state of the system
[246], counting phonons, performing quantum state tomography or quantum manipulation and
characterization of the states of a BAW resonator [247-249]. Finally, [250] recently discussed a
theoretical characterization aiming at optimizing the searches of HFGWs with phonons.

5.2  Future applications for the FLASH Instrumentation

Once the current mission of the FLASH experiment’s resonant cavity concludes, it holds potential
for re-purposing in the pursuit of novel dark matter (DM) models.

One promising direction is the investigation of millicharged DM particles, denoted as x*,
which have been the subject of various studies [251-253]. In particular, the study in Ref. [25]]
proposed to directly detecting light millicharged DM by distorting the local DM flux with time-
varying electric fields (deflecting region) and measuring the distortions with shielded resonant
detectors (detection region, FLASH cryostat instrument).

These studies can be extended improving experimental setups, dark matter models, pro-
duction mechanisms, and cosmologies. The Frascati theory group is exploring the viability of
these models using coaxial-cylindrical configurations for the deflecting electric field. This field
would separate the positive and negative millicharged fluxes, which could then be detected by an
apparatus akin to the DMRadio experiment [79], potentially offering improvements over earlier
proposals [251].

Additionally, the FLASH cryogenic apparatus could be used to search for solar and halo
axions in the higher mass window in the eV range, taking advantage of the strategy outlined in
Ref. [254]. Axions from different sources will be converted into photons by the Primakoff effect due
to the FINUDA magnetic field inside the apparatus. For a cylindrical-cryogenic structure with a
diameter of approximately 2.7 meters and a length of 2.4 metres and magnetic field of about 1.1
T, we estimate the following photon-signals from each sources, using Refs. [22, 90, 255]:

1. For solar axions, we expect about hundred of axion-converted-photon per week for g,, ~
10~10;

2. For DM halo axions, we expected one photon signal per year.

In comparison to current and forthcoming axion telescopes like CAST and TAXO, utilizing the
FINUDA magnet for an experiment would offer the benefit of complete angular coverage of the
sky at 47, which is also perfectly suited for detecting isotropic axion fluxes [256].

For the cryogenic apparatus of FLASH, the experimental instrumentation will need some
additional setups, such as mirror configurations, to focus the axion-converted photons to the axis
of the cylinder where the electronics are present.

25



FLASH CDR CSN2-FLASH-PM-QA-503-CDR

Part 11
Conceptual Project

SAFETY VALVE VACUUM ENDCAP

VACUUM PIPE g7 COOLING LINES (IN-OU FLASH

(VERY) PRELIMINARY SETUP

VACUUM CHAMBER FINUDA MAGNET

THERMAL SHIELDING

ROMA (SIDE)

RF CAVITY

VACUUM ENDCAP

Isometric view
Scale: 1:50

FRASCATI (SIDE)

SEM

@,

Cesidio.Capoccia@Inf.infnit

Figure 8: Exploded diagram of the FLASH detector (C. Capoccia - LNF).

6 RF cavity design and tuning

The goal of the FLASH experiment is to cover the range v, ~ (117 - 360) MHz by tuning its resonant
frequency that operates on the mode TMjy1¢ for the axion search. Since this wide range of tuning
frequencies cannot be covered in a single setup, two cylindrical resonant cavities of different volumes
have been considered, each with its tuning system. The larger cavity has a length of 1200 mm and
a radius of 1050mm for an inner volume Viarge = 4.15 m?> and it is expected to operate in the
frequency range ~(117 - 206) MHz during the first phase of the operation (FLASH Low Frequency
or LF). The second cavity has a length of 1200 mm and a radius of 590 mm for an inner volume
Vsmall = 1.31m? and will explore the range ~(206 - 360) MHz during the second phase (FLASH
High Frequency or HF). The two setups overlap over a few MHz. The two cavities have different
diameter and are schematically represented in Fig. 9.

The resonant cavity will be made of oxygen-free high thermal conductivity copper (OFHC),
a type of copper which may show a residual resistance ratio (RRR) that varies between 50 and
700. Assuming RRR = 50, we simulated the quality factor @ and the form factor Cpig of the
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Figure 9: Schematics of the two cavities (without tuning system) proposed to cover the frequency
range of resonant frequencies (117 - 360) MHz.

TMjy1o resonant mode of the FLASH resonant cavities with the ANSYS-HFSS code.® Simulations
predict values for the quality factor that vary from about 3.8 x 10° to 5.7 x 10°, while the form
factor varies from about 0.63 to 0.75. These results are used to determine the FLASH sensitivity
to QCD galactic DM axions and hidden photons.

The tuning system is based on the use of metallic movable rods, similarly to what has been
adopted by the ADMX collaboration [32, 33, 106, 257]. After a preliminary investigation in which
different possible configurations have been explored in terms of number of rods, dimensions and
positions, the optimized case of three rods has been selected as represented schematically in Fig. 10.
The final parameters are reported in the Table 4 for both cavities. Each rod of radius R,,q rotates
by an angle « around a center C,t, moving towards the center of the cavity on a circular trajectory
of radius R,ot. The rotation of the rod allows for the tuning of the mode TMgyig to different
frequencies. Although this is equivalent to a rigid rod translation, this latter strategy is harder to
realize for a cavity inserted in a cryogenics system.

Parameter | FLASH LF | FLASH HF ()
R cavity (mm) 1050 590
Rroq (mm) 115 60
R,ot (mm) 276 160
Clot (mm) 654 367
Lyoq (mm) 1200 1200
n. tuning rods 3 3
Frequency range (MHz) | 117 - 206 206 - 360
/1000 570 - 450 524 - 380
Form factor 0.63 - 0.73 0.64 - 0.75
BW (Hz) @ g =1 410 - 916 786 - 1895

Table 4: Main parameters of the two cavities with frequency tuning system.

Shttps://www.ansys.com/
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Figure 10: Sketch of the cavity with tuning system.

The contact between the rod and the parallel plates of the cavity must be guaranteed to avoid
a deterioration of the quality factor. In fact, a non-perfect contact increases the losses by creating
a gap that acts as a capacitor with spurious modes. Simulations show that a gap 1 mm wide leads
to a deterioration of the quality factor by less than 5%. This problem was already addressed in
Ref. [257]. The different rod-configurations we explored are schematically shown in Fig. 11.

During the preliminary assessment of the schematics, we have considered various configura-
tions consisting of one, two, or three symmetric rods, with different radii, positions, and centres of
rotation. Based on the calculation of the frequency range, the quality factor and the form factor
of the working mode in all these configurations, a configuration consisting of three rods has been
adopted. This choice, along with the size of the rods of radius Ryarge Roa = 115 mm for the larger
cavity and RgmallRoa = 60 mm for the smaller cavity, compromise between the complexity and
tunability of the system. The frequency range and the number of required frequency steps for the
two foreseen runs with the different resonant cavities are summarized in Table 5.

Table 5: Summary of frequency tuning ranges and steps.

Stage Frequency range | Number of steps
FLASH LF | (117 - 206) MHz 80600
FLASH HF | (206 - 360) MHz 69000

In Fig. 12 we show the cavity frequency as a function of the rotation angle o of the TMg;o and
of the other identified modes for the three-rods case. Here, the three rods are moving symmetrically.
The rotation angle o = 0° corresponds the rod near the cavity wall. We note that this tuning system
does not affect the mode frequencies equally, leading, for some rod positions, to an overlap between
different modes. We note, for instance, the overlap of the working mode with TE modes and with
the TEM mode generated in the the coaxial line formed by the rod (inner conductor) and the outer
cavity wall (outer conductor). These are labelled as “TEM coaxial modes” in the picture. Modes
overlap lead to a “mode mixing” that makes the detection of the mode TMy;¢ more difficult in the
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Figure 11: Sketch of the tuning rods configurations analyzed for the setup. Colors code the
magnitude of the electric field strength.

crossing region [257].

The signal from the TMy;¢ mode is extracted through a coaxial probe inserted in one of the
two end-caps of the cavity, parallel to the axis of the cavity itself, as sketched in Fig. 13. The
probe coupling 8 will be varied by changing the penetration depth of the inner conductor (Liner)-
Simulations show that a change in the penetration depth of a standard-SMA antenna by few tens
of cm the coupling 3 varies in a wide range between 0 and 2. We also verified that the TMg19 mode
is always well identifiable, in particular near the crossing region between TE-TM modes. This is
due to the fact that the probe only couples to the longitudinal electric field of the mode, which is
equal to zero for ideal TE and TEM modes and leads to a negligible coupling between the TMy1q
mode and TE modes. This test was performed by simulating the transmission coefficient between
two coaxial probes coupled to the cavity for different rods positions such that the frequency is in
the TMg109-TE211 mode-mixing region, see Fig. 14. The result was also confirmed by simulations
in a smaller frequency range. Residual mode crossings will be resolved by proper rotating the three
tuning rods or by the proper insertion of small dielectric tuning rods.

The minimum angle of rotation achievable with the FLASH tuning system must correspond
to a frequency variation on the order of the cavity bandwidth reported in the last line of Table 4.
The sensitivity of the resonant frequency to the rotation angle is shown in Fig. 15. From this
figure, we deduce that the minimum tuning angle of rotation must be less than 12 prad in the
positions range from 80 degrees to 140 degrees. This will be assured by equipping each tuner by a
vacuum compliant Hybrid Stepper-Motor (200 step/turn, 150 min~!) with a three-stage epicyclic
gear unit (1:200) and a gear couple (1:10). The total angular step will be 9=% degrees (~ 2.5 urad)
(Fig. 16). The whole turn will take around 7 min.

To achieve a more precise tuning a small cylinder of dielectric material (alumina or sapphire)
can be inserted as sketched in Fig. 17. With a cylinder of 10 mm of radius, in sapphire, we achieved
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Figure 12: Complete mode mapping in the case of cavity with larger radius (Low Frequency).
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Figure 13: Sketch of the antenna coupled to the cavity modes.

in the simulation a sensitivity of 160 Hzmm™"! that can be reduced or increased by decreasing or
increasing the diameter of the cylinder itself, or by changing its position on the cavity.

In Fig. 18 we show the quality factor and form factor of the TMy;¢p mode as a function of
frequency, where we assumed that the rods and the cavity are made of copper with a value of RRR
equal to 50 and, as a consequence, with a conductivity at 4K equal to o = 2.9 x 10%S/m [259].

The three tuning rods of the smaller cavity, used to probe the higher frequency range, have
radius equal to 60 mm. The cavity with the rods is schematically shown in the left panel of Fig. 19.
In the right panel we show the frequency of the TMy19 mode as a function of the tuner position.

The complete mode mapping is given in Fig. 20 while the quality factor and the form factor are
shown in Fig. 21.
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Figure 14: Transmission coefficient between two coaxial probes coupled to the cavity for different
tuner positions in the frequency region of the TMy19 - TE211 mode-mixing.

Finally, the sensitivity of the rod tuning-system for the small cavity is reported in Fig. 22.

6.1 Other modes relevant for axion, chameleon and HFGW searches

In order to exploit the full discovery potential of FLASH we must take into account modes higher
than the TMg1g, that couple to the dark-matter axions but also to dilatons, chameleons and
high frequency GWs (HFGW). The signal from the TMgyo9 mode can be acquired to increase
the frequency range of the axion and dark-photon search. For this mode the coupling factor is
Co20 = 0.13, about a factor 5 smaller than for the TMg;9 mode. The mode TEgq; is relevant
for chameleons searches as discussed in section 4.3. For HFGW both TE and TM modes are
relevant and simultaneous detection of the different modes may be important to increase the signal
sensitivity and to exploit the detector directionality [235]. We report frequency and quality factor
for some of these modes in Tab. 6 and 7.

Mode | Frequency (MHz) ‘ Qo factor (at 4 K)

TE11; 150.4 711 x 103
TE112 263.5 871 x 10°
TEs11 186.9 735 x 103
TEs12 285.9 817 x 10°
TEp11 214.5 1.3 x 10°

Table 6: TE Modes for the Large cavity
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Figure 15: Sensitivity of the resonant frequency and TMg19 mode bandwidth to the rotation angle.

Figure 16: Internal view of the cavity with the tuner (left) [258]; tuner assembly (right).

While the signal from the TM modes can be acquired from the same dipole antenna discussed
in the previous section, the TE modes require a different kind of antenna and/or insertion point. In
fact, also the TE modes can be acquired by means of a coaxial dipole, placed however in a different
insertion point with respect to the TM modes. In general for cylindrical cavities this region is on
the lateral surface. This type of signal extraction is called electrical coupling. Signals from TE
modes can also be extracted by magnetic coupling created by bending the inner conductor of the
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Figure 17: Dielectric tuning system for fine frequency tuning.

Mode | Frequency (MHz) | Qo factor (at 4 K)

TMp10 109.5 626 x 10°
TMo11 166.1 526 x 103
TM110 174.4 790 x 103
TMoa0 251.2 948 x 10°
TMi11 214.5 598 x 103
TMop12 272.3 752 x 103
TMi12 304.7 712 x 103
TMs19 233.7 915 x 10°
TMa1 264.9 664 x 10°
TMs1o 342.1 755 x 103

Table 7: TM Modes for the Large cavity

coaxial antenna into a loop. This antenna is placed in an area of the cavity where the magnetic
field is maximum and transversal to the surface of the loop. The coupling of the § probe will
be varied by changing the angle between the loop surface and the magnetic field, given the loop
size. Fig. 23 shows the electric field and magnetic field of TE;1; mode with an example of electric
coupling and magnetic coupling and their insertion point. A further comment is required for TE
modes. The resonant cavity will be composed by tiles, realized by cold formed commercial plates
of copper OFHC joint by rivets [258]. To minimize eddy current loops, in particular in case of a
magnet quench, we planned to insulate the longitudinal joint between tiles by NEMA G10 plates
and insulating sleeves. This will however interrupt the currents of TE-modes excitations inhibiting
it, requiring a different solution to be used.
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Figure 18: Quality (left) and Form (right) factors of the TMg19 mode as a function of frequency
for Low Frequency cavity.

7 The FLASH cryogenics

The RF cavity for FLASH must be cooled at low temperature to reach the needed sensitivity. To
do so, it will be hosted in a dedicated custom cryostat and cooled at 4.5K or 1.9K (see later)
using liquid helium (LHe). The cryostat will be composed by an external stainless steel vacuum
vessel, containing an aluminum-alloy radiation shield kept at about 70K by cold gaseous helium
(GHe) and surrounding the cavity. Both the cavity and the shield are cooled in contact with pipes
in which the helium flows.

The FLASH experiment takes advantage of the availability at LNF of two existing appara-
tuses: the DA®NE cryogenic plant [260] and the FINUDA magnet. The cryogenic plant is a liquid
helium refrigerator /liquefier, which kept cooled the KLOE and FINUDA superconducting magnets
during their runs for about twenty years. The plant is capable to be connected and cool both the
FINUDA magnet and the FLASH cryostat at the same time.

The general layout of the FLASH cryogenics is shown in Fig. 24. The cryogenic plant, a
LINDE TCF50 refrigerator/liquefier, is composed by a Cold Box, in which the gas is cooled down
both in supercritical state, (SHe) at 5.2K/3bar, and in gaseus state at 70 K/5bar, and a Valve
Box, where the cold helium coming from the Cold Box is distributed to the users. Cold and Valve
Boxes are connected via a transfer line (in red in the figure).

The Valve Box has two main send/return connections for the users, formerly used for KLOE
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Complete mode mapping in the case of cavity with smaller radius (High Frequency).

and FINUDA. The FLASH cryostat (blue square in the figure) will be connected to the Valve Box
in place to the ex-KLOE line.

7.1 The cryogenic plant

The cryogenic plant is based on a LINDE TCF 50 Cold Box and a KAESER ESD442 compressor.
As said, the refrigerator can provide both SHe at 5.2 K and GHe at about 70K, the latter for the
radiation shields cooling. Both cryogens are then sent in the Valve Box, where they are split to the
users. The Helium liquefaction is carried out directly over the users, in dedicated service turrets
equipped with a J-T valve and a buffer volume, for the liquid storage.
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Figure 21: Quality (left) and form (right) factors as a function of frequency.
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Figure 22: Sensitivity of the tuning system for the cavity with smaller radius.
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Figure 23: Electric field (left) and magnetic field (right) of TE;;; mode with a sketch of the
insertion points for the two different types of coupling.

The cooling capacity of the plant is as following:
e liquefaction rate = 1.14 g/s;
e Refrigeration capacity at 4.45 K/1.22 bar = 99 W;
e Shield cooling capacity below 80 K = 800 W.

7.2 The FINUDA superconducting magnet

The FINUDA Magnet [103] is an iron shielded superconducting solenoid coil, made by Ansaldo
Energia (Italy). The coil is cooled with thermo-siphoning method, and its service turret has a
buffer reservoir of about 25 liters. The magnet works in continuous cooling at the temperature
of 4.5 K. Its nominal magnetic field is 1.1 T with a current of 2796 A and the stored energy is
10.34 MJ. The magnet bore dimensions consist of a length of 2.4 m and a diameter of 2.7m. It has
operated until 2007 for the FINUDA (FlIsica NUcleare at DA®NE) experiment at INFN-LNF. 7 In
Jan 2024, after a 17-years stop, the magnet was reconnected to the cryogenic plant and successfully
cooled at 4.4 K and energized at 2700A for one day, using its original cryogenic control system,
still in good condition and operating.

For the future, we plan to do a complete refurbishment of the diagnostic hardware and valves
control, as well as of the quench detector electronics, as they are very outdated.

The control and monitoring system for the FINUDA magnet must allow for the safe activation of the
magnet itself and the reading of all parameters. The previous system consisted of a series of both

"http://www.Inf.infn.it /esperimenti/finuda/
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Figure 24: General layout of the FLASH cryogenics

analog and digital elements that enabled its proper functioning. The hardware of the old system,
dating back many years, is now obsolete, and some components are out of production. Therefore,
it is necessary to design a new system based on more modern technologies. The new system will
need to acquire all the temperature and pressure sensors present on the magnet and the pipes of
the cryogenic system, read the vacuum status, and read and control the helium transport valves.
Additionally, some of these valves will need to be able to manage their opening autonomously based
on temperature or pressure values. The magnet power supply will also need to be controlled. The
system is planned to be developed using the National Instruments CompactRIO system. The use
of this system allows for a real-time processor along with an FPGA system. In this way, we will
have the real-time system dedicated to acquiring all slow values, controlling the magnet power
supply, and the possibility of creating a server for remote system control, while the necessary PID
controllers for the automatic control of the valves will be implemented on the FPGA system.

7.3 The FLASH cryostat

In the base configuration, the FLASH cryostat must keep the RF cavity cold. Two options are
under investigation regarding the cavity operating temperature: either using LHe temperature
(4.5 K/1.3 bar) or Superfluid He (1.9 K). The general layout of the cryostat is similar in both cases,
apart from the turret, which in the first case will host a J-T valve for the last liquid expansion at
1.3 bar, while to get the superfluid Helium a cryogenic pump is needed. Both option are under study
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to understand their feasibility. The colder temperature is preferred for the important reduction of
the thermal noise, but we have to understand the feasibility of this operating condition in parallel
with the 4.5 K FINUDA magnet cooling and also the complication on the FLASH cryostat cold
pipes fabrication, mainly to avoid leaks. During the TDR phase we will investigate the feasibility
of cooling down the cavity to 1.9 K.

The cryostat must withstand several requirements:

e it should match the available space inside the FINUDA magnet bore, and should be provided
by all the mechanical tools for its insertion on the bore.

e it should be supported either by the magnet itself or by the ground, using suitable legs,

e it should be supplied by the cryogenic plant, so it must be equipped with a cryogenic service
turret,

e it should contain a 300 mK small-size refrigerator for the low-T amplification device. The
need for this last point must be verified during the TDR, phase.

Most of the general considerations made for the KLASH cryostat [258] are still valid for FLASH.

7.4 SQUID cooling at 300 mK

In order to minimize the thermal noise generated on the SQUID, we may need to lower its temper-
ature using a compact-size *He evaporation refrigerator, capable to cool it down to about 300 mK.
In fact, the added noise of the SQUID increases linearly for a bath temperature up to a few hundred
mK, flattening out afterwards. Therefore, the choice for a 300 mK cooling stage will be decided
after the noise saturation value will be measured during the TDR phase.

This kind of refrigerator is commercially available,® and can be conveniently inserted inside
the FLASH cryostat. It is actually a two-stage refrigerator, where a first stage is a *He refrigerator,
used to pre-cool at about 1K and allows the condensation of the the *He present in the second
stage. In this way temperatures close to 300 mK can be reached, depending on the thermal input
from the SQUID.

The refrigerator requires some dedicated space inside the FLASH cryostat, as the SQUID
must be placed in the proximity of the cavity antenna.

8 Signal acquisition

8.1 Cryogenic Amplifiers

A Superconducting QUantum Interference Device (SQUID) is used as a sensitive magnetic flux
detector in a variety of applications. It is also used as a low-noise, low-power-dissipation RF and
microwave amplifier [261]. At ultracryogenic temperatures, the noise scales with the temperature
down to 200 - 300 mK. However, at lower temperatures, the Joule heating of the electrons gas due
to the bias current causes the noise to deviate from the linear behavior and saturate [262]. This is
due to the fact that the coupling between the electrons in the Josephson junction shunt-resistors
R (see Fig. 25) and the phonouns is very weak.

Nevertheless, at frequencies below 1 GHz, this noise is an order of magnitude lower than
the state-of-the-art semiconductor based amplifiers operating at low temperature. Commercially
available two-stages dc-SQUID operating at 100 mK demonstrate an energy resolution of 30A,
a factor 30 above the quantum limit, in the radio frequency band. The use of de-SQUID has

8https: //www.chasecryogenics.com
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been demonstrated in a flux-locked loop scheme [263], in which the coil is directly inserted in the
resonant cavity to pick-up the magnetic field, up to 130 MHz. The operating frequencies of FLASH
are slightly higher (from about 117 MHz to about 360 MHz). In addition, micro-vibrations of the
apparatus in the presence of an high static field in the cavity, could induce spurious signals in the
dc-SQUID. For this reason, a different detection scheme will be used.

A possible solution is the one used by ADMX [36] in which a Microstrip SQUID Amplifier
(MSA) [107, 108] is used as first amplifier and a cryogenic heterojunction field-effect transistor
(HFET) amplifier is in the 4 K region. The MSA is an effective solution of the problem, allowing
to operate with a gain depending on the frequency that is related to the microstrip length, while
the bandwidth is defined by the microstrip impedance.

For an operation frequency below 2 GHz, gains are over 20dB, see Fig. 26 from Ref. [264].
To cover completely the frequency band required by FLASH a varactor diode connected to the
input coil can be used. The capacitance is adjusted by changing the reverse bias resulting in an
"effective” variation of the microstrip length. In Fig. 27, taken from Ref. [265], the gain is shown
as a function of frequency for nine different values of the reverse bias applied to the varactor diode.

The noise temperature T,, of an MSA scales linearly with the operation frequency and the
bath temperature [266], saturating at temperatures of a few hundred mK. In Ref. [265] a noise
temperature of 170 mK was observed with a bath temperature of 300 mK and an operation fre-
quency of 520 MHz. We scale this value to the FLASH frequencies (ranging from a minimum of
117 MHz for the large cavity, to a maximum of 360 MHz for the small cavity) obtaining a noise
temperature ranging from 38 mK to 118 mK (about a factor 7 with respect to the quantum limit
in both cases).

Both dc-SQUID and MSA are sensitive to magnetic field, mechanical vibrations and pick up
noise. Adequate shielding must be used in order to decrease the static magnetic field in the cavity
by 6 or 7 order of magnitude. We studied several possible scheme to shield the SQUID and to
guarantee the correct thermalization. A passive approach makes use of both high-permeability
and superconducting material to screen effectively both the axial and the radial magnetic field
component in a semi-infinite tube [267]. An alternative solution is based on the use of a super-
conducting magnet in a persistent condition (for example NbTi) cooled in a zero field condition
(ZFC). The last solution foresee the use of an active shielding using Helmholtz coils to generate an
opposite magnetic field in the region where the SQUID is present. A magnetic filed sensor provides
a negative feedback to drive the current in the cancelling coils. All these solutions were detailed
in the conceptual design report of the KLASH experiment [258].
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Figure 26: Gain vs frequency for MSA amplifiers. For each curve the length of the microstrip
resonator is indicated. Figure from Ref. [264].

8.2 Room temperature amplification and data acquisition

Thanks to the high gain in the cold section of the amplification chain (> 35 dB), the room
temperature amplification is not particularly demanding from the noise point of view. After a radio
frequency (RF) amplification stage based on commercial low-noise components an intermediate
frequency (IF) stage and a audio frequency (AF) mixer stage are foreseen. A power gain of
between 30 dB and 60 dB may be required, and two amplification stages may be necessary, in order
to match the dynamic range of the following stages.

An equivalent noise temperature up to 150K is acceptable for the RF amplifier(s). If the
power gain of the previous stages is higher than 35dB, then the contribution of the first RF
amplifier to the system noise temperature is lower than 0.05 K and can be considered negligible.
Low noise RF commercial amplifiers with a bandwidth of 500 MHz are adequate for this purpose;
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Figure 27: MSA gain vs frequency for different values of bias voltage applied to the varactor diode.
Figure from Ref. [265].

for example, the aptmp3-00200005-1627-D9-IN-2 by AmpliTech, Inc. or the CITLF3 by Cosmic
Microwave Technology, Inc., although an R&D phase is still needed. The output of the RF stage
feeds the IF stage organized with the AF stage in a double heterodyne receiver. A mixer, such
as the IRM10-1000 by Sirius Microwave, with an insertion loss of 7dB and an image rejection
better than 25 dB is the first component of this stage. This mixer shifts the RF signal power from
the tunable resonant frequencies of the cavity to a fixed intermediate frequency of 10.7 MHz while
rejecting image noise power. This image rejection is necessary to avoid mixing off-band RF power
into the IF bandwidth, and the chosen value of the intermediate frequency is compatible with
commercial devices.

The noise outside the signal bandwidth is reduced using a high selective bandpass filter with
a bandwidth around few tens of kHz, compatible with the resonant cavity quality factor. In the AF
stage the signal coming from the bandpass filter, after a further amplification stage to increase the
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signal to noise ratio, is down-converted to a near audio frequency band with a central frequency
of 30kHz. The reference oscillator is obtained with a low phase noise frequency synthesizer with
high frequency stability such the N5171 by Keysight. A commercial fast Fourier transform (FFT)
spectrum analyser with a resolution bandwidth of hundreds hertz is used to acquire the power
spectrum of the final AF mixer.

9 Data Analysis

9.1 Axions

The signal of axion conversion in haloscopes is detected as an excess in the the measured power
spectrum. The analysis procedure relies in the acquisition of data by scanning the resonant fre-
quency with a series of steps that cover a range of possible axion masses. For each value of the
frequency scan, the power from axion-to-photon conversion is determined from the data, together
with the measurement of experimental parameters that influence the power spectrum.

The expected power produced by the axion-to-photon conversion is very small. Applying
Eq. (11) to the FLASH experiment, the expected power released in the cavity is on the order of
Py ~ 10722 W. The analysis procedure must be designed to identify such a small signal in the
presence of significant thermal and amplification-chain noise. A large number of power spectra
must be collected for each resonant frequency and combined after subtracting the background
contribution using a model of the acquisition chain. Ancillary data will be collected to measure
the stability of the system and to characterize the noise components, with the help of a simulation
model of the acquisition chain.

The data collection strategy for FLASH is based on the use of two cavities. Three metallic
and one dielectric rods are used to tune the resonant frequency of the TMy1¢ mode in both cavities.
To speed up the scanning rate the antenna will be over-coupled with coupling 8 = 2. For each
position of the tuning rods the antenna, gain and coupling will be measured and optimized, the
resonance frequency and the quality factor of the cavity determined and finally a given number
of power spectra acquired. After these measurements the procedure will be repeated with a new
value for the resonant frequency obtained by changing the position of the rods.

The importance of measuring the unloaded quality factor @y and coupling 3 for the T My1g
mode of the cavity is paramount for determining the expected power of the axions-conversion
signal and its relation to the background noise. The @)y depends on the geometry of the cavity,
requiring it to be measured after each step of the tuning process. To ensure accuracy and stability
of the Qp, which may be affected by mechanical rods stability and the electrical contact between
rods and cavity walls, the measurement will be performed before and after each tuning step. A
Vector Network Analyser (VNA) will be used to generate an RF sweep around the resonance
frequency injected through a first ancillary RF line into the cavity through a weakly coupled
calibration port. The @)y value will be deduced from the analysis of the transmission and reflection
response. The latter will be measured by a signal sent, from a second ancillary RF line, into the
readout port through a directional coupler with coupling less than —10 dB. Gain calibration will
be possible by combining the transmission coefficients between the ancillary and output lines [66]
or by connecting with a switch a 50€) resistor to the amplifier, and varying its temperature with
a heater. Additionally, the stability of the gain of the amplifiers can be checked by injecting a
small known signal into the input port of the amplification chain. The measurement of the noise
induced by room temperature electronics is less critical. One way to examine the external noise
is to detach the cryogenic amplifier from the data collection system and attach it to a suitable
termination resistor. The excess power detected in the acquired spectrum is a result of external
interference. The speed at which this test can be performed depends on whether noise measurement
is possible while the rod is in motion, the presence of external noise on the apparatus (which should
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be minimized in any case), and the analysis procedure.

Since the whole data acquisition will last for a rather long time (order of few years) it is im-
portant to guarantee periodically the stability of the reference clock with respect to an independent
clock lock based on GPS. All the others working parameters (temperatures, pressures, magnetic
field, etc.) are constantly measured and added to the data acquired.

We recall the integration time expressed in Eq. (2). As stated in Sec. 3.4, to have the
sensitivity required for the measurement an integration time of 5 minutes for each frequency step
with the large cavity and 10 minutes for the small cavity is foreseen. According to the number of
frequency steps shown in Table 5 for each cavity, this defines the total running time of about two
years of data taking. As described before, the power spectrum acquisition is done at the end of the
AF stage with a commercial high-speed FFT. Assuming an analysis spectrum of 5 cavity widths,
about 5kHz, each spectrum will be subdivided in 500 bins of 10 Hz each, a factor 10 less than
the virialized-axion width. With a typical acquisition time of 10 ms per power spectrum, about
30000 spectra for the large cavity and 60000 spectra for the small cavity, will be acquired for each
frequency step. The average of these spectra, for each step, will define the “base spectrum” for
the considered frequency.

Starting from the base spectra several steps are applied before the extraction of the final
confidence limit as a function of the axion mass:

e definition of bad samples and problematic bins

e normalization of the spectra

e combination of spectra of residuals centered at different frequencies

e test of the null hypothesis

e re-scan of frequency regions that fail the null-hypothesis test

e determination of the exclusion limit for frequency range that pass the null hypothesis test

The acquired spectra may be rejected for a variety of reasons, including fluctuations in reso-
nance frequency, temperature changes, anomalous gain in amplifiers, and transient problems. The
experiment slow-control system will be used for detecting and fixing long-standing issues, but will
not guarantee that all data will be unaffected by temporary issues. Local and temporary issues
such as electromagnetic interference may also lead to some bins of an acquired spectrum being
affected. For all these reasons, it will be important to define a strategy to identify and mitigate
the contribution of these effects.

A standard approach to extract power spectrum residuals is to use a digital Savitzky-Golay
(SG) filter. This filter is a polynomial generalization of a moving average which utilizes two
parameters, W and d. It works by fitting a least-squares d-degree polynomial in a W-wide window
for each value, x0, of the spectrum. This method is equivalent to a filter with a flat passband and
mediocre stop-band attenuation [268]. This works only if the cavity width is much larger than the
intrinsic axion width, while for FLASH frequencies we expect large cavity quality-factors, about
5x10%. We will instead follow the approach described in Ref. [67]. The power spectrum will be first
described only by a ratio of first order polynomials or by means of a cavity equivalent-circuit. A
null-hypothesis test will be performed at this stage on the x? of the fit. Runs failing this test will be
subject to rescan to collect more statistics at specific frequencies, otherwise the fit residuals will be
calculated. Given the short duration of data-taking run at different frequencies, 5 or 10 minutes, we
do not expect large variations in the operational parameters during the run. The grand spectrum
will be built by statistically combining the residuals from different runs in larger frequency-bins of
about 100 Hz, corresponding to a virialized axion-width. Frequency bins with fluctuations above
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30 will be subject to re-scan. This corresponds to an expected fraction of the frequency bins of
about 0.135% or to a 6% re-scan probability of the run. In case the null-hypothesis test is passed,
an upper limit will be calculated. The power spectrum will be now described as the sum of our
cavity model and the axion signal, described by the standard halo model for dark matter. The
coupling gqy~(mq) will be determined by a fit to each power spectrum for different of values of
the axion mass m,. The couplings from different spectra fits are combined statistically according
to the errors determined from the minimization procedure. Contrary to the S-G method, this fit
procedure guarantees an efficiency close to one for the signal extraction.

The large amount of spectra needed to detect a fluctuation larger than the baseline at a
specific confidence level necessitates the development of a strategy for data storage and processing.
About 150000 frequency steps are foreseen to cover the whole frequency range accessible to FLASH.
In each step an average of 45000 spectra will be collected, resulting in a total of about 10'° single
spectra. The size of a single spectrum is determined by the digitizer. For a spectrum of 5kHz
total width a digitization factor of 10 is necessary in order to identify axions conversion structures.
Based on this, a single spectrum would consist of 8 kb assuming that the ADC is 16 bits. The
total amount of data will be more than 10 TB. In addition, for each step, ancillary data will be
collected. For the FFT calculation there are several solutions available beside a commercial one.
One alternative is using a fast dedicated digitizer, as it would provide more information on the
spectrum and enable FFT and filters to be applied at software level. An online pre-processing
during data acquisition, utilizing the RAM of the computer as a temporary buffer, will compute,
the average of the single spectra to obtain the baseline spectrum, needed to trigger the re-scan
procedure, and it will include other steps of the proposed analysis, such as an algorithm for
identifying problematic bins. If the time required to transition between two steps of the procedure
is enough to accommodate the online processing, then this should be feasible. If this is not the
case, the process can be parallelized so that the processing of step N-1 can be completed while
data is acquired for step N. For more complex processing, such as a Fourier Transform in software,
the use of a Graphics Processing Unit (GPU) may be beneficial in order to enable fast, real-time
processing without putting back pressure on the digitizer. Another option is to use an FPGA for
digitization and online FFT calculation.

9.2 High-frequency gravitational waves

Signals emerging from the conversion of GWs from compact mergers and other coherent sources are
expected to have a limited duration in a resonant mode, which means that the integration time for
the signal in a resonant mode could not be increased above 7, as defined in Sec. 4.5. Simultaneous
data acquisition from different solenoidal normal modes of the cavity, with independent antennas
and amplification circuits, would be of great importance for GW detection.

Due to the spin-2 nature of GWs, different normal modes of the cavity have different couplings
to the direction of the incoming wave [235], so that multiple normal modes are required to improve
the directional sensitivity pattern of the detector, while also allowing some constraints on the
location of the source in the sky even with a single cavity °. Most importantly, collecting data
from multiple normal modes with different frequencies would also help improving the sensitivity
and reach of the detector.

In fact, suppose the contribution to the power spectrum of the signal in different normal modes
to be about equal and the thermal noise in different amplification circuits to be uncorrelated. Under
these premises, the SNR of the detector is expected to scale at least as ~ /M where M is the
number of measured modes that effectively couple with the gravitational wave signal. In realistic
situations, mode mixing and lower coupling of some modes, especially ones of higher frequencies,

9Particularly interesting for directionality would be the use of a cubic cavity [269)
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might dampen this scaling. In principle, for signals with N¢y. 2 1 a study in terms of Fourier
spectrum, wavelets or time series could be implemented (44). A jump in sensitivity of several
orders of magnitude will require to exploit the correlations of signals from many modes or cavities,
as discussed in Ref. [99] and [270]. The correlations would have to be compared with a model
and the likelihood maximized in order to estimate the physical parameters of the source. For
related in-depth discussions see Refs. [219, 271, 272]. Note, that the GWs from mergers can couple
with different normal modes at different times as the frequency evolves, which means that time
discrepancies should be taken into account when exploiting the correlations for sufficiently long
signals. The time between the detectable signals in the bandwidth of two different normal modes
with 4 < v could be estimated as [219]

5 8 8
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where M, is the chirp mass. The correlation method could also be applied to the search for
stochastic signals, although the expected characteristic strain from a predicted stochastic GWs
background would be orders of magnitude lower than the sensitivity of FLASH.

The small power of the induced signal in the cavity and the resulting low SNR make the
noise modeling and auxiliary data collection for detector monitoring extremely valuable for either
a time series or spectrum analysis or in the correlations method. Multiplexing of more cavities or
correlations with other independent detectors could also be implemented in the future to improve
both SNR and source localization.
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Part I1I
Project Organization

10 Technology Readiness Level

Table 8: R&D forseen during the FLASH-TDR phase.

R&D Description Initial TRL | Final TRL
RF Cavity 500 MHz cavity prototype TRL4 TRL7
Superconductive Cavity Feasibility of a FLASH SC cavity TRL4 TRL5
SQUID Amplifier MSA at 2 and 4 K and B field TRL6 TRL9
SQUID Amplifier Signal Multiplexing TRL3 TRL7
DAQ Test of the full amplification and DAQ chain TRL4 TRL9
Computing Validation of the Cloud Computing model TRL7 TRL9

A series of studies will be necessary to bring the technologies described in the previous sections
to the level of maturity needed by the experiment. These R&D’s are listed in Tab. 8 together with
their starting and final TRL '°, and described in the following sections.

10.1 RF Cavity

A scaled prototype of the FLASH cavity is a device that reproduces the geometry and the mechan-
ical system (junction, tuning, probe position) of the cavity in a reduced scale. All main dimensions
will be reduced by a factor 5 and the frequency of the operating TM0101 mode and of all other
mode will increase by the same factor 5 to about 500 MHz. The prototype will allow to:

e Verify, in scale, the mechanical system including the tuning system and mechanics;
e Check the frequency of the working mode and its quality factor

e Check the range of tunability and the quality factor of the working mode as a function of
the tuning position;

e Check eventual cross talk with other modes and degeneration as a function of the tuning
position;

e Perform cooling down measurements verifying the working mode quality factor improvement
and tunability;

e Verify the RF contact quality at room temperature and at low temperature;

e Verify the antenna coupling to the target modes

10TRLI - basic principles observed; TRL2 - technology concept formulated; TRL3 - experimental
proof of concept; TRIL4 - technology validated in lab; TRL5 - technology validated in relevant
environment (industrially relevant environment in the case of key enabling technologies); TRL6 -
technology demonstrated in relevant environment (industrially relevant environment in the case of
key enabling technologies); TRL7 - system prototype demonstration in operational environment;
TRLS - system complete and qualified; TRL9 - actual system proven in operational environment
(competitive manufacturing in the case of key enabling technologies; or in space).
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e Investigate the impact of mechanical vibrations on frequency stability

The cavity prototype will be fabricated in OFHC copper at the University of Bonn and tested in
a LHe cryostat at LNF.

The feasibility of using superconducting cavities will be studied in synergy with the INFN
project SAMARA /SuperMAD in CSN5. In particular, within the SAMARA project a small 7 GHz
Cu cavity was sputtered with NbTi showing a quality factor of about 1 x 10® at 4 K in a 1 T mag-
netic field [125], corresponding to a surface resistance Ry = 0.3mf2 that is expected to decrease by
more than one order of magnitude at a frequency around 100 MHz since R, ~ w? for superconduc-
tors [273]. With a cryostat temperature at 1.9 K, assuming a conservative unloaded quality factor
Qo = 2 x 10% and increasing the coupling to the cavity to 8 = 3 to keep the loaded quality factor
Q1 ~ 500,000, the sensitivity to the axion-photon coupling would reach G, ~ 4 X 1077 Gev !
at 110 MHz well below the DFSZ level.

10.2  Microstrip SQUID Amplifier

The MSA amplifiers discussed in Sec. 8.1 are commercially available (from ezSQUID, http://www.ez-
squid.de/Company.htm) and have been successfully used in the past in the axion experiment
ADMX [34]. During this development, MSA amplifiers will be operated and characterized in
an operational environment as close as possible to the FLASH one. The study will be finalized to:

e Measure Gain and bandwidth for both narrow and large bandwidth amplifiers.
e Measure noise as a function of bath temperature.

e Verify that MSA Squid can cover the range of frequencies of interest. Determine if more
MSA squids are needed to cover the full range. Understand if MSA squid can be used in
parallel for signal multiplexing.

e Optimize the squid matching to the resonant cavity
e Test of the shielding of the squid in a 1.1 T magnetic field
Important outputs of this study will be:
e Understanding if the the MSA must be cooled to 300 mK or kept at cryostat temperature

e Understanding how far from the cavity the MSA must be located and the degree of B-shielding
needed

e Understanding if any matching circuit is needed to couple the MSA to the cavity
10.2.1 Measure Gain and bandwidth for both narrow and large bandwidth amplifiers; Tunability
- TIFPA/Trento

Gain, noise, bandwidth and tunability of different types of MSA will be measured first by the
TIFPA /Trento team that has long experience in SQUID devices. The amplifier stability will be
investigated when coupled to a high Q resonator, and cold damping network considered for its
stabilization [274].
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10.2.2 Test of a shielded squid in a 1.1 T magnetic field - UniCam

The UniCam group will do the tests in magnetic field. First, a shield made by different layers of
cryogenic high permeability metal, such as CryoPhi, and superconductig material will be designed
by consulting the companies that sell these products and purchased. The shielded MSA will
then be tested at the University of Camerino in a cryostat reaching 1.5 K and equipped with
superconducting magnets generating a tunable magnetic field up to 12 T.

10.2.3 Multiplexing of signal from a single antenna to multiple SQUID; Optimization of squid
matching to the resonant cavity; Calibration source - Pisa

The standard data acquisition process of the experiment relies on the detection of the primary
TMO010 mode for the identification of photons originating from axion conversion. However, it has
been observed that for the detection of high-frequency gravitational waves or for other research
(such as investigating chameleons), a portion of the information is included within other resonant
modes. A critical component for acquiring multiple resonant modes while limiting the number of
antennas, thereby avoiding a reduction in signal power within the cavity, is the capability to read a
multiplexed signal from the same antenna coupled to the cavity through various narrowband MSA
amplifiers. Naturally, the coupling coefficient to different modes for a single antenna optimized
for the axion mode will vary, but the optimal geometry and impedance matching between the
SQUIDs will be a subject of R&D. Alternatively, the use of a broadband MSA could be considered
to simultaneously acquire multiple resonant modes, although it will be necessary to evaluate the
noise introduced by this solution.

The Pisa unit will focus on studying the optimal solution for acquiring multiple frequencies
without affecting the low-noise reading of the primary mode for axion research. A possible solution
is to use multiple MSA amplifiers resonating at different frequencies, in parallel. Something similar
has been done for JPA amplifiers for axion searches [275].

In addition, the Pisa unit will define a calibration procedure based on both external sources
capable of injecting the required signals into the cavity and broadband/thermal sources (e.g.,
calibrated black bodies) that directly produce calibrated signals reaching the amplifier. A full test
of the calibration, amplification and acquisition of the signal, including multimode acquisition, will
be done, at cryogenic temperatures, using a BAW resonators with modes above 100 MHz. This
will also allow evaluating the effect of poor thermalizations and reflections on the resonator, as
well as the stability of the amplifier and the multiplexing of different modes.

10.3 DAQ

Both commercial solutions (such as commercial fast FFT or a commercial digitizer) and custom
made solution based on RFSoc FPGA with high-end digitizer on board, will be considered. This
task will be done in synergy with INFN project QubIT/Quartet and QUAXQLNF and the MiB
project BAUSCIA.

10.4 Computing model

A computing model analogous to the one foreseen for FLASH is now under testing and develop-
ment at LNF for the QUAX experiment and it will be ready before the start of the experiment.
In the following we give a brief description of it. From the DAQ setup to the Cloud infrastructure
the data flow will be quite linear. First of all, data will be directly stored in local disk space (2TB
HDD). Then data will be sent to the INFN-Cloud block storage service. Metadata will be collected
in a MariaDB DataBase cloud service. Data and metadata will be sent from the local storage to
a long term storage solution, the TAPE. These data management operations will be managed via
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RUCIO software.

Metadata present inside the MariaDB will be showed and monitored via the Grafana web service.
This application will send alert and warnings if some of the parameters do not correspond to the
expected configuration. Data will be exposed over the private FLASH Cloud network via a Net-
work File System (NFS) service. This scenario will allow users to analyse data directly from a
Jupyter notebook (with its own web interface) configured with the necessary packages (ROOT,
python, useful libraries..) deployed in the Cloud.

Furthermore, in order to reconstruct data an HTCondor service accessible via Jupyter notebook
will be deployed, together as a Kafka service to perform event streaming and a sentinel process to
execute data reconstruction.

All the Cloud services will be deployed through Docker containerization, which allow flexibility,
scalability and reliability. On the other hand, due to this implementation method, to manage all
the container a Kubernetes cluster will be necessary.

Furthermore, documentation web pages will be created to share experiment documentation from
both the point of view of algorithms (GitHub) and meeting notes, updates, “how to” and others
general information (INFN Confluence).

With a sampling rate of ~10 kSample/s, a 4 s sample length, and two 16 bits words for quadra-
tures I and @, a single file size of about 160 kB is expected per acquired mode. Considering a
data acquisition period of ~6 months/year, this means a throughput of about ~0.5 TB/year per
acquired mode and 5 TB/year assuming 10 modes.

11 Safety and Radioprotection

11.1 Functional requirements

Experience in the construction and operation of the FINUDA experiment shows that residual risks
and safety issues related to the operation of the detector are limited. In accordance with experience,
the main objective of the FLASH Collaboration is to ensure that all operations are carried out
in accordance with regulatory requirements and safety and environmental regulations designed to
ensure the health of personnel, respect for the environment, and the integrity and preservation of
equipment. To accomplish this goal, we must ensure our ES&H program identifies, addresses, and
manages safety, environmental hazards during the design, construction, assembly, commissioning,
and operation of the FLASH experiment.

11.2 Risk Analysis

In accordance with best practices in the field of prevention with the TDR we will provide a
development of a Risk Analysis (RA) that considers the Health, Safety, and Environmental risks
associated with FLASH Experiment. From this risk analysis, the following will be highlighted: —
Identification and analysis of incident risks and/or undesired events (Top Events) and prevention
methods using internationally recognized Industrial Risk Assessment standards (HazOp, FMEA,
Fault Tree Analysis, Event Tree Analysis) through the following steps:

e Detailed description of possible incident scenarios and their likelihood of occurrence
e Evaluation of the extent and severity of the consequences of any identified incidents
e Historical review of FINUDA technical parameters, considering lessons learned

e Description of technical parameters and equipment used to ensure facility safety
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— Assessment of environmental risks (if any)
— ElectroMagnetic Fields (EMF) Exposure
— Provisions needed for Pressure Equipment:

e PED Directive 2014/68/EU, (Legislative Decree No. 26/2016), while commissioning and
operation of pressure equipment must comply with DM 329/2004.

e Transportable pressure equipment (if any) must comply with the TPED Directive 2010/35/EU
(Legislative Decree No. 78/2012).

— Any requirements related to fire prevention

11.3  Decommissioning, Assembly & Commissioning

The disassembly operations will be mirror images of those performed during the construction of
the detector, using, where necessary, the same tools used at the time, which have been kept at
the LNF (see FINUDA Technical Report LNF-95/024 (IR), in particular Sections 3 and 9). For
operations of decommissioning (FINUDA), assembly and at the commissioning of the detector in
its various phases the Consolidated Occupational Health and Safety Act Legislative Decree No. 81
of April 9, 2008 (as amended), must be applied. If necessary, the obligations under Title IV for
temporary and mobile construction sites will be applied.

11.4 Technical Compliance

An assessment of the regulatory compliance of FINUDA’s existing facilities with current legislative
requirements will be conducted. In particular, the adequacy and updating of existing facilities,
installations, and experimental devices will be checked for worker health and safety and experiment
safety. Where necessary, systems will be upgraded.

11.5 Waste Management

The management of waste materials from the decommissioning of FINUDA and the construction of
the FLASH detector will take place in accordance with current regulations (Consolidated Environ-
mental Act (Legislative Decree 152/2006 as amended) in particular ” Parte IV: Norme in materia
di Gestione dei Rifiuti e bonifica dei siti inquinate”. Emphasis will be given to management that
considers the waste hierarchy, that is, the set of priorities for the efficient use of resources. Waste
prevention and reuse are the preferred options, followed by recycling (including composting) and
energy recovery, while landfilling of waste should be the last option.

11.6 Radioprotection

LNF in accordance with the Regulations, Legislative Decree 101/2020 (implementing 2013/59/Eu-
ratom in Italy), have appointed a Radiation Protection Expert (EQ) to assess individual activities.
For the FLASH experiment, there are no risks related to Radiation Protection.

12 Management

The FLASH-TDR project is organized in 7 work packages (WP) (Fig. 28 and Tab. 9). As dis-
cussed in Sec. 10, none of the WP’s requires the development of new technologies, but rather the
engineering of existing ones.

The objective of WP1 ‘Physics Reach’ is the theoretical computations and the exploration of
new physics theories to maximize the potential of the FLASH experiment and its future extensions.
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Year 2024 2025 2026
TDR Section on Physics

WP1 - Physics Reach Modes & Frequencies Reach
'WP2 - Mechanical Envelope volume for RF Define MSAPositionin | Prototype Mechanical TDR sectionon
Design and Cryogenics cavity Cryostat and Probe Design Cryostat Design ical Design

Fabrication of Cavity | Cryogenic Test of Cavity TDR Section on RF
\WP3 - RF Cavity Cavity RF Design Prototype RF Design Prototype Protoype Cavity
\WP4 - Amplification and Gainand Noise Test of Shieldingin Multiplexing Prototype [Full Chain Test with BAW | TDR Section on
Acquisition Characterization of MSA| Magnetic Field DAQ Circuit resonator Amplification & DAQ
WP5 - Data Analysis and Computing Cloud Model | TDR Section on Analysis
Computing validated &Computing
'WP6 - Decommissioning Tools for FINUDA TDR Sectionon
& Commissioning Decommissioning Decommissioning &
\WP7 - Periodic Meeting Periodic Meeting Periodic Meeting Periodic Meeting Periodic Meeting TDR writing Technical Design Report

Figure 28: Gantt for the FLASH-TDR preparation.

It sees the participation of several theorists from different institutes (INFN, Pisa University, [IFAE-
ICREA, TDLI Shangai and University of Saragoza) experts in the field of ALPS and HFGW.
They will model the signals, define the modes and frequencies of interest and provide the formula
to correctly compute the coupling factors and the sensitivities.

The objective of WP2 ‘Mechanical Design and Cryogenics’ is the design of the FLASH cryo-
stat together with all its components. This will be done by INFN engineers in collaboration with
the LNF Service of Mechanical Engineering of the Research Division and with the consultancy of
the Cryogenic Group of the Engineering and Mechanical Support Section at CERN.

The objective of WP3 ‘RF Cavity’ is the RF design of the FLASH resonant cavity together
with all its components. This will require simulation studies done by LNF, the Universitat de
Valencia (UV) and the Universidad Politécnica de Cartagena (UPCT), the fabrication of a 500
MHz cavity prototype, done at the University of Bonn, and the final test in LHe, done at LNF.

The objective of WP4 ‘Signal Amplification and Acquisition’ is to characterize SMA amplifiers
in terms of gain, bandwidth and noise down to temperatures of the order of 300 mK and then
operate them in conditions similar to those in FLASH as far as concerns operating temperature,
ambient magnetic field and resonating input load. It also includes the digitization and acquisition
of the signal, and the definition of the calibration procedure. Most of the R&D discussed in Sec. 10
are carried out in this WP that sees the participation of Trento-TIFPA, Pisa University and INFN,
University of Camerino and LNF.

The objective of WP5 ‘Data Analysis and Computing’ is to develop a dedicated analysis
strategy for axion like particles and High Frequency Gravitational Waves as well as setup and
validate an internationally distributed computing infrastructure.

The objective of WP6 ‘FINUDA Decommissioning and FLASH Commissioning’ is to define
the tools and procedures, including the safety procedures, for decommissioning the FINUDA de-
tector and commissioning the FLASH experiment, the required certifications and infrastructure
services.

12.1 WP1 Physics Reach

Participants: LNF, Pisa, Shanghai, Saragoza

Coordinators: Federico Mescia (LNF) and Luca Visinelli (Shanghai)

WP objective: The objective of this WP is either on theoretical computations and the explo-
ration of new physics theories to maximize the potential of the FLASH experiment and its future
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Table 9: WPs
WP1 Physics Reach
WP2 Mechanical Design and cryogenics
WP3 RF Cavity
WP4 Signal Amplification and Acquisition
WP5 Data Analysis and Computing
WP6 | FINUDA Decommissioning and FLASH Commissioning
WPT7 Project Management

extensions. This task would be significant, requiring theoretical, phenomenological and analytical
expertise to identify viable probes as well as to find innovative techniques to detect them.
Activity description:

Task 1.1: New Models

Explore new physics models (e.g. the Majoron [276]) and identify modes and frequencies of inter-
est.

Task 1.2: Axion/Scalars/Pseudoscalars/Vector

Compute couplings to cavity modes. Improve sensitivity to scalars (modify magnetic field homo-
geneity etc.)

Task 1.3: Chameleons

Improve theoretical calculations about their production and detection.

Task 1.4: HFGW

Compute couplings to cavity modes. Calculation of transients. Models for signals. Time domain
analysis. Multi-mode analysis. Multi cavity analysis.

Task 1.5: BAW

Review the sensitivity of BAW to scalars, axions and HFGW to extend the FLASH physics case.
Task 1.6: Future applications

Review and improve earlier studies to FLASH physics case and future applications of FLASH in-
frastructure.

12.2 WP2 Mechanical design and cryogenics

Participants: LNF (with the consultancy of CERN),

Coordinator: Carlo Ligi (LNF)

WP objective: Design the FLASH cryostat together with all its components (cryogenic turret,
transfer line, cavity etc.), integrating it with the existing cryogenic plant. The cryostat must fit
the FINUDA magnet bore and must be supported by the FINUDA mechanical structure. The
cryogenic plant must be refurbished with a new control system and a general maintenance and a
re-certification for pressure equipment directive (PED) must be carried out.

Activity description:

Task 2.1: Cryostat Design

The RF cavity cryostat must be designed, taking into account:

- the decision about the cavity working temperature,

- the mechanical constraints due to the fitting inside the FINUDA magnet,

- the available cooling capacity of the cryogenic plant,

- the need for a cryogenic turret, to be placed outside of the magnet bore but close to it as possible,
- the possible insertion of a small 300mK He evaporation cryostat that host the SQUID, if needed,
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Task 2.2: Cryogenics control systems

A list of all the signals coming from the FINUDA magnet must be compiled and an upgrade of
the actual control system must be done, starting from the present Labview version of the software.
Taking in account the signal list, the best solution for a new PLC hardware should be found, one
of the best option being a CompactRIO system from NI.

A similar control system must be designed for the cryogenic signals coming from the FLASH cryo-
stat.

A new control system should be considered for the LINDE cryogenic plant, the present one being
operating but very old, working from 1996.

Task 2.3: Cryogenic Transfer Line VB-FINUDA

A new transfer line as a connection between the Valve Box and the FLASH cryostat must be de-
signed before being procured. The design must simply replicate the one of the old Valve box-KLOE
transfer line.

Task 2.4: FINUDA B field measurement

The magnetic field of the FINUDA magnet must be mapped in all the bore volume. It can either
be taken from old measurement from the FINUDA experiment documentation or measured with
a dedicated tool and a tri-axial Hall probe.

Task 2.5: Simulation of mechanical resonances on the cavity

The cavity, together with its tuning system, can be subjected to mechanical vibrations due both to
external mechanical sources and to the Helium flow inside the pipes. These vibrations can excite
resonant modes and become source of instability of its natural frequencies, causing loss of acquired
data. A study on the mechanical resonances of the cavity must be performed, in order to found
solutions that can minimize this effect.

Task 2.6: preliminary study about a 100mK operating temperature of the cavity
The cavity sensitivity is inversely proportional to its temperature, so we are thinking to a possible
upgrade of the cooling system in order to go to sub-Kelvin temperatures. It is actually a chal-
lenging scenario in which a (set of) dilution refrigerator(s) can manage the cavity cooling. In this
case, some more space for the fridges and for a shield at T about 1K must be considered, so the
cavity will be smaller with respect to the present proposal. A detailed study about all the possible
thermal inputs to the cavity must be performed, to understand the feasibility of this work and to
give an idea about the number of the needed fridges.

12.3 WP3 RF Cavity

Participants: LNF, Universitat de Valéncia (UV), Universidad Politécnica de Carta-
gena (UPCT), University of Bonn

Coordinator: Alejandro Diaz (UPCT), Simone Tocci (LNF) WP objective: The objec-
tive of this WP is to do the RF design of the resonant cavity, the tuning and coupling system,
considering all the EM modes of interest and the frequency range needed to reach the physics
goals defined in WP1, and the estimate/calculation of the cavity expected parameters (Q,V) and
couplings for all the physics models of interest.

Task 3.1: Cavity RF design

RF design of a cavity with modes and frequency ranges identified in WP1 “Physics Reach”. Study
the impact on cavity modes, in particular TE modes, of the solutions found in WP2 “Mechanical
Design and cryogenics” to minimize the impact of magnet quenches on the cavity.

Task 3.2: Antenna couplings

Design the pick up antenna needed to couple to the modes identified in WP1 “Physics Reach”.
The antenna should guarantee overcoupling 8 > 2 over all the range of frequencies of interest and
for all the modes of interest (possibly at the same time). Choose between dipole or loop antenna
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based also on the mechanical realization (WP2), the signal amplification (WP4) and considering
the effect of vibrations and vibrations inside 1T magnetic field.

Task 3.3: Tuning System

Design a system able to tune the frequency of the modes of interest. The design should be opti-
mized to guarantee the minimum step tunability but at the same time to be insensitive to system
vibrations as studied in WP2 “Mechanical Design and cryogenics”. The tuning system should also
be able to remove the avoid-crossings. We will consider fine tuning mechanisms both for solving
vibrations and avoid-crossing problems.

Task 3.4: RF Components at 100 MHz

Identify the RF components commercially available to realize the RF setup. This includes the
ancillary lines and component needed for the system calibration studied in WP4 “Signal Amplifi-
cation and Acquisition”

Task 3.5: Cavity Prototype

Design, fabrication and test at cryogenic temperatures of a smaller cavity prototype resonating at
about 500 MHz. The mechanical workshop in Bonn have long lasting expertise on the construction
of electromagnetic cavities in the context of the ELSA accelerator. Hence, prototype cavities as
well as parts of the final experiments will be constructed there. For the fabrication of the final
cavity, given the large surface, the surface polishing methods will need to be investigated.

12.4 WP4 Signal Amplification and Acquisition

Participants: TIFPA /Trento, Pisa, Camerino, LNF, Bonn/Mainz

Coordinator: Paolo Falferi (MSA) (TIFPA /Trento), Gianluca Lamanna (Amplifica-
tion/DAQ) (Pisa) WP Objective: The objective of this WP is to acquire some complete
commercial MSA amplification systems, characterize them in terms of gain, bandwidth and noise
down to temperatures of the order of 300 mK and then operate them in conditions similar to
those in FLASH as far as concerns operating temperature, ambient magnetic field and resonating
input load. It also includes the digitization and acquisition of the signal, and the definition of the
calibration procedure.

Activity description

Task 4.1: MSA configurations

Different MSA configurations will be considered and possibly tested: MSA with varactor diode for
the tuning of its resonance frequency, MSA with lower resonance Q for a wider bandwidth, two
cascaded MSA tuned to different resonant frequencies for a wider bandwidth. Gain, noise and
bandwidth measurements will be carried out as a function of the operating temperature down to
ultracryogenic temperatures. For a complete characterization of the noise, tests will be conducted
with resonant loads at the input of the MSA.

Task 4.2: Stability

High Q loads at the input of the MSA can lead to system instability. Cold damping networks will
therefore be considered and possibly applied for the stabilization of the cavity/MSA system.
Task 4.3: Postamplifier

If the MSA gain is not high enough to allow the use of a room temperature amplifier as postam-
plifier, low noise cryo amps capable of operating at 4K will be identified and tested.

Task 4.4: Magnetic shielding

The MSA should operate in an environment with a low magnetic field (possibly << Gauss) and low
vibrations so that the flux noise collected by the MSA SQUID loop remains << ®y . In FLASH,
where the magnetic field reaches 1.1 T, this condition can be satisfied by appropriately shielding
the magnetic field around the MSA and/or by moving the MSA sufficiently away. To evaluate
whether this is possible, superconductor /cryoperm composite magnetic shields will be realized and
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tested and in the design of the FLASH cryostat we will try to identify areas with a low residual
magnetic field where the MSA can be safely housed. Tests of the shielded MSA in a 1.1 T magnetic
field will be done.

Task 4.5: Multiplexing

The possibility of operating two or more MSAs connected to the same antenna will be evaluated
to simultaneously detect higher harmonics of the cavity but avoiding the MSAs interfering with
each other.

Task 4.6: Replacement of the MSA

In defining the design of the FLASH cryostat and with prototype tests, the possibility of replacing
the MSA without warming up the entire FLASH cryostat to room temperature will be evaluated.
In this way it would be possible to cover the entire range of FLASH operating frequencies using
some “bayonet design” MSAs optimized to operate on reduced frequency bandwidth.

Task 4.7: Secondary amplification and down conversion chain

The RF amplification at room temperature will depend on the gain obtained in the cold stage
and on the requirements of the digitization stage. Considering the non exceedingly high operating
frequency (hundreds of MHz), the need for a potential down-conversion stage will be evaluated,
based on noise control and acquisition bandwidth considerations.

Task 4.8: Digitization and data acquisition

The Digitization and data acquisition stage will be defined according to the previous stage re-
quirements. In addition both commercial solutions (such as commercial fast FFT or a commercial
digitizer) and custom made solution based on RFSoc FPGA with high-end digitizer on board, will
be considered. The second solution, although more complex, will offer greater flexibility and the
possibility of applying data reduction and control algorithms directly in real-time.

Task 4.9: Full test of amplification chain with a BAW resonator

Test of amplification and DAQ chain with a 100 MHz mode of a BAW in a cryogenic system to
simulate the presence of the FLASH cavity. A full calibration procedure as in the real experiment
will be implemented by measuring scattering parameters through ancillary lines and by means of
calibrated thermal sources.

12.5° WP5 Data Analysis and Computing

Participants: LNNF, University of Bonn and Mainz, Pisa

Coordinator: M. Schott (Uni. Bonn) and K. Schmieden (Uni. Mainz) WP objective:
The objective of this WP is to develop a dedicated analysis strategy for axion like particles and
High Frequency Gravitational Waves as well as setup an internationally distributed computing
infrastructure.

Task 5.1: Searching for Axion Like Particles

Beside the baseline analysis described in Sec. 9, a more modern approach of the data analysis
will be develop in parallel, employing graph-based or convolutional neural networks. Since the
expected signal shape can be simulated to high accuracy and sufficient background data can be
easily recorded, the training of a neural network based classifier systems suggests to yield optimal
results. To our knowledge, such an analysis approach has not yet been implemented in the context
of cavity-based ALPs searches, thus its final performance cannot be reliably estimated at this stage.
Task 5.2: Searching for High Frequency Gravitational Waves

The development of analysis techniques in the context of HFGW is significant more challenging
for several reasons: First, the signal characteristics of HFGW sources inhibits strong model depen-
dencies, second the time-dependence of the HFGW frequency needs to be considered, as it yields
only relatively short integration times. Thirdly, the expected signal is rather rare, i.e. not more
than a few per year. Lastly, the signal search at FLASH needs to be correlated to the recorded
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data-sets of other operating cavities at other laboratories within the GravNet initiative. The base-
line analysis technique will be based on a similar approach as discussed for the axion-like particle
searchers. However, in parallel it is envisioned to implement a HFGW search based transformer
neural networks, as they are optimally suited for time-series analysis.

Task 5.3: Computing Infrastructure

The computing model developed for the QUAX experiment will be used for FLASH. Moreover, the
data transfered to the INFN computing cloud will be mirrored at the data-center of the University
of Bonn, allowing for two redundant analysis facilities.

Task 5.4: Run Automation

Design and requirements for run automation, including calibration and tuning.

126 WP6 FINUDA Decommissioning and FLASH Commissioning

participants: LNF

Coordinator: Stefano Gazzana (LNF) WP objective: The objective of this WP is to de-
fine the tools and procedures, including the safety procedures, for decommissioning the FINUDA
detector and commissioning the FLASH experiment, the required certifications and infrastructure
services.

Task 6.1:FINUDA decommissioning

Definition of requirements and procedures

Task 6.2:FLASH commissioning

Definition of requirements and procedures

Task 6.3:Infrastructure services

Definition of requirements

Task 6.4:Safety and Radioprotection

This task will be addressed as described in Sec. 11

12.7 Participants
12.7.1 LNF

The LNF team, an assembly of physicists and engineers skilled in the design, commissioning,
and operation of particle physics experiments at LNF, such as KLOE, FINUDA, PADME, and
QUAXQLNF, will spearhead the project under the coordination of Claudio Gatti. The team will
oversee WP2 “Mechanical design and Cryogenics” led by C Ligi, and WP6 “FINUDA Decommis-
sioning and FLASH Commissioning” directed by S Gazzana. Their contributions will encompass:
e WP2: Collaborating on mechanical designs with the LNF Service of Mechanical Engineering of
the Research Division.

e WP2: Innovating a new magnet control system.

e WP3: Engineering the RF design of the cavity prototype, including tuning and coupling, and
selecting the RF components; also conducting tests in an LHe cryostat.

e WP4: Evaluating the amplification and acquisition chain in magnetic field with the Camerino
group, determining the optimal magnetic field shield, and developing the FPGA firmware for DAQ.
e WP5: Formulating a data analysis strategy based on QUAX insights and advancing the com-
puting infrastructure within the INFN cloud.

e WP6: Establishing commissioning and decommissioning procedures, including safety protocols,
and setting the requirements for infrastructure services.

e WP1: Additionally, researchers associated to the LNF Theory Group, comprising Federico Mes-
cia, Giovanni Grilli di Cortona, Momchil Naydenov, and Enrico Nardi, will contribute to the
Physics Reach studies in WP1.
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R&D activities will be done at the CryOgenic Laboratory for Detectors (COLD) at LNF
(https://coldlab.Inf.infn.it). Here projects on superconducting circuits as well as the QUAXQLNF
experiment are ongoing. The COLD group sees the participation of young physicists and engineers
(A. Rettaroli, S. Tocci, A. D’Elia, A. Piedju and A.Calanca) now dedicated to projects on external
funds (PRIN, PNRR, etc.). S. Tocci, responsible for the RF design of the COLD lab, realized the
design of the cavity and tuning system and performed the ANSYS HFSS simulations reported in the
KLASH [258] and FLASH [102] papers. A. D’Elia and A. Rettaroli, responsibles for measurements,
data taking and analysis of the COLD lab, estimated the sensitivity to axions and dark photons and
realized the discovery plots as well as contributed in writing the KLASH [258] and FLASH [102]
papers. A. Calanca is working on the COLD computing infrastructures and is responsible for the
COLD computing infrastructure for QUAXQLNF. A. Piedju is responsible for superconducting
devices design of the COLD lab and supports S. Tocci in the electromagnetic simulations of RF
cavities.

Table 10: LNF Team. The people who appear at zero time are currently engaged in external
projects (PNRR, H2020 etc.) but have committed to increasing participation as soon as possible.
In some cases the activity carried out can be considered synergistic with that of FLASH.

Name FTE 2025 | FTE 2026
Claudio Gatti (RN) Ric T 30% 50%
Carlo Ligi Tec 11 40% 40%
Stefano Gazzana Tec 11 20% 20%
Giampiero Di Pirro Tec 11 20% 20%
Vannozzi Alessandro | Tec II 10% 10%
Ciambrone Paolo Tec 1 20% 20%
Fabio Bossi Ric I 40% 40%
Danilo Babusci Ric IT 30% 30%
Paola Gianotti Ric I 20% 20%
Daniele Di Gioacchino | Ric II 30% 30%
Luca Piersanti Ric III 0% 20%
Matteo Beretta Ric II 0% 20%
Giovanni Mazzitelli Ric II 0% 20%
Sandro Tomassini Tec 11 0% 20%
David Alesini Tec 1 0% 10%

Table 11: LNF Theory Group (FTE not in Preventivi).

Name FTE 2025 | FTE 2026
Federico Mescia Ric I 30% 30%
Giovanni Grilli di Cortona AdR 10% 10%
Momchil Naydenov Ass. Professor 10% 10%
Enrico Nardi Senior Ass. Scientist 10% 10%
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12.7.2 University of Camerino

The Unicam Group consists of two researchers, a professor and one phd student contributing to
the project. The lab has the possibility to perform the experimental characterization of devices
with a closed cycle Helium cryostat. Magnetic response down to liquid nitrogen temperature is
available. The group has a long history of precision measurement of low dimensional supercon-
ductive systems from theoretical modelling to the pre-designed structure engineering. The group
already participates in the design and characterisation of specific SQUID loop for the Lunar Grav-
itational Wave Detector (LGWD). The group will contribute to FLASH with the characterization
of the SQUID in a 1.1 T magnetic field as in the final experimental setup. The SQUID will be
appropriately shielded and tested in a cryostat reaching 1.5 K and equipped with superconducting
magnets generating tunable magnetic field up to 12 T. We will perform gain and noise temperature
measurements of the MSA and measure the scaling of the noise with the operation frequency and
temperature.

Table 12: Camerino Team
Name position | FTE 2025 | FTE 2026
Javad Rezvani (RL) | RTDb 40% 40%
Andrea Perali PA 30% 30%
Nicola Pinto RU 30% 30%
Benedetta Gianfelici PhD 30% 0%

12.7.3 Pisa University and INFN

The Pisa group consists of theoretical physicists, experimental physicists, and electronic engineers
affiliated with the Department of Information Engineering of Pisa. The experimental physicists,
in particular, have experience in cryogenic measurements, noise characterization of amplifiers, and
multiplexing systems. Some of them have previously worked on experiments dedicated to the search
for cosmic axions or the study of cryogenic detectors. The engineers in the group are experts in
cryogenic measurements and low-temperature noise studies, 3D and 2D electromagnetic design of
microwave circuits and structures, and low-noise acquisition systems based on FPGA. Together,
the physicists and engineers will address the problem of using MSA SQUIDs in a multiplexed mode,
the potential secondary amplification chain, and the DAQ procedure (WP4 “Signal Amplification
and Acquisition”). They will also investigate the use of the same acquisition chain for reading
signals from BAW and, potentially, piezoaxionic crystals (WP4).

Theoretical physicists in the unit are interested in contributing to defining the physics reach
(WP1), both concerning dark matter models and potential sources of high-frequency gravitational
waves (HFGW). The Pisa unit is equipped with a dilution refrigerator (and another one in the
acquisition phase), a cryostat capable of reaching a base temperature of 300 mK, a 4K cryogenic
probe station, and a facility for fabricating micro- and nano-metric superconducting and semicon-
ductor structures.

12.7.4 TIFPA Trento

The TIFPA group, consisting of two experimental physicists from CNR-IFN/FBK, has a long-
standing experience in preparation and run of experimental activities down to mK temperatures,
high Q mechanical and microwave resonators, electromechanical systems (feedback cooling, para-
metric squeezing), and cryoelectronics (Josephson Junctions, SQUID, JPA, TWPA). The group
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Table 13: Pisa Team

Name position FTE 2025 | FTE 2026
Gianluca Lamanna (RL) | Prof. Associato 20% 20%
Massimo Macucci Prof. Ordinario 30% 30%
Paolo Marconcini Prof. Associato 20% 20%
Andrea Michel Rtdb 50% 50%
Elena Graverini Prof. Associato 10% 10%
Paolo Spagnolo Ric I 10% 10%
Alessandro Pitani Ric 10% 10%
Claudio Puglia Ric III 30% 30%
Alessandro Tredicucci | Prof. Ordinario 20% 20%

Table 14: Pisa Theory Group

Name FTE 2025 | FTE 2026
Paolo Panci Prof. Associato 10% 10%
Giancarlo Cella Ric II 0% 0%
Angelo Ricciardone RTDB 0% 0%
Daniele Barducci RTDA 10% 10%
Michael Zantedeschi AdR 10% 10%
Giulio Marino PhD 10% 10%

was and is involved in many national (mainly INFN) and international activities. The local cryo-
genics laboratory hosts a dilution refrigerator, helium liquefier and dewars, electronics and data
acquisition. The group will contribute to WP4 “Signal Amplification and Acquisition” and in
particular to the characterization in terms of gain, bandwidth and noise down to ultracriogenic
temperatures of MSA amplification systems

Table 15: TIFPA Trento Team

Name position FTE 2025 | FTE 2026
Paolo Falferi (RL) | FBK/CNR-IFN researcher 30% 30%
Andrea Vinante CNR-IFN researcher 30% 30%

12.7.5 University of Bonn and University of Mainz

The research group of Prof. Matthias Schott [238, 277] is partially based at the University of Mainz
as well as the University of Bonn. A full switch to the University of Bonn is expected in the course
of the year 2025. From the University of Bonn, one professor, one postdoctoral researcher, one
PhD student, two master students as well as one engineer will contribute to the search for axion-
like particles, as indicated in the following Table. In addition, members of the local mechanical
workshop have long lasting expertise on the construction of electromagnetic cavities in the context
of the ELSA accelerator. Hence, prototype cavities as well as parts of the final experiments can
be constructed locally.
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Apart from the design and construction of prototype cavities, the university of Bonn aims to
get involved in the design of DAQ, the subsequent data-analysis and the reinterpretation of the
FLASH results in the context of High Frequency Gravitational Waves.

Table 16: Bonn/Mainz Team

Name position FTE 2025 | FTE 2026
Matthias Schott Professor 10% 10%
Kristof Schmieden Senior Scientist 25% 25%
Tim Schneemann PhD Student 50% 50%
Steffen Krieg + (N.A.) | Research Student (12 months each) 100% 100%
Philip Hénisch (t.b.c.) Engineer 25% 25%

12.7.6 Technical University of Cartagena (UPCT) & IFIC (CSIC-University of Va-
lencia) & IFAE-ICREA

The UPCT & IFIC team consists of electrical and electronic engineers and experimental physicists
with experience in microwave engineering. From its beginning, the UPCT group has been focused
on high-frequency high-power electromagnetic systems, with different research lines as the devel-
opment of numerical methods for electrodynamics, the analysis and design of microwave heating
systems, the dielectric characterization at microwave frequencies, or the design of corrugated and
multi-cavity microwave filters. From 2015 and together with the IFIC (CSIC-University of Valen-
cia) AITANA team, its main activity is devoted to the development of resonant cavities for DM
axion detection, extending them in the last years to the detection of high-frequency gravitational
waves. This work has been developed within the RADES group and the CADEx experiment, where
the team has been responsible of the cavity and its ancillary systems (coupling, tuning) design.

UPCT counts with a vector network analyzer up to 110 GHz, different coaxial and waveguide
calibration kits, different electrical and magnetic characterization devices and home-made software
for reverse characterization, as well as a number of licenses of different commercial full-wave elec-
tromagnetic simulation software (CST Studio, ANSYS HFSS). IFIC AITANA team has a deep
expertise in developing advanced modal techniques (as the BIRME-3D method) for the efficient
and accurate calculations of complex microwave and millimeter-wave problems; these techniques
have been applied to the analysis of the coupling between DM axion or HFGW and the photons
excited in a cavity. From an experimental point of view, IFIC AITANA group has a microwave
laboratory operating up to 20 GHz including a four-port vector network analyzer, a spectrum ana-
lyzer and other electronic equipments. In other side, IFIC is a research center devoted to research
in Nuclear, Particle and Astroparticle Physics and its applications to Medical Physics and to other
fields of Science and Technology. IFIC was created in 1985, and recently has been awarded with
the ‘evero Ochoa’ accreditation.

IFAE is a worldclass institute for high energy physics. Since 2021, it counts with Prof. Diego
Blas among its staff members. Prof. Blas is an ICREA Professor expert on the phenomenology
of gravitational waves in microwave cavities. His work of 2021 set the stage to the first realistic
investigation to search for gravitational waves with microwave cavities used for axions searches. In
2023 he expended this work to include the possibility of exploring the mechanical coupling of these
signals to the cavity. Since 2022, he has been closely collaborating with the UPCT & IFIC-UV
team to implement these theoretical works into realistic studies to eventually build the optimal
set-up for this endeavor.

Here is a list of the most relevant papers in the last years [48, 57-59, 209, 269, 278-284].
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The contribution of the team will be focused on WP3 “RF Cavity”, coordinating it and
developing the main tasks related with the cavity design as well as the tuning and re-coupling
systems development. The objective will be to maximize the cavity figure of merit (QoV?2C?)
in the widest frequency (mass) range possible, being able to reach the target coupling (initially
B=2) in the whole range. Moreover, the team will work on the use of FLASH cavity for HFGW
detection. For that it will be necessary the development of new numerical methods based on
BIRME 3D technique, and development of optimal techniques to look for this observable.

Table 17: UPCT, IFIC-UV,IFAE-ICREA team

Name position FTE 2025 | FTE 2026
Alejandro Diaz-Morcillo (UPCT) Professor 20% 20%
Juan Monzé-Cabrera (UPCT) Professor 20% 20%
Antonio Lozano-Guerrero (UPCT) Assoc. Professor 20% 20%
José Ramén Navarro-Madrid (UPCT) PhD Student 20% 20%
Benito Gimeno (IFIC-UV) Professor 20% 20%
José Reina-Valero (IFIC-UV) PhD Student 20% 20%
Diego Blas (IFAE-ICREA) Research Professor 20% 20%

12.7.7 University of Liverpool

The University of Liverpool group is willing to contribute essentially 10-20% with Paolo Beltrame.
Beltrame has experience in particle physics, particularly in the direct search for dark matter, in
axions, in both data analysis and Monte Carlo simulations. Further possible contributions can be
explored by the University of Liverpool in terms of hardware and quantum sensors R&D.

12.7.8 Tsung-Dao Lee Institute (TDLI), Shanghai

At TDLI, current members include Prof. Luca Visinelli and Dr. Michael Zantedeschi. Both mem-
bers belong to the theory group and plan to contribute with further insight on this behalf, in
synergy with the other theoreticians involved in the projects. For this, frequent discussions have
already begun with the groups belonging to INFN LNF, INFN Pisa, and the University of Zaragoza.
The involvement in the project is expected to average to around 20%, with full-time commitment
towards approaching deadlines.

Table 18: Shanghai Team

Name position FTE 2025 | FTE 2026
Luca Visinelli Associate Professor 20% 20%
Michael Zantedeschi Postdoc 20% 20%

12.7.9 University of Zaragoza

The Zaragoza team is composed of physicist Maurizio Giannotti, with experience axion and other
light feebly interacting particles phenomenology and astrophysics. He will contribute to the FLASH
physics case, including the study of the sensitivity potential for axions, axion-like particles, dark
photons, chameleons, and gravitational waves.
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Table 19: Zaragoza Team
Name position | FTE 2025 | FTE 2026
Maurizio Giannotti | Professor 20% 20%

12.7.10 Other collaborations

ezSQUID:

PBC@CERN:

12.8

ez SQUID is a privately owned company developing and manufacturing superconducting
magnetic field sensors (SQUIDs), their readout electronics and selected SQUID applications
(http://www.ez-squid.de/Company.htm). In particular, ez SQUID produces the MSA am-
plifiers proposed for the first stage amplification in FLASH. Michael Mueck (ez SQUID) col-
laborates in FLASH, for the specification of the amplifiers, since the KLASH proposal [258].

The Technology Working Group of the Physics Beyond Collider at CERN has the mandate
to explore and evaluate possible technological contributions of CERN primarily to non ac-
celerator related experimental physics initiatives and projects that may also be hosted
elsewhere. FLASH has been recently inserted in the list of experiments linked to this
Working Group [285]. In this context, we are in contact with the Engineering and Mechani-
cal Support Section at CERN, Cryogenics Group, Technology Dept, for technical consultancy
for the cryostat design.

Synergistic projects

QUAX: QUAX is a CSN2 experiment looking for galactic axions with mass about 40 ueV.
One of the two haloscopes of the experiment is located in the COLD laboratory at LNF
(https://coldlab.Inf.infn.it).

BAUSCIA: Project in Milano Bicocca (MiB) with the objective of detecting HFGW with
BAWSs. Because of the strong synergies with the FLASH physics and involved technologies,
the MiB team expressed a strong interest in collaborating with FLASH in the future, for
searches at lower frequencies but also extending to the higher frequencies of FLASH.

PNRR-NQSTT: The objective of the PNRR project NQSTT is the development of quantum
technologies, including superconducting quantum devices. The LNF, Trento and Pisa teams
are involved in this project.

PNRR-ICSC: One of the objective of the PNRR project ICSC is to develop the infrastructure
for scientific computing. The QUAX cloud computing is developed also within this project.

Samara/SuperMad: The objective of this project in CSN5 are superconducting materials for
axion cavities such as NbTi and Ybco. The LNF team is involved in this project. Solutions
for sputtering the FLASH cavity with NbTi will be studied within SuperMAD if approved.

Qubit/QUARTET: The objective of the project is developing quantum superconducting de-
vices. The LNF, Pisa and Trento teams are involved in this project.

PRIN-2022bpjl2l (IRONMOON): The objective of the PRIN project IRONMOON is the
study of superconducting materials for axion RF cavities. The LNF team is involved in this
project.
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13 R&D

The funding requested for the R&D and studies discussed in the previous sections is given in
Tab. 20. These include, 4 complete sets of MSA amplifiers from ezSQUID with bias electronics and
post-amplifiers; Digitizers and signal generators for operating at 100-500 MHz; An FPGA board for
multichannel acquisition tests; A thermometer (Cernox type) to operate in strong magnetic field;
Material for sample holders and RF components to realize the various R&Ds; cryogenic gases,
and in particular LHe for the cavity prototype test at LNF. Travel costs are needed for travel to
experimental sites (LNF, Camerino, Bonn) and in particular for travel to CERN to interact with
and for training from the Cryogenic Group of the Engineering and Mechanical Support Section at
CERN. Each group of the collaboration has a specific role in the project and specific skills and
will conduct a well defined work for the R&D or for the detector design as described in sections 10
and 12.

We expect to complete the preparation of the TDR for Summer 2026. The timetable is shown
in Fig. 28 where a few milestones have been indicated for each WP. Given the low risk connected to
the high starting TRL of the technologies involved, we consider this to be a reasonable timetable.

A preliminary estimate of the cost for the construction of the larger experiment KLASH [258],
based on the KLOE magnet, was done in 2019 by Fantini Sud S.p.A.. This included the cryogenic
system, the cryostat and cavity and the assembly and was estimated to be about 2.2 Meuro. A
new estimate will be provided before Summer 2026. Once approved, we consider additional three
years, for fabrication, installation and commissioning, before data taking.

14 Conclusions

The FLASH experiment will be able to probe the existence of dark matter composed by axions
predicted by KSVZ and DFSZ models in the galactic halo within the mass range m, = (0.49 —
1.49) ueV. This window is currently unexplored and lies in between the mass range that will be
scanned in near-future searches by BabyIAXO [48] and DMRadio [71, 79] collaborations. Other
models for bosonic fields making up the cosmic dark matter such as an axion-like particle, scalar
field or hidden photon can also be tested, as well as models of chameleons, which are not necessarily
the dark matter, through the “afterglow” effect. Finally, the haloscope can be used to search for
high-frequency gravitational waves of astrophysical origin. If the HFGW signal is due to coalescing
PBHs, the experiment can probe the existence of mergers in the mass range Mppny < 1077 Mg,
although the expected strain from a single event in the Galaxy is too faint to be observed. We
have presented the forecast reach of the FLASH experiment for all of the models above, along with
a detailed explanation of the analysis involved. Forecasts have been presented for a detector with
and without an improved cryogenic system able to reach temperatures down to Ty, = 100 mK.
We stress here that in the latter case, the sensitivity of the experiment, even if limited by thermal
noise, is still enough to probe KSVZ axions in the 1 pueV region, a result obtainable just by
recycling the FINUDA magnet and its cryogenic plant. DFSZ could be partially probed by cooling
the cryostat to 1.9 K by pumping on He, while the use of a superconducting NbTi of ReBCO
cavity would push the sensitivity beyond this limit. All this combined with the high initial TRL
value of the technologies involved and the existing infrastructure at LNFs, makes FLASH a very
high-gain/low-risk and relatively low-cost experiment.

64



FLASH CDR

CSN2-FLASH-PM-QA-503-CDR

Table 20: Funding Requests

Descrizione Capitolo di Spesa Sezione INFN 2025 2026
4 complete systems for MSA Inventario Trento+Pisa+LNF 25k 0
2 Digitizers >500 MHz Inventario Pisa + LNF 15k 0
Multimeter Inventario Pisa 6k 0
FPGA for DAQ Inventario Pisa 10k 0
Generator 120 MHz Inventario LNF-UniCam 6k 0
Thermometer for measurements in B field Inventario LNF-UniCam 2k 0
Total Inventario 64k 0
B field shield Consumo LNF-UniCam 3k 0
LHe-cryostat flange Consumo LNF 10 k 0
Sample holder for B field setup Consumo LNF-UniCam 5k 0
Prototype material Consumo LNF 5k 0
RF components Consumo LNF 5k 0
RF components Consumo Pisa 6k 0
Electronic boards for squid multiplexing Consumo Pisa 5k 0
Cryogenic components Consumo Pisa 3k 0
BAW Consumo Pisa 2k 0
Cryogenic and RF components Consumo Trento 5k 1k
Cryo liquids - LN Consumo Trento 2k 0
LHe for prototype test Consumo LNF 10k 0
Cryo liquids - LN Consumo Pisa 2k 0
Total Consumo 63k 1
Licence Altro Pisa 5k 0
Travel to CERN for cryostat design Missioni LNF 8+10(SJ)k 2k
Travel UniCam/LNF for test at LNF/UniCam Missioni LNF 5k 1k
Travel for test at Bonn Missioni LNF 2k 0k
Travel for test at LNF Missioni Trento 2k 1k
Travel for test at LNF Missioni Pisa 3k 2k
Total Missioni 10+10(SHk | 6k
Total 1524+10(ST)k | 7k
A Computation of the couplings for the cavity modes TEy;; and TE;;
We compute the coupling in Eq. (22) for the cavity mode TEg11, whose EM field has components:
B By Jo(vo—) sin(r= 46
z = 0 O(WOR) Sm(WL)v (46)
B, = By hlwg) cos(ry) (47)
By = 0, (48)
E. = 0, (49)
E = o, (50)
_ T, z
E@ = —ZB() wo J1 (UOE) sSin (7‘(’3) y (51)
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where vy = 3.832 is the first root of the Bessel function J;(z) and wo = (1 + (77/1)0)2(]%/L)2)1/27

where R and L are the cavity radius and length, respectively. We decompose the phase as k- x =
k.rcos@ + k.z, where 6 € [0,27] is the angle between the radial direction and the projection of
the momentum on the plane perpendicular to the cavity’s axis, and we assume k, ~ k.. With this
decomposition, the integral in Eq. (22) reads

1 |[dz [d6 [ drre™> Jo(vor/R) sin(ﬂ'z/L)|2 _

Cou = 7 -
LR Jdrr {Jg(vor/R) + %%; Jf(vor/R)}
eik=l 27 1 % T Ccos 2
wgere Jo 40 [y da ethrfizeos? JO(on)‘
B g 2 x2 R2 12 ' (52)
Jo dzz [JO (voz) + iz i (vox)]
For the numerical estimate, we consider the large cavity setup with R = 1050mm and L =

1200mm. In the case of the chameleon for which the momentum is approximately the inverse
Compton length k7! ~ k! ~ 0.2m, the expression above gives Cp11 =~ 0.005. For bosonic DM
with a velocity v = 200 km/s, the momentum scale is set by the inverse de Broglie wavelength so
that k, ~ mv ~ (200m)~!. In this case, the limits k,L < 1 and k,.R < 1 lead to

2
% fol dzz® Jo(vox)‘

Jo daz [JS(UOCC) + %%ﬁ Jf(vofc)}

Co11 = (mRv)* ~ 0.003 (mRv)*, (53)

which gives Cy11 ~ 5 x 10713 for the large cavity setup.
We repeat the computation for the cavity mode TEj11, whose EM field has components:

B, = By.Ji (vlé) sin (ﬂ'%) cosf, (54)
B, = By ;71% [JO(M%) - Jg(vl%)] cos (w%) cosf, (55)
By = —-By ;%fi Jl(vl%) coS (ﬂ'%) sinf, (56)
E. = 0, (57)
E, = 1By (:—11§ J1(v1%) sin (77%) sinf, (58)
Ey = %BO w1 [Jo(m%) - Jg(m%)} sin (7‘(‘%) cosf, (59)

where v; ~ 1.8412 and wy = (1 + (W/vl)Q(R/L)2)1/2. The integral in Eq. (22) for the mode TE;1;
reads

; 2
ikz L 2 1 .
Lteere [o7 A0 [y daa et Bireost g (vyx) cos 9‘

L daa H1 + (”5)1 T2 (vy7) + (%)2 Jo(viz) JQ(W)}Z]

which gives Ci11 ~ 3 x 1077 for the case of the large volume cavity, consistently with other
findings [177].

Cii1 = ; (60)
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