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Axions and the Strong CP problem
Standard model symmetry group is SU(3)⇥ SU(2)⇥ U(1)
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Evidence for CP conservation in the SU(3) strong interactions 
from multiple measurements of neutron and nuclear electric 
dipole moments. For example, neutron EDM < 10-26 e-cm.

Even simple dimensional arguments 
show that this is unexpected. Why do 
the SU(3) QCD interactions conserve 
CP when SU(2) QED interactions do 
not? This is the strong CP problem.
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violation and a non-zero neutron electric dipole moment. Below fPQ, φ   has a non-

zero VEV, and θ  is constrained to lie in the minimum of the potential. So far, the

symmetry breaking scheme is similar to the Higgs mechanism. However, the vacuum

expectation value of the field also has contributions from the θ vacuum which break

the rotational symmetry of V φ( )   about the origin. Peccei and Quinn showed that if at

least one of the fermions acquires its mass by coupling to φ , then the absolute

minimum in V φ( )  is at θ = 0 . Thus the spontaneous breaking of the PQ symmetry

forces the CP violating term in the QCD Lagrangian to vanish.
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Figure 2.3  The classical QCD potential of the complex field φ

introduced by Peccei and Quinn in the case where there is 1 quark flavor.

Figure 2.3 shows the classical potential including the perturbation due to the θ vacuum

for the simplest case where there is only 1 quark flavor. In this case, the instanton

perturbation causes a 'tipping' of the classical QCD potential towards θ = 0 .

In 1978 Weinberg [4] and Wilczek [5] showed that the spontaneous breaking of the

PQ symmetry implies the existence of a new pseudoscalar particle which was named

the axion. Because the rotational symmetry of V φ( )  about the origin is broken, the

axion has a non-zero mass ma which is related to fPQ by:

LCPV = ⇥E.B

⇥ = 0

The Peccei Quinn Mechanism
and Axions 

About Minimum: small curvature (hence small mass) with 
respect to                  ✓̄ = arg(�)

Axion DOF

fPQ

Robert Peccei, Helen Quinn proposed a
new phase transition in QCD giving rise 
to a post-phase-transition condensate in
which CP is precisely conserved.       
becomes a variable which is zero in
the ground state of the broken theory.
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Axion Phenomenology
The axion is a pseudoscalar; has the 
same quantum numbers as the    , 
and the same interactions, but with 
coupling strengths scaled by the axion mass
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Signal-to-noise-ratio
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Theoretical signal power for KSVZ axions in ADMX

Noise power for thermalised axions at 700MHz, 500 Hz bandwidth
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PN = kBTSB

= 1.4⇥ 10�23[J K
�1]⇥ 4[k]⇥ 500[Hz]

= 2.8⇥ 10�20
W

Signal power divides by 2 as half of the power from axion to photon conversion deposited in the amplifier
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The Radiometer Equation.
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The radiometer equation is useful here because the signal is at a static
frequency, and the noise at surrounding frequencies is relatively flat (because
the cavity resonance is much wider band than the signal peak). Thus the
signal appears as excess power in its bandwidth on top of the noise power 
that is in every bin.

Whether the signal is discernible or not depends on whether the bin-to-bin 
fluctuations in the noise swamp the signal. The radiometer equation tells you
how long you have to integrate for to discern the signal against the
background of these fluctuations.

B :
PS :

�PN :

bandwidth
signal power

PN : noise power
t : integration time

r.m.s. of bin-to-bin
fluctuations in noise



ADMX experimentADMX
• Large Scale Experiment 

running 1995-present.
• Excluded KSVZ axions with 

mass 1.9-3.6 μeV (460-860 
MHz).

• Uses DC SQUID amplifiers.
• Currently commissioning 

dilution refrigerator 
upgrade.  

• Present search region is 
3.6-10 μeV.

8

Typical run cadence when data taking starts!

2!

-  Inject broad swept RF signal to record cavity 
response. Record state data (temperature 
sensors, hall sensors, pressure, etc.).!

-  Integrate for ~ 80 seconds (final integration time 
based on results from cold commissioning).!

-  Move tuning rod to shift TM010 & TM020 modes 
( ~ 1 kHz at a time).!

-  Every few days adjust critical coupling of TM010 
& TM020 antennas.!

!
-  Anticipated scan rate ~100 MHz (0.5 μeV) every 

3 months!

50cm

Microwave 
Squid  
Amplifier 
(MSA)



Calculated
Signal
Strengths
in ADMX2
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Exclusion Limits World-Wide

• Until the mid 1960s, it was generally assumed that the underlying theory of 
particle physics would conserve the CP symmetry.

• Assumption was called into question when examples of CP-violating effects 
began to be observed in the electroweak sector.

• First indirectly measured and then directly measured some time later.
• CP being badly broken in weak interactions leads to the expectation that it is 

badly broken in strong interactions also.
• Tested by measuring the Electric Dipole Moments (EDMs) of neutrons and 

nuclei. 
• Leads to ever more stringent upper limits at approximately 10 orders of magnitude 

less than expected with an EDM of dn > 3.0×10−26 e·cm.
• Dubbed the "Strong CP Problem" it is solved by the Peccei Quinn mechanism 

and gives rise to a pseudo-Nambu-Goldstone boson, the Axion.
• The properties that are theorised for the Axion make it a well motivated candidate 

for dark mater.

Axion Dark Matter Search Using Novel 
Resonant Feedback Techniques

Axions are a well motivated candidate for dark matter. #e most sensitive experimental 
detection setup is currently the Axion Dark Matter eXperiment (ADMX). We describe 
the current experimental con$guration and novel resonant feedback techniques [1] 
aimed at increasing the rate of coverage of axion masses, as well as the domain of 
masses within reach using current or planned ADMX magnet geometries.

Abstract

!e Background and !eory

#e Axions detection is theorised to be possible 
utilising the inverse Primako% e%ect seen in 
$gure 1 where the axion will undergo conversion 
to a photon and a virtual photon in a strong 
inhomogenous magnetic $eld.

Detection

M. G. Perry

• Current most sensitive detectors use a cryogenic 
resaonant cavity.

• Cryogenic ampli$ers are used in conjusction 
with room temperature ampli$ers to amplify the 
expected signal power of a yoctowatt (10-24 W).

• #e search frequency is altered mechanically by 
using tuning rods driven by room temperature 
stepper motors.

Figure 1: Feynman Diagram of the Inverse Primako% e%ect [2]

Figure 2: #e generic setup of an Axion haloscope [3]

• Searches for galactic halo Axions have 
a search range of several orders of 
magnitude.

• Only a very small fraction has been 
excluded.

Figure 3 (Above): Predicted Search Window [3]

Figure 4(Above): Current exclution Limits, Wide view. [4]
Figure 5(Le&): Current Exclusion Limit, Tight view. [4]

Drawbacks
Current Experiments are held back by a number of factors including:
• Slow scan rate, owing to searching a small band of frequency at one time.
• High temperatures, owing to heating caused by mechanical tuning.
• Low sensitivity, owing to limitations on cavity e%ective volume.

Method For Improvement
Using A resonator structure other than 
a cavity and imposing the electical $eld 
structure using feedback circuitry could 
vastly increase scan rates.
#is can also serve to allow an increase 
in e%ective detector volume, with some 
careful design.

Figure 6 (Right): A potential detector structure design [1]
Figure 7 (Below): #e concept of replacing a cavity with parallel 
plates and an external resonator. [1]

#inking of a cavity resonance being formed by charges building up on end plates 
and the return path for those charges being the cavity walls. Removing those walls 
and forcing the electrical structure using an external resonator, the same structure 
can be achieved.
#is would be achieved using a Field Programable Gate Array (FPGA). due to 
limitations in Analogue to Digital Convertors (ADCs) and Digital to Analogue 
Convertors (DACs), a hetrodyne reciever setup would need to be utilised.

Figure 8 (Le&): #e feedback loop setup with hetrodyne 
reciever. [1]
Figure 9 (Below): #e digital $lter creating 8 parallel 
resonances and the phase responce ascociated.

#e way scan rate would be increased using 
this feedback search technique is to have 
multiple parallel resonances simultaneously. 
#is can be seen demonstrated in $gure 
9, A frequency sweep of the digital $lter 
implemented on simple hardware, and 
$gure 10, the same $lter with hetrodyne 
chain and applied through a small test 
cavity.

Figure 10 (Le&): #e digital $lter applied through a cavity with 
hetrodyning in place.
Figure 11 (Below): FPGA and Hetrodyne setup.

[1] E. J. Daw, Nucl. Instrum. Meth. A 921, 50 (2019), 1805.11523v2.
[2] I. Stern. ADMX Status. 2017. arXiv: 1612.08296 [physics.ins-det].
[3] E. J. Daw, A search for halo axions, Ph.D. thesis, MIT (1998).
[4] C. O’Hare, “cajohare/axionlimits: Axionlimits,” (2020), URL 

https://doi.org/10.5281/zenodo.3932430.
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Resonant Cavity Searches

• Until the mid 1960s, it was generally assumed that the underlying theory of 
particle physics would conserve the CP symmetry.

• Assumption was called into question when examples of CP-violating effects 
began to be observed in the electroweak sector.

• First indirectly measured and then directly measured some time later.
• CP being badly broken in weak interactions leads to the expectation that it is 

badly broken in strong interactions also.
• Tested by measuring the Electric Dipole Moments (EDMs) of neutrons and 

nuclei. 
• Leads to ever more stringent upper limits at approximately 10 orders of magnitude 

less than expected with an EDM of dn > 3.0×10−26 e·cm.
• Dubbed the "Strong CP Problem" it is solved by the Peccei Quinn mechanism 

and gives rise to a pseudo-Nambu-Goldstone boson, the Axion.
• The properties that are theorised for the Axion make it a well motivated candidate 

for dark mater.

Axion Dark Matter Search Using Novel 
Resonant Feedback Techniques

Axions are a well motivated candidate for dark matter. #e most sensitive experimental 
detection setup is currently the Axion Dark Matter eXperiment (ADMX). We describe 
the current experimental con$guration and novel resonant feedback techniques [1] 
aimed at increasing the rate of coverage of axion masses, as well as the domain of 
masses within reach using current or planned ADMX magnet geometries.

Abstract

!e Background and !eory

#e Axions detection is theorised to be possible 
utilising the inverse Primako% e%ect seen in 
$gure 1 where the axion will undergo conversion 
to a photon and a virtual photon in a strong 
inhomogenous magnetic $eld.

Detection

M. G. Perry

• Current most sensitive detectors use a cryogenic 
resaonant cavity.

• Cryogenic ampli$ers are used in conjusction 
with room temperature ampli$ers to amplify the 
expected signal power of a yoctowatt (10-24 W).

• #e search frequency is altered mechanically by 
using tuning rods driven by room temperature 
stepper motors.

Figure 1: Feynman Diagram of the Inverse Primako% e%ect [2]

Figure 2: #e generic setup of an Axion haloscope [3]

• Searches for galactic halo Axions have 
a search range of several orders of 
magnitude.

• Only a very small fraction has been 
excluded.

Figure 3 (Above): Predicted Search Window [3]

Figure 4(Above): Current exclution Limits, Wide view. [4]
Figure 5(Le&): Current Exclusion Limit, Tight view. [4]

Drawbacks
Current Experiments are held back by a number of factors including:
• Slow scan rate, owing to searching a small band of frequency at one time.
• High temperatures, owing to heating caused by mechanical tuning.
• Low sensitivity, owing to limitations on cavity e%ective volume.

Method For Improvement
Using A resonator structure other than 
a cavity and imposing the electical $eld 
structure using feedback circuitry could 
vastly increase scan rates.
#is can also serve to allow an increase 
in e%ective detector volume, with some 
careful design.

Figure 6 (Right): A potential detector structure design [1]
Figure 7 (Below): #e concept of replacing a cavity with parallel 
plates and an external resonator. [1]

#inking of a cavity resonance being formed by charges building up on end plates 
and the return path for those charges being the cavity walls. Removing those walls 
and forcing the electrical structure using an external resonator, the same structure 
can be achieved.
#is would be achieved using a Field Programable Gate Array (FPGA). due to 
limitations in Analogue to Digital Convertors (ADCs) and Digital to Analogue 
Convertors (DACs), a hetrodyne reciever setup would need to be utilised.

Figure 8 (Le&): #e feedback loop setup with hetrodyne 
reciever. [1]
Figure 9 (Below): #e digital $lter creating 8 parallel 
resonances and the phase responce ascociated.

#e way scan rate would be increased using 
this feedback search technique is to have 
multiple parallel resonances simultaneously. 
#is can be seen demonstrated in $gure 
9, A frequency sweep of the digital $lter 
implemented on simple hardware, and 
$gure 10, the same $lter with hetrodyne 
chain and applied through a small test 
cavity.

Figure 10 (Le&): #e digital $lter applied through a cavity with 
hetrodyning in place.
Figure 11 (Below): FPGA and Hetrodyne setup.

[1] E. J. Daw, Nucl. Instrum. Meth. A 921, 50 (2019), 1805.11523v2.
[2] I. Stern. ADMX Status. 2017. arXiv: 1612.08296 [physics.ins-det].
[3] E. J. Daw, A search for halo axions, Ph.D. thesis, MIT (1998).
[4] C. O’Hare, “cajohare/axionlimits: Axionlimits,” (2020), URL 

https://doi.org/10.5281/zenodo.3932430.

• Until the mid 1960s, it was generally assumed that the underlying theory of 
particle physics would conserve the CP symmetry.

• Assumption was called into question when examples of CP-violating effects 
began to be observed in the electroweak sector.

• First indirectly measured and then directly measured some time later.
• CP being badly broken in weak interactions leads to the expectation that it is 

badly broken in strong interactions also.
• Tested by measuring the Electric Dipole Moments (EDMs) of neutrons and 

nuclei. 
• Leads to ever more stringent upper limits at approximately 10 orders of magnitude 

less than expected with an EDM of dn > 3.0×10−26 e·cm.
• Dubbed the "Strong CP Problem" it is solved by the Peccei Quinn mechanism 

and gives rise to a pseudo-Nambu-Goldstone boson, the Axion.
• The properties that are theorised for the Axion make it a well motivated candidate 

for dark mater.

Axion Dark Matter Search Using Novel 
Resonant Feedback Techniques

Axions are a well motivated candidate for dark matter. #e most sensitive experimental 
detection setup is currently the Axion Dark Matter eXperiment (ADMX). We describe 
the current experimental con$guration and novel resonant feedback techniques [1] 
aimed at increasing the rate of coverage of axion masses, as well as the domain of 
masses within reach using current or planned ADMX magnet geometries.

Abstract

!e Background and !eory

#e Axions detection is theorised to be possible 
utilising the inverse Primako% e%ect seen in 
$gure 1 where the axion will undergo conversion 
to a photon and a virtual photon in a strong 
inhomogenous magnetic $eld.

Detection

M. G. Perry

• Current most sensitive detectors use a cryogenic 
resaonant cavity.

• Cryogenic ampli$ers are used in conjusction 
with room temperature ampli$ers to amplify the 
expected signal power of a yoctowatt (10-24 W).

• #e search frequency is altered mechanically by 
using tuning rods driven by room temperature 
stepper motors.

Figure 1: Feynman Diagram of the Inverse Primako% e%ect [2]

Figure 2: #e generic setup of an Axion haloscope [3]

• Searches for galactic halo Axions have 
a search range of several orders of 
magnitude.

• Only a very small fraction has been 
excluded.

Figure 3 (Above): Predicted Search Window [3]

Figure 4(Above): Current exclution Limits, Wide view. [4]
Figure 5(Le&): Current Exclusion Limit, Tight view. [4]

Drawbacks
Current Experiments are held back by a number of factors including:
• Slow scan rate, owing to searching a small band of frequency at one time.
• High temperatures, owing to heating caused by mechanical tuning.
• Low sensitivity, owing to limitations on cavity e%ective volume.

Method For Improvement
Using A resonator structure other than 
a cavity and imposing the electical $eld 
structure using feedback circuitry could 
vastly increase scan rates.
#is can also serve to allow an increase 
in e%ective detector volume, with some 
careful design.

Figure 6 (Right): A potential detector structure design [1]
Figure 7 (Below): #e concept of replacing a cavity with parallel 
plates and an external resonator. [1]

#inking of a cavity resonance being formed by charges building up on end plates 
and the return path for those charges being the cavity walls. Removing those walls 
and forcing the electrical structure using an external resonator, the same structure 
can be achieved.
#is would be achieved using a Field Programable Gate Array (FPGA). due to 
limitations in Analogue to Digital Convertors (ADCs) and Digital to Analogue 
Convertors (DACs), a hetrodyne reciever setup would need to be utilised.

Figure 8 (Le&): #e feedback loop setup with hetrodyne 
reciever. [1]
Figure 9 (Below): #e digital $lter creating 8 parallel 
resonances and the phase responce ascociated.

#e way scan rate would be increased using 
this feedback search technique is to have 
multiple parallel resonances simultaneously. 
#is can be seen demonstrated in $gure 
9, A frequency sweep of the digital $lter 
implemented on simple hardware, and 
$gure 10, the same $lter with hetrodyne 
chain and applied through a small test 
cavity.

Figure 10 (Le&): #e digital $lter applied through a cavity with 
hetrodyning in place.
Figure 11 (Below): FPGA and Hetrodyne setup.

[1] E. J. Daw, Nucl. Instrum. Meth. A 921, 50 (2019), 1805.11523v2.
[2] I. Stern. ADMX Status. 2017. arXiv: 1612.08296 [physics.ins-det].
[3] E. J. Daw, A search for halo axions, Ph.D. thesis, MIT (1998).
[4] C. O’Hare, “cajohare/axionlimits: Axionlimits,” (2020), URL 

https://doi.org/10.5281/zenodo.3932430.



Figure of merit for cavity axion detectors
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B2V

T

T is the system noise temperature. Minimise
it by cooling the apparatus to 10 millikelvin in
a custom dilution refrigerator, and by employing
new custom low noise readout.

B is the applied magnetic field and V is the
volume of the resonant structure in the magnet
bore.

Best strategy for B and V turns out to be to go
for an 8T field, allowing you to use relatively low
risk magnet windings of NbTi / NbSn, but over
as large a volume as possible.

QSHS aspires to an 8T, 1m bore, 1m long magnet. Our test stand
detector has an 8T field, with a 20cm bore, 20cm long magnet. 



Custom dilution fridge based on Oxford
Instruments Proteox MX platform, 8T dual

NbTi / NbSn magnet with stray field cancellation



Test Stand Lab



WP10 continued - target design
Early conceptual design work on the target has begun.

Field free region:

12cm diameter by

15cm height.

High field region

in magnet bore

20cm diameter by

20cm height.

Auxiliary zero field

tunable electromagnetic

cavity

Three independently tuneable cylindrical

cavity resonators for evaluating

three separate readout technologies

Single parametrically tuneable

feedback coupled resonant structure.

Quantum electronics bay 

for SQUID devices in superconducting shielding, 

and microwave circulators where required.

Waveguide



First SLUG loaded SQUID devices fabricated by the 
NPL/UCL group, Nov/Dec 2021. Currently under test.

NPL/UCL: SLUG amplifier fabrication for 
QSHS

• First generation of SLUG devices (Mark I)  fabricated in LCN cleanroom 
November/December 2021.

• Chips include RF SLUG amplifier circuit, as well as ‘DC SLUGs’ for testing 
properties of nanobridges.

• Nanobridges fabricated by electron-beam lithography and neon focused-
ion-beam to allow comparison of methods. 

    Nb
Si

Nb

Si

Nb

Si

EBL nanobridge

FIB nanobridge

Nb Si

rf in

rf out

NPL/UCL: SLUG amplifier design summary for QSHS

• SLUG amplifier device consists of input 
circuit, nanobridge SLUG loop, and 
output circuit.

• We have used Python and Ansys to 
model full amplifier circuit, and have 
used this model to inform the design of 
first generation devices.

Ansys Maxwell – simulated 
inductance / capacitance of 

SLUG loop 
In our design, a CPW resonator 
is used to couple the input signal 
to the SLUG, and to couple the 
amplified signal from the SLUG 

to the receiver circuit. 

Python – simulated 
frequency-dependent gain 

of SLUG amplifier

rf out
rf in

λ/4 λ/2

Typical 
mask design 

for SLUG 
amplifier 
device

NPL/UCL: SLUG amplifier design summary for QSHS

• SLUG amplifier device consists of input 
circuit, nanobridge SLUG loop, and 
output circuit.

• We have used Python and Ansys to 
model full amplifier circuit, and have 
used this model to inform the design of 
first generation devices.

Ansys Maxwell – simulated 
inductance / capacitance of 

SLUG loop 
In our design, a CPW resonator 
is used to couple the input signal 
to the SLUG, and to couple the 
amplified signal from the SLUG 

to the receiver circuit. 

Python – simulated 
frequency-dependent gain 

of SLUG amplifier

rf out
rf in

λ/4 λ/2

Typical 
mask design 

for SLUG 
amplifier 
device

Resonator paramp. ~20dB gain

at frequencies up to 18GHz.

Filter, directional coupler
Traveling wave paramp.

Examples 
of QSHS 
Linear 
Amplifier 
and Device 
Technology



Energy measurement / 
photon counting technologies

Microstrip coupled 
transition


Two microstrip channel 



Resonant feedback 
concept
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Figure 4: On the left, a cross section through a right circular cylindrical conducting wall
resonant cavity excited in the TM010 mode. The vertical arrows indicate the electric field
lines, and the circles with dots (crosses) indicate magnetic field lines directed out of (in to)
the plane of the diagram. Half a period later the direction of both electric and magnetic
field lines reverses. The electric field lines terminate on charge distributed on the inner
wall of the metal ends. Currents flowing in the side walls, the charges on the ends, and the
time rate of change of the displacement current, "0@ ~E/@t completes the electrical circuit.
In the case of the capacitor, the electric field is more uniform (we have exaggerated the
distance between the capacitor plates relative to the plate size for clarity), and the circuit
is completed by the external wire that passes through the resonant electronics.

tion we show semi-quantitatively that the proposed resonant feedback scheme152

should achieve similar enhancement in signal power by a factor of Q, pre-153

viously demonstrated both experimentally and theoretically for the cavity154

case in both the classical and single quantum limits [8, 43, 44]. Figure 4155

shows a cross section through a right circular cylindrical metal wall resonant156

cavity with the TM010 mode excited on the left, and a capacitor of similar157

geometry connected to a simplified resonant feedback circuit on the right. In158

the cavity case, the high Q resonance is due to boundary conditions on ~E159

and ~B at the cavity walls. As with all resonators, fields circulating in the160

cavity form closed circuits, with power building up when the phase shift in161

the round trip is such that constructive interference occurs. In the case of162

the TM010 mode, the magnitude of the electric field is given as a function of163

8

Cavity Resonant feedback

Nuclear Inst. and Methods in Physics Research, A, Volume 921, p. 50-56.
https://arxiv.org/abs/1805.11523

https://arxiv.org/abs/1805.11523


Cryogenic Test at ADMX

Digitally-implemented resonances on a microwave cavity1
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In this paper, we generate resonances in a microwave cavity using a digital filter algorithm in a feedback8

circuit. The associated resonant frequency and quality factor of the filter could be programmed via a user9

interface. Further, the phase and gain of signals traveling through the board were adjustable via the same10

interface. Up to seven such filters could be created in parallel on an FPGA board.11

I. INTRODUCTION12

The continued improvement of field programmable gate ar-13

rays (FPGAs) has increased their appeal for a number of ap-14

plications [1], including large-scale scientific endeavors, and15

tabletop experiments. In this paper, we demonstrate a novel16

technique to generate resonances in a microwave cavity and17

feedback circuit using digital filters implemented on an FPGA18

board. The method has potential applications to fields as far-19

ranging as quantum computing, electrical engineering, and bi-20

ology. Nevertheless, the original concept was first proposed as21

a means to search for dark matter [2]. As such, all apparatus22

for this research were incorporated into existing infrastructure23

for the Axion Dark Matter eXperiment (ADMX), which uses24

a microwave cavity in a strong magnetic field to search for ax-25

ion dark matter [3–5]. Specifically, our feedback system was26

integrated into the ‘sidecar’ electronics. Equipped with an in-27

dependent receiver chain, sidecar is a 0.65-liter cavity that is28

thermally sunk to the top of the main ADMX cavity. This29

receiver previously acquired data in tandem with the main ex-30

periment, though with slight differences to the current detector31

design [6].3233

II. MOTIVATION FOR AN AXION SEARCH34

This research was in part developed to confront ongoing35

challenges in the search for the particle that constitutes dark36

matter. A oft-cited statistic inferred from indirect astrophysi-37

cal observations, is that 85% of all mass exists in the form of38

this unknown particle. Despite numerous search efforts, direct39

detection of such a particle evades us. Searches for one of the40

most compelling candidates, the axion, are hindered by the41

fact that the most successful experiments, known as resonant42

haloscopes, are limited by the bandwidth over which they are43

sensitive at any given time. The resonant feedback concept44

described in this letter were initially proposed as one possible45

solution to this limitation. A number of other possible advan-46

tages, such as decoupling the electromagnetic structure from47

* Correspondence to: chelsb89@uw.edu

FIG. 1. Schematic diagram of the feedback setup with the FPGA
board. Upon exiting the cavity, half the power was routed back to a
VNA/digitizer/terminator, and the other half through a chain of feed-
back electronics, which involved the FPGA board, bookended by two
mixing stages, and a 50-kHz bandpass filter.

the quality factor, and the removal of mechanical tuning mech-48

anisms were posited as arising from this new method. Previ-49

ously, resonant feedback has been explored for axion searches50

in the context of a wideband resonant feedback approach [7],51

with the intent of achieving a boost in the signal-to-noise ra-52

tio. It is important to note that this approach is distinct insofar53

as it applies a narrowband approach and benefits from the par-54

allelism that is achievable with an FPGA.5556

SIDECAR CAVITY

150mK

FPGA board



Closed loop power spectra with an injected sine wave
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Q =
4.949GHz

500Hz
⇠ 10

7 Note that the power level induced by the injected 
signal is enhanced in the vicinity of the induced 
resonance, exactly as we see for natural cavity 
resonances 
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� = 500Hz

Feedback induced 
resonance

Peaks at 5 injection frequencies. All signals 
were injected at the same power level.



Research Programme

✦Science results in years 1-3. 
✦Benefit from considerable expertise in ADMX. 
✦Immediate profile in the field for our collaboration. 
✦Training pathway and early data for Ph.D. students.

Example magnet: Tesla 
Engineering  - a UK company. 
9.4 T  x 830mm bore. Dry 
Cryogenics.

• Acquire the world’s largest           magnet for hidden sector searches.B2V

• Collaborate with ADMX on cavity design, analysis...

• Develop four varieties of quantum electronics
✦SLUG loaded SQUID amplifiers. 
✦Travelling wave parametric amplifiers. 
✦Bolometers. 
✦QuBITs.

• Propose high-field low-temperature facility exploiting UK infrastructure.
• First science data from UK target.

• Advance Hidden sector theory/phenomenology.

• Quantum systems theory.
✦Research into quantum systems composed of individual quantum devices.

• Exploit ongoing major 
investments by funding agencies 
in R&D on quantum devices.

21

• Further investigation of the 
resonant feedback concept in the 
new test stand.


