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Abstract
We describe a resonant cavity search apparatus for axion dark matter constructed by the quantum
sensors for the hidden sector collaboration. The apparatus is configured to search for QCD axion
dark matter, though also has the capability to detect axion-like particles, dark photons, and some
other forms of wave-like dark matter. Initially, a tuneable cylindrical oxygen-free copper cavity is
read out using a low noise microwave amplifier feeding a heterodyne receiver. The cavity is housed
in a dilution refrigerator (DF) and threaded by a solenoidal magnetic field, nominally 8 T. The
apparatus also houses a magnetic field shield for housing superconducting electronics, and several
other fixed-frequency resonators for use in testing and commissioning various prototype quantum
electronic devices sensitive at a range of axion masses in the range 2.0–40µeVc−2. The apparatus as
currently configured is intended as a test stand for electronics over the relatively wide frequency
band attainable with the TM010 cavity mode used for axion searches. We present performance data
for the resonator, DF, and magnet, and plans for the first science run.

1. Physics motivation

Almost a century after Zwicky’s observations of excess galactic virial velocities in the Coma Cluster [1], the
dark matter problem remains one of the most critical unsolved mysteries of fundamental physics [2].
Presently, the existence of dark matter is inferred from multiple observations involving its gravitational
interactions, most significantly its effects on the rotation of spiral galaxies [3], lensing of background light
from clusters [4], and modelling of the cosmic background radiation [5]. Direct, non-gravitational detection
of dark matter is challenging because of its feeble interactions with everyday matter and because its precise
nature is yet undetermined.

A leading candidate is a class of particles known as axions. Axions originally arose [6, 7] as a consequence
of Peccei and Quinn’s postulated solution [8] to the strong CP problem of QCD. It has now been realised that
high-scale theories, such as string theory, imply that this original QCD axion can be accompanied by many
variant axions with broadly similar couplings but with a wide range of possible masses [9–11]. Moreover, the
details of the relationships between the axion couplings to normal standard model matter and the axion mass
provide a uniquely sensitive probe of the physics of the smallest distance (equivalently largest energy) scales,
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approaching the GUT or even Planck scale [12–16]. Importantly, axions may naturally be the dominant, or a
significant component of, dark matter [17–19].

Among the possible QCD axion (and axion-like particle) couplings, probably the most useful for
searches is the axion–photon coupling defined by

∆Lint =
gγα

π fa
ε0a(x)E(x) ·B(x) , (1)

where a(x) and E(x),B(x) are the axion and EM fields, α is the fine structure constant, and fa is the unknown
‘axion decay constant’, a dimensionful parameter of the theory whose inverse sets the overall strength of all
axion interactions. The dimensionless parameter gγ is a model-dependent factor setting the precise
axion–photon coupling including the effect of mixing with other pseudoscalar states such as the π0 meson.
In almost all models gγ ∼O(1), for example, the DFSZ model [20, 21] yields gγ ≈−0.37, while the so-called
KSVZ ‘hadronic’ model [22, 23] gives 0.97 (however, a variant model of KSVZ has a suppressed
gγ ≈−0.04(2) with the last digit uncertainty indicated). At the macroscopic level, the effect of the coupling
equation (1) in free space is to modify two of the Maxwell equations by the the addition of new
axion-dependent effective charge and current densities, ρa and ja to the conventional electronic charge and
current densities,

∇· (ε0E) = ρe + ρa, (2)

∇× (B/µ0)− ∂t (ε0E) = je + ja, (3)

where the background electric and magnetic field dependent expressions for ρa and ja are

ρa ≡ gaγγ

√
ε0
µ0
B ·∇a, (4)

ja ≡ gaγγ

√
ε0
µ0

(
E×∇a−B∂a

∂t

)
. (5)

Here the effective axion coupling to EM that determines the signal in the apparatus is

gaγγ ≡ gγα

π fa
. (6)

This modification of Maxwell theory in the presence of an axion field is known as ‘axion
electrodynamics’ [24].

For the QCD axion the value of fa sets the mass,ma, of the axion, with latest precision calculations
giving [25]

mac
2 = 5.70(7) µeV

(
1012GeV

fa

)
. (7)

Soon after the invention of the original Peccei–Quinn–Weinberg–Wilzek axion models it was realised
that collider and precision constraints force fa to be a superheavy energy scale, with, now, the analysis of
observations of hot astrophysical objects giving the bound fa ≳ 108 GeV [5]. This implies that axions are very
feebly coupled to each other and to all standard model states, and are thus both extremely long-lived if they
are low-mass and ‘dark’ (i.e. not substantially interacting with photons) and so a good dark matter candidate.

In the regime of axion masses of greatest interest to us, the mass of the axion particles is so tiny
(∼10−5eVc−2) that the inferred number density of dark matter particles in our galaxy is so large that the
axion dark matter is better thought of as a wave-like field with coherence length and coherence time set by the
galactic dynamics.

Utilising the axion–photon coupling, equation (1), the most sensitive direct detection experiments
employ the method of Sikivie [26, 27], wherein halo axions convert to photons in an electromagnetic
resonator threaded by a static magnetic field. Assuming the relation between fa andma given in equation (7),
the projected signal power in such apparatus is given by

Pa→γ = 1.79× 10−21W

(
V

220l

)(
B

7.6T

)2

fnlm
( gγ
0.97

)2
×
(

ρa

0.45GeVcc−1

)( νa
750MHz

)( Q

70000

)
, (8)
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where V is the cavity volume, B is the applied magnetic field, ρa is the local energy density of halo dark
matter, νa is the frequency of the photons produced and Q is the unloaded quality factor of the resonant
mode, under the assumption that the Q factor of the axions themselves is significantly higher. The quantity
f nlm is a form factor defined by

fnlm =
(
´
Enlm (x) ·B(x) dV)2

(
´
|Enlm|2 dV)(

´
|B|2 dV)

, (9)

where the integrals are over the cavity volume, B(x) is the applied magnetic field and Enlm(x) is the electric
field of the cavity mode [28]. The axion linewidth is at most that of a distribution thermalised in the
gravitational potential of our galaxy, with r.m.s velocity v0 of around 230 km s−1, leading to an axion
Q-factor of order 107. This is significantly greater than quality factors achievable in normal-conducting
cavities used in the high magnetic fields employed by cavity axion haloscopes, though it is possible that field
tolerant superconducting coatings may enable significantly higher Qs in the future.

In the quantum sensors for the hidden sector (QSHS) initial prototype, where the focus is on a high
bandwidth so that we can test technologies rather than initially on high sensitivity, we have a much smaller
cavity, of volume 0.556 l, containing a larger tuning rod, leading to a smaller TM010 mode quality factor.
Written with dimensionful quantities reflecting the current QSHS parameters, the projected signal power is

Pa→γ = 1.43× 10−24W

(
V

0.556l

)(
B

8T

)2

fnlm
( gγ
0.97

)2
×
(

ρa

0.45GeVcc−1

)( νa
5GHz

)( Q

3000

)
. (10)

The small signal power challenges experimentalists aiming to detect photons from axion conversion in
the cavity. The signal bandwidth is∆ν ∼ νa(v20/2c

2). For a photon frequency of 5GHz,∆ν ∼ 1.6 kHz. The
temperature TN of a Johnson noise source equivalent to this signal is given by kBTN∆ν = PS, where PS is the
signal power in the receiver electronics, PS = Pa→γ/4. The factor of 1/4 results from degrading the quality
factor of the cavity by a factor of 2 when it is critically coupled to the receiver electronics, and only half of this
power is deposited in the receiver. Assuming as an example the signal power given as a prefactor in
equation (8), TN ∼ 20 mK, and for the signal power in equation (10) as 16µK. Such experiments therefore
run at cryogenic temperatures, and utilise state of the art quantum measurement techniques to minimise the
noise contributions from the physical temperature TC of the cavity walls, and the noise temperature TA of the
receiver electronics, respectively.

The signal is a bandwidth peak significantly narrower than the structure in the power spectrum of the
receiver output resulting from the cavity resonance. Potential axion signals can be distinguished from most
sources of background by requiring that the signal strength is proportional to B2. The signal to noise ratio,
SNR, is given by the ratio of the signal power to the statistical fluctuations in the noise between neighbouring
bins in the power spectrum at the receiver output, and can be estimated from the radiometer equation,

SNR=
PS

kB (TC +TA)

√
∆tI
∆f

, (11)

where∆f is the resolution bandwidth of each bin in the power spectrum of the receiver output and∆tI is the
integration time.∆f is typically narrower than the signal bandwidth∆ν to avoid losing sensitivity for signals
that straddle adjacent frequency bins. The resonant cavity must be tuned to overlap each frequency at which
the search is carried out, and tI must be sufficiently long to achieve SNR of order 4 to have sufficient
confidence of detecting a signal.

2. Overview of the apparatus

The QSHS facility has been assembled in a newly refurbished laboratory at the University of Sheffield. The
facility houses a Proteox MX dilution refrigerator (DF) and a superconducting solenoidal magnet, supplied
as an integrated system by Oxford Instruments. Figure 1 is a schematic of the apparatus.

The DF mixing chamber plate reaches a base temperature of 8.6mK. The magnet has a maximum field
strength of 8 T and encloses a cylindrical payload space 18.5 cm in diameter and 20 cm deep. Above the
magnet bore, there is a second volume of diameter 40 cm and height 37 cm. Due to the outer shield coil of
the magnet, the field in this upper payload region falls off to below 10−2 T within 16 cm of the mixing
chamber plate, allowing the installation of passive magnetic field shields in this space to house
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Figure 1. A schematic of the QSHS cryostat and detector. The dilution refrigerator is an Oxford Instruments Proteox MX utilising
mechanical two stage pulse-tube precooling and a 3He/4He dilution refrigerator. The magnet is an 8 T three-coil superconducting
solenoid.

ultra-low-noise electronics that requires a very low magnetic field environment. The first of these field
shields is described in section 7.1.

A moveable clean room to mitigate dust contamination forms a working area around the DF when
dismantled. The cleanroom incorporates a fan providing filtered positive-pressure airflow through a HEPA
filter.

The axion target consists of a cylindrical resonant space hollowed out from oxygen-free copper to form a
cavity. The cavity contains a hollow copper cylindrical tuning rod mounted parallel to the cavity axis on
off-centre axles passing through holes in the top and bottom of the cavity, captured by ceramic bearings.
Rotation of these axles moves the tuning rod in a circular arc so that its distance from the central axis
changes, altering the frequencies of the cavity TMmodes. A TM010 mode tuning range of 4.1–7.5GHz can be
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achieved. The initial cavity and tuning rod geometry is optimised for testing a wide variety of
superconducting electronics for use in axion searches in the mass range 17–31µeV c−2. The cavity hangs
from the mixing chamber plate by a stainless steel support frame. A soft copper thermal link provides a path
for cooling of the cavity by the DF.

Electromagnetic coupling to the cavity modes is accomplished using a semi-rigid coaxial electric field
probe whose outer conductor is in electrical contact with a beryllium copper spring fingerstock mounted in a
threaded hole on the top of the cavity. The inner conductor protrudes several millimetres into the cavity
space. Adjustment of the insertion depth of the field probe and the tuning rod position are discussed in
section 6.2.

The data acquisition system (DAQ) consists of slow controls and monitoring for temperatures, pressures
and voltages associated with experiment operations, and a fast DAQ system for data from the cavity and RF
electronics. The DAQ system also communicates with the controls for the dilution fridge and magnet.
Relevant slow controls information is incorporated as a header in data acquired from the electronics reading
out the cavity. Cavity readout electronics consists of an ultra-low-noise heterodyne receiver, further room
temperature amplifiers, a bandpass filter, and a 125MHz digitiser. The digitised data is decimated and
further heterodyned to an audio band matched to the bandwidth of the cavity TM010 mode. Welch estimates
of the power in each data segment and slow controls readout constitute the raw data.

3. Cryostat

QSHS has purchased a Proteox MX500 system from Oxford Instruments [29]. This dry closed-cycle
refrigerator is housed in an aluminium outer vacuum envelope whose cylindrical component sections are
removed from below. Vacuum seals are achieved with Viton ‘O’ rings. The dry design means that only the
outer room-temperature envelope and the inner closed-loop helium systems are required to be vacuum tight.
A Pfeiffer ASM-340 helium leak checker is used to verify the integrity of the outer vacuum envelope after
pumping down and before cooling is initiated. The upper (PT1) and lower (PT2) pulse tube cooler plates,
shown in figure 1 reach base temperatures of 77K and 4K, respectively. Pre-cooling is achieved with a
Sumitomo RP-182B2S two-stage pulse tube cooler having 1.5W of cooling power at a PT2 temperature of
4 K, driven from a 3-phase Sumitomo Heavy Industries F-100 compressor [30].

The DF requires an 18 litre charge of 3He in a 100 l vessel of 3He/4He gas mixture supplied by Oxford
Instruments. Figure 1 shows the positions of the still, cold, and mixing chamber plates. The cooling power of
the fridge at the mixing chamber plate is 450µW at 100mK and 12µW at 20mK. A Lakeshore 372 AC
resistance bridge and Lakeshore ruthenium oxide temperature sensors allow for cryogenic temperature
control [31].

Thermal shields are attached to upper pulse tube (PT1), lower pulse tube (PT2), and still plate stages,
minimising radiative heat transfer to the experimental volume. The fridge incorporates a solenoidal magnet,
also supplied by Oxford Instruments and integrated into the cryostat. This magnet will be described in detail
in section 5. The magnet is suspended from the bottom of the copper 4 K thermal shield attached to PT2.
The inner bore of the magnet is 200mm with a 185mm diameter working space inside the thermal baffle
between the lower payload space and the inner wall of the magnet. The magnet has a physical bore length of
428mm and a usable bore length of 300mm, between the top of the magnet bore and the cylindrical bottom
plate of the 700mK shield. At the wider upper payload space, referred to in section 2, the thermal shield has
an inner diameter of 360mm.

Electrical connections into the fridge consist of three low frequency looms, one of these looms being split
into two different wiring configurations and intended for piezo drives that may in future be deployed on the
apparatus. There are sixteen RG405 semi-rigid coaxial lines. The electrical connections are summarised in
table 1. In addition, there are electrical looms used exclusively for dilution fridge controls which will not be
described here. For the latter, the reader is referred to Oxford Instruments [29].

For extra capacity, there are 12 unused SMA feedthroughs on the room temperature flange, as well as 3
unused Fischer connector feedthroughs for additional low frequency wiring. A fourth Fischer connector is
used for the wires to the piezo motor drives described in section 6.2. All sixteen RF coaxial lines and the four
extra-capacity Fischer connector feedthroughs are mounted on a swappable rectangular cartridge that
interfaces with all the plates in the system. A large portion of the electrical wiring and experimental
configuration may be swapped out with other configurations for efficient use of the DF by more than one
experimental group.

Figure 2 shows temperatures at the two pulse tube and three DF stages during the first cooling run where
the cavity and frame discussed in sections 4 and 6.1 were attached to the mixing chamber plate. The empty
cavity reached an operating temperature of 18.5mK. Future runs will determine the temperature reached
when the tuning rod is installed.
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Table 1. Electrical cables in the dilution refrigerator. Coaxial cables are RG405 terminated with SMA connectors throughout.
Feedthroughs at each flange serve as thermal couplings. The attenuated lines have in-line 20 dB attenuators at PT2 and cold plates and
10 dB at the mixing chamber plate. The low bandwidth twisted pairs feed through the room temperature flange on 24 way Fischer
connectors, and are thermally sunk at each plate using gold plated copper clamps around the ribbons.

Cable Set BW RT–PT2 PT2– Mix. Ch. Conductors

1. Low BW twisted pairs DC to 10 kHz Constantan NbTi 12 twisted pairs
2. Low BW twisted pairs DC to 10 kHz Constantan NbTi 12 twisted pairs
3. Low BW twisted pairs DC to 10 kHz Constantan Constantan 8 twisted pairs
4. Low BW twisted pairs DC to 10 kHz Copper Phosphor-bronze, ∥ NbTi 4 twisted pairs
5. Unattenuated RG405 DC to 18GHz Beryllium copper NbTi 4 coaxial
6. Attenuated RG405 DC to 18GHz Stainless steel Stainless steel 12 coaxial

Figure 2. Cooling curves for the dilution refrigerator with the cavity and frame mounted, but without the tuning rod installed.
The cavity reached 18.6mK. Details of the temperature sensors and readout are given in section 3. The cold plate and mixing
chamber sensors read zero until time offsets of 2.7 and 3.3 d respectively.

4. Support frame

The cavity is mounted with its symmetry axis vertical, with its centre 677± 5mm below the mixing chamber
plate. The support frame is fabricated from grade 316 stainless steel, and utilises a three–leg geometry for
rigidity and ease of access. A three-dimensional rendering of the support structure is shown in figure 3. The
geometry consists of three rectangular cross section upper support struts that hold a circular stiffening ring,
occupying almost the full diameter of the 400± 2mm diameter upper payload volume. This ring
incorporates three support points defining a smaller diameter, 195± 1mm, for three vertical cylindrical
support tubes that descend into the magnet bore. Mounting to the mixing chamber plate is via the existing
matrix of M3 threaded mounting holes, with stainless steel nuts and washers on the upper side of the mixing
chamber plate providing additional vertical support and guard against stripping of the copper M3 threaded
mounting holes.

The vertical support tubes are bolted at their bottom ends to a single-piece oxygen-free copper vertical
support frame to which the cavity payload is clamped. The same grade of copper is used for the bands,
having threaded holes at either end. These bands are bolted to the frame and clamp the oxygen-free resonant
cavity in its operating position. Mounting holes are also provided for other cavities having higher resonant
frequencies to be attached to the support frame as shown in figure 3. A soft copper rod of circular cross
section is securely bolted to the mixing chamber plate, and bolted with a conical-geometry mating face to the
copper support frame. This arrangement provides a high thermal conductivity path between the mixing
chamber and the cryogenic payload. The copper rod is bent to allow for differential thermal expansion
between the steel frame and the copper rod.

Magnetic field quench protection is through the rigid and mechanically strong stainless steel support
structure, with additional precautions including G10 insulating breaks in the circular supporting ring and
predominantly vertical orientation of the support structures. Several threaded M3 holes in the copper cavity
and support frame allow thermometers to be attached.

6
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Figure 3. Rendered drawing of the cavity support frame. Dimensions are in mm.

5. Magnet

The magnet was supplied integrated into the cryostat by Oxford Instruments. It is conductively cooled via
the copper thermal shield connecting the outer diameter of its top flange to the PT2 plate. The magnet is a
dry superconducting design. The inner coil is niobium–tin, and the outer two coils are niobium–titanium.
Current is supplied to the three coils in series. A heat switch permits persistent operation. External power
supplies provided by Oxford instruments provide the 160A of current necessary to reach full field, which is
8 T at the centre of the bore. The field is nominally cylindrically symmetric, although outside the magnet
bore the off-centre quantum electronics field shield breaks the cylindrical symmetry in its vicinity. Figure 4 is
a simulated field map inside the magnet provided by Oxford Instruments. The fields of superconducting
magnets in persistent mode are very time-stable, and we do not anticipate contributions to the noise from
fluctuations in the magnetic field itself. Care must however be taken to prevent wires from moving in the
applied field. In particular, the low frequency cables connected to temperature sensors can pick up noise due
to induced currents. Such cables are therefore tied firmly to supports and fixtures to minimise such
vibrations.

The stray field is kept minimal by the outer niobium–titanium windings, which act as a magnetic field
shield. The stray field falls to 5G at 1.2m and 1.4m, respectively, in the horizontal plane and along the axis
from the centre of the magnet bore. The well confined high field region ensures that stray field does not
affect neighbouring labs and corridors, or couple to the rebar in the concrete floor. It also provides a low field
environment for workers and for electronics connected the fridge, allowing cable lengths to be minimal, and
permitting operators to work without concerns about field over the majority of the lab and at all the control
racks. Short cables are advantageous for minimising microwave signal losses and for preserving the sawtooth
waveforms used to drive the piezo motors described in section 6.2.

The ramp rate of the magnet loaded with the cavity and frame is typically, 0.2Amin−1 or 0.01Tmin−1.
This rate is arrived at as a compromise between the requirements of minimising the total ramp time to full
field, and preventing the temperature of the payload exceeding 100mK due to eddy current heating.
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Figure 4.Magnetic field in and directly above the bore, where (R,Z) = (0,0) is the centre. The data was provided by Oxford
Instruments [29].

Figure 5. Diagram of one half of the copper cavity and the inner tuning and coupling mechanisms (left), a zoomed view of the
rotational-to-linear antenna coupling mechanism is shown on the right.

6. Resonators

6.1. The QSHS cavity
For QSHS’s initial run, a design based on that of the ADMX sidecar cavity is used. The QSHS-adapted
version of this, including the overall cavity dimensions and tuning mechanisms are shown in figure 5. The
cavity was clamped to the support plate described in section 4 with its major axis vertical. Rotating the
tuning rod off-centre from the cavity tunes the transverse magnetic (TM) mode frequencies. In the absence
of a tuning rod, most axion haloscopes use the most fundamental of these, the TM010 mode [28], as it results
in the largest overlap between the cavity mode’s electric field and the external magnetic field, and hence the
largest axion signal strength. In the presence of a tuning rod the modes of the cavity hybridise and no longer
correspond precisely to the modes of an empty cavity, but in this paper we follow the usual convention of
referring to the mode which maximises the form factor as the TM010 mode.

Cavity simulations herein were conducted using ANSYS electromagnetic finite element analysis
simulations, primarily ANSYS HFSS [32]. The QSHS cavity has a tuneable range 4.1–7.5GHz,
corresponding to an axion search range approximately 17–31µeV c−2. This range was chosen to optimise the
operating frequencies to match with devices being developed by the wider QSHS group. The copper cavity
mount also has space for three static frequency cavities for further device testing and development.
Simulation results and overlaid room temperature measurements of the cavity TM010 mode frequency
obtained in transmission using a network analyser are shown in figure 6.

6.2. Cavity and tuning mechanism realisation
Three cavities were manufactured, one of aluminium (grade 6061 T6) and two of oxygen-free grade C101
copper. The copper cavities and tuning rod were fabricated by M&J Engineering [33]. The aluminium cavity
was fabricated by Eroda [34]. A labelled schematic of the cavity and tuning mechanisms is shown in figure 5.
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Figure 6. The QSHS cavity mode map, grey grid data taken from ANSYS HFSS simulations, orange circles denote the expected
TM010 mode frequencies from ANSYS eigenmode simulations and black crosses show the corresponding measured mode
frequencies at room temperature with the antennas both overcoupled.

One of our two copper cavities was installed as the ADMX sidecar cavity, with the other one installed
in QSHS.

The tuning rod is constructed from three pieces: a cylindrical central hollow barrel and two end caps. The
end caps are transition-fitted into the cylindrical barrel, resulting in a single hollow cylinder. Small holes in
the end caps allow evacuation of the interior. The tuning rod is held in the cavity by sapphire axles [35]
epoxied into removable copper inserts on each end cap. The primary contact faces of both axles are ceramic
deep-groove ball bearings [36] housed in inserts at the cavity ends. The bottom of the lower axle sits on a ball
bearing housed in a 316 stainless support plate bolted to the vertical copper mounting plate.

The field probe antennas both consist of copper RG-405 semi-rigid coaxial cable with the outer conductor
and PTFE dielectric stripped off for a few mm at the end. One antenna is kept weakly coupled while the other
has adjustable coupling (insertion) to allow near-critical coupling throughout the tuning range. Both
antennas are connected to the cavity via friction joints with beryllium–copper leaf springs housed in Stäubli
[37] fingerstocks designed by ADMX and inserted into threaded recesses in the top of the cavity.

The tuning rod position and antenna coupling are both controlled by AttoCube ANR240 piezo motors
[38]. These have encoder resolution 0.006o; this is expected to correspond to a minimum TM010 frequency
resolution of 0.15MHz and should be sufficient to maintain the minimum step size between scans of a third
of the current 3 dB bandwidth of the TM010 peak. The piezo motors have a maximum dynamic torque at
ambient conditions around the axis of 2N cm which is expected to be enough to turn the hollow tuning rod
and control the antenna coupling mechanism.

The piezo motors are mounted on the PT2 plate. The large tuning range and hence large change in TM010

frequency with tuning rod angle places stringent requirements on the resolution of the tuning mechanism.
Both piezo motors are connected to≈1m halogen-free G10 rods epoxied into couplers that screw directly
into the piezo motors. These rods extend downwards from the motors through holes in each of the dilution
fridge plates, to a position just above the cavity.

The tuning rod mechanism uses a single-beam clamp-style coupler [39] to connect the axle to the G10
rod, such that the piezo motor rotation directly correlates to the tuning rod rotation. The rotational-to-linear
motion coupler uses a drive nut and corresponding threaded rod. The tube connects to the G10 rod via a
triple grub–screw coupler. A slit in the side of this tube allows a screw to be inserted into the threaded rod
preventing it rotating and forcing it to instead move vertically as the tube is rotated by the motors. This is
such that antenna coupling is possible with no lubrication and such that one full rotation of the piezo motor
adjusts the antenna insertion by 2mm.

6.3. The aluminium cavity
An aluminium cavity with geometry identical to that of the copper cavity described in section 6.1,
manufactured by Eroda [34] was characterised in a test facility at Lancaster University without a tuning rod.
These tests led to the designs used for the mechanical clams that secure the QSHS cavity to the support plate
and provide a thermal path to cool the cavity. The results are discussed in more detail here [40].

Aluminium is known to be much easier to machine than copper, and the internal surface of this cavity is
visibly better than that of the copper cavity. The aluminium cavity becomes superconducting below the
transition temperature Tc ≈ 1.2K, giving a peculiar behaviour of Q and resonance frequency. Our
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experiments with the Al cavity show that at temperatures not much lower than Tc, losses are dominated by
quasiparticle excitations and are well described by the BCS theory. The exponential decrease of the
quasiparticle number density below Tc results in a 1000-fold increase in the quality factor, as well as a shift in
resonance frequency due to the change in the kinetic inductance of the superconductor.

At very low temperatures, losses due to two-level systems begin to dominate, giving a peak in the quality
factor of about 2.76× 107 at 130mK. Unfortunately, this remarkably high Q is unlikely to be utilised in an
axion search using aluminium cavities using the Sheffield facility due to the presence of large magnetic fields.
Other searches for non-pseudoscalar hidden sector fields could be carried out, and superconducting cavities
have also been proposed for use in heterodyne axion searches [41]. Furthermore, exploring how aluminium
affects the cavity behaviour in both its superconducting and quenched state could provide helpful insights
into resonance modes structure and loss mechanisms. Coating cavities in type II high Hc materials is one
possibility for significantly increasing the Q factor in strong magnetic fields.

7. Receiver electronics

Figure 7 is a schematic of the receiver electronics connected to the resonant cavity system. Vendor web sites
supplied in the references contain detailed information of each component in the receiver chain. The
variable-coupling port to the cavity feeds an ultra-low-noise amplifier housed in the magnetic field shield via
a Low Noise Factory [42] LNF-CIC4_8A circulator. The ultra-low-noise amplifier may be one of several
under development in the group, or this stage may be bypassed, in which case the signal feeds directly to the
input of the first cryogenic HFET amplifier mounted at the 4K stage. A second Low Noise Factory [42]
LNF-CIC4_8A circulator provides isolation between the ultra-low-noise amplifier output and the input to
the HFET amplifier stages. The HFET amplification consists of two Low Noise Factory LNF-LNC4_8G [42]
amplifiers in series, each having a bandwidth of 4–8GHz and providing 40 dB of gain. The output of the
second of these HFET amplifiers is fed through a vacuum feed-through to a Low Noise Factory [42]
LNF-LNR4_8F room temperature microwave amplification stage, providing a further 44 dB of gain at room
temperature. A cryogenic RF switch allows for swept transmission measurements of the cavity between the
weak and variable ports or a reflection measurement off the variable port to verify critical coupling. A room
temperature RF switch allows the receiver chain output to feed either the second port of an Anritsu vector
network analyser or the room temperature heterodyne receiver apparatus. A polyphase microwave [43]
IRM4080B image-reject mixer down-converts power from a band around the cavity TM010 mode frequency
ν0 to an intermediate frequency (IF) centred at 10.7MHz.

The dominant sources of noise in cavity axion searches are Johnson noise from the cavity walls and
broadband electronic noise added by the components of the receiver electronics. We therefore aspire to run
as cold of a resonator as we can, and to develop and use the lowest possible noise readout electronics. The
noise contribution of each component in the receiver chain is divided by the gain of all the previous
amplification stages, so that in practice only the first couple of amplification stages make significant
contributions to the overall noise temperature.

Calibration of the apparatus consists of conversion of power levels to physical temperatures. Primary
calibration will consist of a measurement of the noise temperature of the first Low Noise Factory HFET
amplifier. The hot-cold-load method will be used. Having measured the noise temperature of this amplifier,
we can switch in an upstream ultra-low-noise device under test (DUT). We employ a technique that has
become common in the analysis of receiver electronics. We inject a narrow signal in the centre of the receiver
band, through a 50 ohm fixed attenuator to which is a fixed a temperature sensor and a heater. We measure
the ratio of the power of this peak to the noise floor in the surrounding band as a function of temperature,
first with and then without the DUT connected between the attenuator and the first HFET amplifier. The
amount by which this ratio increases is the so-called ‘signal-to-noise ratio improvement’ (SNRI) [44]. The
SNRI measurement is then used to infer by how much the first low noise stage is improving the noise
temperature of the receiver chain. In reality, it will be a multi-element equivalent circuit whose parameters
are constrained by the measured SNRI. Details of the calibration procedure and results are topics for
discussion in future publications.

The IF output of the image reject mixer feeds a Mini-Circuits BBP-10.7+ bandpass filter having a 1MHz
wide pole-free passband. The output of the filter is digitised at a 125MHz sampling rate in an AlazarTech
ATST146 digitiser. This stand-alone unit was chosen to isolate the DAQ card as far as possible from noise
commonly present inside PC instrument towers. The digitised output is fed via a USB-C/Thunderbolt-3 [45]
connection to a rack mounted PC where analysis of the digitised data takes place. Analysis consists firstly of a
digital heterodyne in two orthogonal phases followed by decimation by a power of two, centring the signal
band at 2MHz. This digital signal processing is equivalent to a second heterodyne stage, so our overall
electronics consists of a double heterodyne radio receiver circuit.
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Figure 7. Receiver chain RF output. The demarcation between the DF and the instrument rack is marked with cable breaks.
Incoming feeds to the cryostat from external signal sources are attenuated through a string of SMA attenuators built in to SMA
feedthroughs that also act as thermal links to the PT1, still plate, and mixing chamber plate stages. The values of the attenuators in
these strings are 20 dB at each of the PT2 and still plate stages and 10 dB at the mixing chamber plate stage. The pump tone input
is used when the ultra-low-noise amplifier is of a parametric type requiring a pump tone.

Averages of the modulus squared of the bins of fast Fourier transforms of the decimated data form the raw
data product. This raw data is stored off-line alongside the results of narrow-band and broad-band sweeps of
the cavity in transmission and a header of slow controls data both from low frequency signals associated with
the RF electronics readout and other signals read out from the DF and magnet control system.

7.1. Field Shield
Superconducting amplifiers must be protected from magnetic fields, which degrade the performance of
Josephson junctions and, if they are non-uniform, couple vibrational noise into the electrical signal.
However, to suppress cable resonances the amplifiers should also be close to the cavity, which is in the
high-field region. To reconcile these requirements, we locate the superconducting electronics inside a passive
magnetic field just below the mixing chamber plate.

The shield is a multi-layer cylinder (figure 8(a)) inspired by that used in the HAYSTAC experiment [46].
From the outside, the layers are:

• Anouter ferromagnetic layer consisting of 1.5mmofmagnetically soft FeNiMo alloy (Cryophy [47]), welded
from sheet metal and annealed in hydrogen by the manufacturer [48].

• An outer superconducting layer consisting of a 1.5mm seamless Nb tube [49] with Al end caps [50]. The
Type II superconductor Nb was chosen for the tube because of its high critical field [51] Bc1 ≈ 199mT.
The Type I superconductor Al was chosen for the end caps for ease of machining, despite its lower [52]
Bc = 10.5mT.

• An inner ferromagnetic layer, made in the same way as the outer.
• An inner superconducting layer consisting of an open cylinder with a longitudinal slit, made from 0.125mm
Nb foil [50].

Copper mounting supports anchor a mounting plate inside the shield. The clear cylindrical volume below
this plate has 50mm diameter and 76mm length.

The shield is cooled with the primary magnet unenergised and therefore experiences the Earth’s magnetic
field Bearth ≈ 50µT. Most of this field is routed through the outer ferromagnetic layer, ensuring that when the
outer superconducting layer is cooled through its transition, the field it encloses is much smaller than Bearth.
To suppress vortex trapping in the superconductor, its cooling path runs through a piece of brass, whose
comparatively low thermal conductance should slow down the superconducting transition. After the cryostat
reaches base temperature, the primary coil is ramped up. By this time, the outer superconducting layer is well
below its transition temperature, so its Bc is much larger than the stray field it experiences. Any flux that does
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Figure 8. The QSHS field shield. (a) Rendered cross section of the shield, with layers marked. Indicated dimensions are in mm.
Inset shows a partly disassembled view. (b) Shield in position beneath the mixing chamber, with superimposed stray field
contours (simulated without the shield). Labels indicate field magnitude in mT.

penetrate it is primarily routed through the inner ferromagnetic layer rather than reaching the amplifiers.
The final passive shielding comes from the inner superconducting layer, which does not reduce the field
magnitude but does impose a boundary condition that it runs parallel to its surface and therefore
predominantly along the cylinder axis. If this condition is achieved, then the requirement that the B-field
have zero divergence and curl means that it will be uniform in this space.

Our design is intended to allow fast sample exchange. The ferromagnetic layers are clamshells from which
half-shells can be removed without full disassembly (figure 8(a) inset). The inner superconducting layer can
be unwrapped and the outer superconducting layer can be slid off. To minimise cable run, there are
penetrations at both ends of the shield. In accordance with the principles of good shielding, the penetrations
through the ferromagnetic layers are fluted, and the interface between the clamshells is oriented parallel to
the stray field lines.

We estimate the shielding effectiveness as follows. Since the outer two layers exclude most of the stray
field, the field in the amplifier space is mainly the remnant of Bearth that was trapped inside it during
cooldown. [53] reports the following estimate, tested in [54], for the longitudinal shielding factor of an open
double-walled cylinder whose walls have permeability µ:

SL ≡
Ba

Bi

≈ 4N(L2/D2)

(
S1S2

4∆D
2(

L1 +D/2
)
D2
1

+ S1 + S2

)
+ 1. (12)

Here Ba(i) is the applied (interior) field, L1(2) and D1(2) the length and diameter of the inner (outer) cylinder,

∆ the cylinder spacing, D the average of D1 and D2, Si ≡ µd
Di

the transverse shielding factor of the ith shield, d
the sheet thickness, and N(L2/D2) the demagnetisation factor of an ellipsoid with the same aspect ratio as
the outer cylinder.

Taking dimensions from figure 8(a) and estimating µ≈ 103 from the known permeability curve of
cryophy [47] leads to N(L2/D2)≈ 0.22, S1 ≈ 23, S2 ≈ 20, and SL ≈ 90. Upon cooling in the Earth’s field, the
internal field is therefore expected to be

Bi =
Bearth

SL
≈ 6× 10−7T. (13)

This calculation pessimistically assumes the Earth’s field to be vertical and also ignores shielding by the
ferromagnetic endcaps.

When the primary coil is ramped up, the outer ferromagnetic layer will saturate and therefore lose some
shielding effectiveness, but the superconducting layers should remain below their transition fields. Only a
small part of the stray field should therefore penetrate the outer superconducting and inner ferromagnetic
shields to reach the amplifiers when they are operating. If it turns out that amplifiers under test do not work
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in the shield, it is an option to obtain a magnetic field probe and measure the field inside the shield as a
diagnostic.

In addition to shielding effectiveness, another consideration is the magnetic stress on the shield. If we
make the pessimistic approximation that the shield is a sphere of infinitely permeability, its magnetic
moment in a stray field Bstray is [28]

m=
4π

µ0
R3Bstray, (14)

where R is the radius of the notional sphere, taken as half the length of the shield. The force on the shield is
thus

F= ∇⃗
(
m ·Bstray

)
=

8π

µ0
R3Bstray∇⃗Bstray. (15)

At the location of the shield, the stray field of the magnet is Bstray ≈ 10−2T with
∣∣∣∇⃗Bstray

∣∣∣≈ 10−1Tm−1 and

so, taking R= 0.07m from figure 8(a), the magnitude of the force is

F≈ 7N. (16)

The same model yields an upper bound on the torque τ . The magnetic moment of the shield will not be
larger than that of a solid sphere, and so

τ =
∂

∂θ

(
m ·Bstray

)
≲mBstray

≲ 4π

µ0
R3B2

stray

≈ 1.4Nm, (17)

where θ is the angle between the shield axis and Bstray. Equations (16) and (17) are both upper bounds, and
so F and τ will be well within the mechanical strength of the shield.

8. DAQ

With the tuning rod in a fixed position and the variable coupling antenna inserted such that the electronics is
critically coupled to the cavity TM010 mode, DAQ consists, first, of wide and narrow band sweeps of the
cavity in transmission to determine mode resonant frequency and quality factor. Second, data is acquired
through the heterodyne receiver described in section 7. The raw data consists of Welch estimates of the power
spectrum over the bandwidth of the cavity mode. Having acquired sufficient data to achieve a signal to noise
ratio, as defined in equation (11), of SNR= 4, for the signal model under examination, the cavity
transmission functions, power spectra, and slow controls data are stored in hdf5 format for off-line analysis.
The piezo motors are then used to move the tuning rod, and the cycle repeats until the desired range of mode
frequencies and axion masses has been probed. A good target is to aim for 90% data taking live time, opening
the apparatus approximately every three months for inspection and diagnostics. If drifts are observed in
mode characteristics during long integration times, these times will be broken up into segments and
additional measurements of the cavity mode characteristics will be added.

9. Analysis

We search for excess power in a relatively narrow frequency band within the wider bandwidth of TM modes
of the cavity. Frequency-dependent baselines in the power spectra due to the IF bandpass filter and the
interactions of the cavity, electronics, circulator impedances, and connecting transmission lines must be
subtracted. Peak searches are conducted in the background subtracted data.

Narrow peaks can also be produced by penetration of signals from the ambient electromagnetic
environment in the lab through the metal walls of the cryostat and in to the cavity, or along connecting
cables. Methods of rejecting non-astrophysical backgrounds include running the receiver with an antenna in
the lab free space to see if the signal is present at higher amplitude outside the cavity.
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Anticipated properties of hypothetical dark matter yield other vetos. Axions should convert in the
detector with a power proportional to the square of the applied magnetic field, therefore, by varying the
strength of the field we can test this anticipated property. Non-axionic hidden sector dark matter may also
convert in the detector, but does not require a magnetic field.

An additional veto for all hidden sector dark matter, not only axions, is to study the precise frequency
structure of the peak as a function of time, to see if it exhibits the diurnal or annual modulation that is
expected as a consequence of the lab rest frame motion with respect to the dark matter. Such modulation is
caused by motion of the lab with dark matter halo as the Earth rotates on its axis and the Sun orbits the
galactic centre. This ‘axion wind’ effect should modulate the signal frequency at the 10−7ν0 level.

We may also require that the signal be persistent, although the smoothness of the halo which is required
for a persistent signal at constant power is a subject of research, particularly in numerical simulations of dark
matter halos. A powerful additional technique is to inform our collaborators at ADMX of a detected signal
and run a joint search in spatially-separated detectors.

Finally, astrophysical dark matter signals may contain substructure from components of the halo that
have yet to thermalise in the gravitational potential of our galaxy, or have formed bose condensates. Any such
substructure would provide further information towards distinguishing astrophysical signals from
backgrounds.

10. Summary and next steps

In this paper we have described the initial hardware configuration of the QSHS resonant cavity axion search.
The instrument is designed both as a test bed for new low-noise quantum instrumentation and as a search
for pseudoscalar hidden-sector dark matter at sensitivities comparable with the expectations for QCD axions
[55]. The base temperature of the cavity is 18.5mK so that, instrumented with quantum electronics, the ratio
of the thermal equilibrium energy, kBT, to the energy of a single quantum of excitation of the resonator, hν,
should be less than unity.

Next steps include calibration of the instrument sensitivity through measurement of the noise
temperature of the receiver. This will involve measuring the noise temperature of the chain starting at the
first HFET amplifier. This noise temperature should be dominated by the noise temperature of the first
HFET stage. This result can be used to assess the change in noise temperature when additional device
prototypes are added before this first HFET amplifier. A low measured noise temperature is an indication
that the gain propagated through the receiver chain is sufficient to maintain adequate signal-to-noise ratio at
the point where the measured signal is digitised. Such a measurement also provides an absolute calibration of
the receiver chain, so that any power excess can be converted to an absolute signal power deposited in the
cavity. The apparatus has room for expansion for other experiments and tests of novel experimental
techniques. Future experimental configurations will optimise the choice of resonator to optimise signal
sensitivity, matched to the receiver electronics. These and other tests of quantum electronics supplied to the
QSHS collaboration and searches for axions using the apparatus will be the subject of future collaboration
publications.
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