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ADMX
• 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.
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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!



M33 https://en.wikipedia.org/wiki/Galaxy_rotation_curve

Galactic dark matter problem



Axions and the Strong CP problem
Standard model symmetry group is SU(3)⇥ SU(2)⇥ U(1)

CP
VIOLATING

CP
CONSERVING!

CP
CONSERVING

ABELIANNON-ABELIANNON-ABELIAN

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 intricate SU(3) QCD interactions  
conserve CP when the less intricate 
SU(2) QED interactions do not? This is 
the strong CP problem.
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LCPV =
(⇥ + arg detM)

32⇡2
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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.

Re φ( )

Im φ( )

V φ( )

θ 

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



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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Sikivie-Type Resonant Cavity 
Axion Search



Some experimental details of the 
Sikivie RF-cavity technique

The search speed is
quadratic in 1/Ts

DOE-PI 16Jun14  LJR      6

Radiometer Equation (Gibbs 1902)

SNR =
Ps

�PN
=

Ps

Pn

p
�⌫ t

For DFSZ axion, ~1000 seconds per tuning rod position
to achieve SNR of 4.

Signal to noise ratio: the ratio of 
the signal power to the size of the 

bin-to-bin fluctuations in noise power

Currently T + TN = 150mK + 150mK = 300mK



Calculated
Signal
Strengths
in ADMX2
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Recent Results from ADMX
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs
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What is the resonant cavity 
actually doing? Storing energy.

which in the limit where ✓ and ↵ are small becomes

F (ikT � ikA+ ikR) = �m!2T. (34)

Combining the two boundary conditions leads to the scattering coe�cients,

s11 =
R

A
=

�m!2

F
�m!2

F
+ 2ik

=
�a

a+ 2ik

s21 =
T

A
=

2ik
�m!2

F
+ 2ik

=
2ik

a+ 2ik
, (35)

which given the symmetry of the configuration leads to the full scattering matrix

S =

✓ �a
a+2ik

2ik
a+2ik

2ik
a+2ik

�a
a+2ik

◆
(36)

Notice that the reflection and transmission coe�cients are orthogonal in the complex plane,
consistent with the general form of the scattering matrix derived from symmetry configu-
rations independent of the physical system. The scattering matrix is symmetric, which is
physically intuitive because the scattering configuration is symmetric with respect to signals
incident from the left and from the right. In this example, one would expect to arrive at
a scattering matrix following the convention of Equation 29 – symmetric with respect to
reversal of direction, and with the reflection and transmission coe�cients out–of–phase with
each other.

3.1 A third example, Two beads on a wire

We next analyse a wire with two beads on it, as shown in Figure 3. The incident wave fromTwo bead geometry
x = 0

S =
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a+2ik
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n�
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Figure 3: A wire carrying two beads, with uniform tension along it, and waves incident
from the left. The string between the beads contains signals propagating both the the left
and to the right, which we will model as a circulating field.

8

1.) So long as the circulating field 
aquires a phase of           in a round-trip,  
resonance results. This is the Nyquist stability 
criterion, on which ALL resonators rely. 

2n⇡

2.) For an incident field to drive the resonance to 
high amplitude, it must be coherent over the at 
least the round trip time of the circulating field.



A practical resonant 
feedback 

circuit 

Courtesy of Holger Notzel, 
www.kometamps.com

http://www.kometamps.com


Feedback resonance

GC

GW

H(s)

A

Cold Warm

50

50

Resonant filter

Attenuator

Maintain open-loop gain at <1 so the circuit doesn’t 
start to oscillate by using a suitably large attenuator.

https://arxiv.org/abs/1805.11523



Coherence time
De Broglie wavelength of halo axions 
(assuming 4 microelectronvolts), � =

2⇡~c
�mc2

' 500m

Virial velocity of cold dark matter is about 
240 km/s, which is 8e-4c, so coherence time is 2ms.

Assume feedback loop involves 20m of RG401 coax and 
a 250MHz ADC/DAC pair, the total delay time round the  
loop is 108 ns (dominated by the coax). This means the 
axion signal can circulate 18500 times around the feedback 
loop in 1 e-folding of coherence
Conclude that a feedback induced resonance is just as 
good as a cavity at enhancing the axion signal by a  
factor of Q.



Capacitors in parallel
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A
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50cm

6cm



Resonances in parallel
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Electronics in practice

show that using existing amplifier technology it is possible nevertheless to152

maintain a good signal-to-noise ratio for mode oscillations around the feed-153

back loop. Figure 4 shows a more realistic arrangement of amplification154

stages as implemented in a representative axion search. This noise budget is155

approximate; in practice the a detailed noise model of the electronics must156

be constructed to understand the spectral content of the noise background,157

especially in the vicinity of sharp features such as high Q resonances. The
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Figure 4: A schematic of the practical implementation of feedback electronics, showing
ultra-low-noise receiver electronics common to this proposal and more conventional cavity
searches, as well as the feedback path to and from the capacitor, operated far below
cut-o↵, threaded by a large static magnetic field. MSA and HEMT are acronyms for
‘microwave squid amplifier’ and ‘high electron mobility transistor’, respectively. The noise
performance of MSAs, critical to these searches, are discussed in [20, 21]. HEMT amplifiers
for ultra high frequency, low noise applications are discussed in [22, 23].

158

temperature T of a source of Johnson noise in a bandwidth B emits noise159

power P into a balanced sink given by160

P = kBTB. (5)

At a mode frequency of 700MHz corresponding to an axion mass of 2.9µeV,161

assuming a magnetic field of 6.8T, and other experimental parameters cor-162

responding to the ADMX2 experiment configuration [15], the signal power ex-163

pected from a KSVZ [16, 17] model axion converting to photons is 2 ⇥ 10�22 W164

8

JPA/



Resonant electronics

using an image reject mixer, so that digitisation occurs with a sampling rate307

around 10MHz. The proposed idea could utilise this technique, but would308

utilise a higher digitisation rate, around 64MHz, and use two image-reject309

mixers in parallel, so that two out-of-phase IF quadratures are obtained from310

the RF signal stream. Both quadratures are digitised and the resulting data311

is passed through the resonant filter. Figure A.5 shows a schematic of the312

digital electronics. In reality, a single local oscillator would be used, fed313

through a 90� hybrid to yield two out-of-phase local oscillator signals, each314

of which would be common to the corresponding pair of mixers before and315

after the digital electronics. The resonant filter itself utilises an iteration

New approach: Digital 
Resonant feedback

Maybe the resonant structure doesn’t have to be in the cavity.

ADC

ADC

FILTER

DIGITAL
DAC

DAC

SPLITTER COMBINER

AMPLIFIER

LOW NOISE AMPLIFIER

ATTENUATOR

COLD

I−PHASE LOCAL OSCILLATOR

Q−PHASE LOCAL OSCILLATOR
PLATES

WARM

CAVITY

For high Q, but without oscillation, need servo control of the 
open loop gain so that it is marginally less than 1. Advantage 

of this method is that many resonators can run in parallel.

RF 
structure 
operated 

off- 
resonance

Figure A.5: A schematic of the practical implementation of the digital portion of the
electronics. The RF signal is mixed down in two orthogonal quadradratures using image-
reject mixers before a digital filter implements the resonant circuit. The room temperature
amplification stages following the cryogenic low noise amplifier and preceding the splitter
are omitted here.

316

algorithm originally developed for the monitoring of sinusoidal backgrounds317

in gravitational wave detectors. If we represent the two quadratures of the nth
318

sample of input data as the real and imaginary parts of a complex number319

xn, and similarly represent the nth sample of filter output as the real and320

imaginary parts of a second complex number yn, then the filter algorithm321

14

E



Total noise power
100 15kHz wide resonances, separated by 150kHz. 
Q per resonance of approx 1GHz/15kHz=67000. 
Total bandwidth into digital electronics 15MHz. 
Noise in 15MHz band assuming system noise 
temperature of 300mK, -132dBm.

Total integration time for DFSZ
Assume an axion signal bandwidth of 750Hz, 300mK 
system noise, hence a signal-to-noise ratio of (10-22W/
3.1x10-21W).DFSZ sensitivity requires an integration 
time of 1120s, during which we cover 1.5MHz. 
2-40 micro eV corresponds to 4.34GHz bandwidth, so 
that the total integration time is 1120s x 4340/1.5 
which is 37.5 days. This assumes a form factor of 0.4!
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Noise budget
Table 1: Noise budget around the closed loop resonant circuit shown schematically in
Figure 3. The second column is total Johnson noise power into a 750Hz bandwidth,
including both noise from the output of the previous stage, and noise contributed by the
noise temperature at the input of the next component after the labelled location. The
third column is noise power into the same bandwidth including only that due to the
next component after the labelled location. The fourth column is the signal power. The
attenuator will be set so that the open loop gain is in fact slightly less than 0dB to avoid
the circuit going into oscillation, but here the di↵erence between the actual open loop gain
and 0dB is neglected.

Location Total summed
noise into
750Hz band-
width

Noise from lo-
cal component
into 750Hz
bandwidth

Signal
power

[dBm] [dBm] [dBm]

A -175 -178 -190
B -155 -166 -170
C -135 -166 -150
D -115 -150 -130
E -45 -76 -60
F -45 -178 -60
G -175 -178 -190

10

Noise in
15MHz
bandwidth
[dBm]
-132
-112
-92
-72
-2
-2

-132



Short term plans for resonant feedback
axion detector

•Capacitor prototype to be installed on ADMX 
below main cavity by December 2018. Volume 
of 3 litres in a 7T magnetic field. 

•2nd FPGA prototype to be developed - 
100MHz bandwidth. Implement 100 parallel 
filters and do warm test. 

•Field test on ADMX prototype Easter 2019



Recursive IWAVE digital filter 
real representation
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Fig. 2. The response of APL to phasor inputs as a function of the phasor
frequency in radians per sample, for different values of the parameter w.
Smaller w yield a sharper peak in the response at �, where � is the response
frequency of APL in radians per sample.

Substituting in to Equation 1, and solving for A and �, we
obtain

A(�) =

1�e

�wp
1�2e

�w
cos(���)+e

�2w

�(�) = arctan

⇣
e

�w
sin(���)

1�e

�w
cos(���)

⌘ (5)

Figure 2 shows examples of A and � as a function of �.
We have set � = 1.257 radians per sample, and taken four
values of w: 1, 0.1, 0.01, 0.001. The resonance at � = � gets
sharper as w decreases. More precisely, if we approximate
� � � = � ⌧ 1 and w ⌧ 1, A(�) from Equation 5 becomes

A(�) ' 1q
1 +

�

2

w

2

, (6)

so that the peak is approximately Lorentzian in shape with
full width at half maximum (FWHM), �, of 2w radians per
sample, or � = wf

s

/⇡ Hz, where f
s

is the sampling frequency
in Hz. The quality factor, Q of the resonance is the ratio of
the frequency to the FWHM, which is Q = �/(2w). The ring
down time of the resonance, ⌧ , is ⌧ = Q/(⇡f

0

), where f
0

is
the resonance frequency in Hz, f

0

= �f
s

/(2⇡). Combining
the expressions for ⌧ , Q and f

0

, the ringdown time ⌧ is given
by ⌧ = 1/(wf

s

) = ⌧
s

/w, where ⌧
s

is the sampling period in
seconds, ⌧

s

= 1/f
s

. In this context, the ringdown time has the
following meaning: if we apply a phasor of frequency � to
APL, and allow it to reach the steady state, where the output
is a phasor of the same amplitude and phase as the input, then
abruptly switch the input to zero, the output will take a time
⌧ = ⌧

s

/w, or a sample count of 1/w, to drop to 1/e of its
steady state amplitude. We will exploit this time delay later in

the paper when constructing the phase detector for the PLL
feedback loop.

A. Real input data

We next discuss the case where the input data is a real
oscillation at the oscillator frequency �, x

n

= cos n�. We
decompose this into two phasors, x

n

= ejn�/2 + e�jn�/2,
and treat the two phasors separately. The output will be of the
form y

n

= a
f

ej(n�+�f )/2 + a
b

e�j(n�+�b)/2, where a
f

, a
b

,
�

f

and �

b

are real constants. The left hand phasor is at the
filter frequency �, so a

f

= 1 and �

f

= 0. The right hand
phasor is at frequency ��. Setting � = �� in Equation 5,
we obtain

a
b

=

1�e

�wp
1�2e

�w
cos 2�+e

�2w

�

b

= arctan

⇣
e

�w
sin 2�

1�e

�w
cos 2�

⌘
.

(7)

Writing A
f [b]

= a
f [b]

ej�f[b] and defining ↵ = (�

f

� �

b

)/2

and � = (�

f

+ �

b

)/2, we arrive at

y
n

= ej�

�
af

2
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+

ab
2

e�j(n�+↵)

�
.

= ej�

((a
f
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b

) cos(n� + ↵)

+j(a
f

� a
b

) sin(n� + ↵)) .
(8)

By inspection, y
n

traces out an ellipse. Refer to Figure 3. For
positive a

f

and a
b

, the major axis of the ellipse is inclined
at an angle � to the real axis. The semimajor and semiminor
axes are of length a

f

+ a
b

and a
f

� a
b

. The angle ↵ is the
difference between the phase angle of the drive and the angle
between y

n

and the semi major axis of the ellipse. By means
of the following matrix transformation, this elliptical locus can
be transformed into a circular one having zero argument when
the input wave is at 0

� phase,
✓

D
n

Q
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(9)
where for x

n

= cos n� the transformation yields
D

n

= cos n� and Q
n

= sin n�. We have also substituted in
�

f

= 0, so that ↵ = ��

b

/2 and � = +�

b

/2. From right
to left, the three matrices rotate the ellipse through the angle
� so that the major axis is horizontal, sheer parallel to the
horizontal axis to distort the ellipse to a circle, and perform a
further phase rotation through angle ↵, so that the locus of the
transformed output has the same phase in the complex plane
as the input wave or phasor.

The outputs of the matrix transformation are sinusoidal
waves at the frequency of the drive, one in–phase with the
drive waveform (the D phase output), and the other lagging
the drive by 90

� (the Q phase output). Hence we have an
orthogonal state generator (OSG). The resonant character of
the APL filter means that off–resonance noise is suppressed.
Neighbouring oscillation channels are also attenuated, so long
as they are separated in frequency from � by substantially
more than the FWHM of the resonance. The functionality
of APL is therefore the same whether the input is a real
sinusoid or a complex phasor; in the former case the linear
transformation described above is required. The APL filter is
represented in the rest of the paper by one of the two blocks

Frequency response



Where is the  
quantum limit?

At 1GHz, a single quantum is at
hf = 6µeV

The ADMX electronics has a noise temperature of 
300mK, so that kBT = 26µeV

This is 4.3 quanta of oscillation. The state of this  
feedback circuit is that of a not-very-highly-excited, 
software configurable quantum harmonic oscillator.



Action of IWAVE digital 
filter on a simulated 

Glauber state

IN

OUT

45Hz input - Phasor with 
unit amplitude + r.m.s. 0.1 
gaussian  displacement, 
phase randomised over 2pi. 
Response time of 1s 
Filter Q of 142.

Filter then
attenuate:



Applications beyond Axion dark 
matter

• What we have here is a set of energy states of user-
configurable spacing and lifetime. 

• The output of the amplifier chain is in the GHz 
frequency regime, and will exhibit observable phase 
and amplitude properties of a quantum state. 

• The configuration can be driven with injected signals, 
either electronic signals injected classically, particles, 
ions, or other things. 

• More interesting digital filters could couple different 
frequency channels with time evolutions of channels 
using representations of groups other than U(1). 

• Even if axions are not your bag, the properties of this 
system may be of interest to the community. 



Summary
• Quantum measurement is already exploited through 
SQUID and JPA amplifiers developed for axion 
searches. 

• Resonant feedback could speed up the search rate 
of these experiments to reasonable discovery 
potential. 

• Same ideas applicable to other hidden sector 
probes. 

• Careful study and prototyping towards these ideas 
is very well aligned with QSFP. 

• Applications of quantum-limited resonant feedback 
beyond dark matter are intriguing (at least to me).


