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1. “Pump mode” E0, B0 driven at !0 ⇠ GHz

2. GW of frequency !g ⌧ GHz drives power at !0 + !g

3. “Signal mode” E1, B1 resonantly excited if !1 ' !0 + !g ⇠ GHz
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1-cell cavity

2-cell cavity

MAGO (Microwave Apparatus for Gravitational wave Observation)

High quality-factor SRF cavity amplifies resonant signal and suppresses EM noise
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Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s

theory 
Pegoraro, Radicati, Bernard, Picasso

collaboration 
prototype

2000s

time

two superconducting spherical cells joined by a deformable (tunable) aperture
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Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s 2010s

collaboration 
prototype

2000s

time
…

in display at the  
University of Genoa

effort/funding pulled and moved to Virgo

theory 
Pegoraro, Radicati, Bernard, Picasso
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Timeline

MAGO (Microwave Apparatus for Gravitational wave Observation)

1970s 2020s

collaboration 
prototype

renewed interest 
DESY/FNAL

2000s

time

2010s
…

initial measurements ongoing at DESY 
(will move to FNAL soon after)

theory 
Pegoraro, Radicati, Bernard, Picasso

Cavity was loose when arrived & now bent

2

Leak search showed no negative consequence

3

Installed two antennas for RF measurements & 
exchanged gasket at one CF63 flange.

Leak searcher was connected via 2 KF flanges.

Leak search with Helium showed leak rate of 
2x10-10 mbar l/s

No damage of sealing surfaces due to transport.

new analysis, 
improved sensitivity estimate

7

(Talks by 
Marc Wenskat,  

Bianca Giaccone)
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pump mode = symmetric EM configuration 
signal mode = antisymmetric EM configuration
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optimal scaling
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“inverse-Gertsenshtein effect” “Weber cavity”

This dominates since mechanical resonances 
are much less “stiff” than EM resonances 

(speed of sound << speed of light).
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cavity shakes, which mixes EM modes
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cavity shakes, which mixes EM modes

Goal 2: 
optimal scaling

Goal 1: 
≫ kHz

Goal 3: 
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photons excited by directly absorbing gravitons
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Leakage Noise: Mechanical Vibrations
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for smaller GW frequencies
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geometric 
control
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Leakage Noise: Mechanical Vibrations
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oscillator
drive ↔ signal ≫ pump ↔ readout

Spectral Density of Mechanical Noise

vibrational force
cavity massinput power
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How to estimate the noisy force that couples to cavity?

cavity
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Leakage Noise: Mechanical Vibrations
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cavity
drive ↔ signal ≫ pump ↔ readout

Thermal Vibrations

Without any attenuation, we expect much stronger vibrations from the environment
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normalized to match observed frequency shifts + conservative extrapolation at higher frequencies

oscillator
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Leakage Noise: Mechanical Vibrations
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drive ↔ signal ≫ pump ↔ readout

Power Spectral Density of Mechanical Noise

Why superconducting cavities, as opposed to ton-scale bars?
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RF Penetration Layer drives the performance

3/9/18 Alexander Romanenko | NPQI Workshop ANL7

RF fields

Helium cooling

RF currents
~100 nm 

Niobium 
~3 mm

RF fields

Image from linearcollider.org

<0.1% of 
thickness

Engineering the surface layer is crucial to 
performance

oscillator cavity
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massive  
Weber bar

light mechanical 
transducer

LC  
circuit

bias E-field

Modern-day Weber bars are also efficient mechanical → EM transducers, 
but are limited by LC noise away from mechanical resonance.
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Why Superconducting Cavities?



High-Q
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• Amplifies resonant signals. 
• Suppresses thermal photon noise.

Why Superconducting Cavities?

Electromagnetic quality factor, Q ~ 1010



High-Q
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• Amplifies resonant signals. 
• Suppresses thermal photon noise.

Why Superconducting Cavities?

Electromagnetic quality factor, Q ~ 1010

Goal 2: 
optimal scaling

Goal 1: 
≫ kHz

Goal 3: 
smaller strain✓ ✓ ✓



High-Q: Signal

On resonance, larger Q means a longer time to drive power into a detector, thus amplifying an initially small signal.
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High-Q: Noise
44

• Mechanical noise typically only dominates for GW freq. ~ mechanical resonance. 

• Thermal photon noise relevant elsewhere, which is suppressed by high-Q (low resistance).
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MAGO Outlook

• MAGO is a more powerful than 
previously appreciated.  

• Revitalization is in progress, 

• New high-frequency sources? 

• Optimal design?
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I. MAGO: Conceptual Overview of Setup and Signal 

II. MAGO: Noise and “Why SRF?” 

III. Bonus: A Similar Setup for Axion Dark Matter
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Static-Field vs. Oscillating-Field
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ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)

v� ⇠ 10�3
, E� e

i!t
, tuned to !LC ' ! ⇢± e

i!t
⇢± / m

2
D /

charge2

m2
� v2�

(207)

=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)

L ⇠
@µa

fa
J
µ
SM ⇠

a

fa
GG̃+

a

fa
FF̃ + · · · a / cosmat ma ⇠ 10�22 eV� 10�6 eV ⇠ 100 nHz�GHz (209)

ma ⇠ month�1
�GHz (210)

⌧a ⇠
1

ma v
2
DM

⇠ 1 ms� 105 yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·
~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)

⇢± /

✓
charge

m� v�

◆2

resonant bandwidth ⇠ !0/Q (ma ⌧ !0) (219)

✓ ~dn =
X

q ~r dn ⇠ 10�16
⇥

p
1� cos ✓ e cm dn . 10�26

e cm ✓ . 10�10 (220)

V ⇠ �⇤4
QCD cos

a

fa
(221)

V ⇠ �⇤4
QCD cos ✓ (222)

L ⇠ ✓
↵s

8⇡
GG̃ L ⇠

a

fa

↵s

8⇡
GG̃ ! L ⇠

↵em

2⇡fa
a F F̃ (223)

(energy minimized for ✓ = 0) (a relaxes EDM to minimum) a/fa (ma ⇠ ⇤2
QCD/fa) (224)

dn /
p
1� cos ✓ ✓ ⇠ axion field/large energy scale axion coupling to normal matter ⇠

1

large symmetry breaking scale
(225)

⇠ cos!0t (226)

9

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
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ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)

v� ⇠ 10�3
, E� e

i!t
, tuned to !LC ' ! ⇢± e

i!t
⇢± / m

2
D /

charge2

m2
� v2�

(207)

=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)

L ⇠
@µa

fa
J
µ
SM ⇠

a

fa
GG̃+

a

fa
FF̃ + · · · a / cosmat ma ⇠ 10�22 eV� 10�6 eV ⇠ 100 nHz�GHz (209)

ma ⇠ month�1
�GHz (210)

⌧a ⇠
1

ma v
2
DM

⇠ 1 ms� 105 yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·
~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)

⇢± /

✓
charge

m� v�

◆2

resonant bandwidth ⇠ !0/Q (ma ⌧ !0) (219)

✓ ~dn =
X

q ~r dn ⇠ 10�16
⇥

p
1� cos ✓ e cm dn . 10�26

e cm ✓ . 10�10 (220)

V ⇠ �⇤4
QCD cos

a

fa
(221)

V ⇠ �⇤4
QCD cos ✓ (222)

L ⇠ ✓
↵s

8⇡
GG̃ L ⇠

a

fa

↵s

8⇡
GG̃ ! L ⇠

↵em

2⇡fa
a F F̃ (223)

(energy minimized for ✓ = 0) (a relaxes EDM to minimum) a/fa (ma ⇠ ⇤2
QCD/fa) (224)

dn /
p
1� cos ✓ ✓ ⇠ axion field/large energy scale axion coupling to normal matter ⇠

1

large symmetry breaking scale
(225)

⇠ cos!0t (226)

9

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)

v� ⇠ 10�3
, E� e

i!t
, tuned to !LC ' ! ⇢± e

i!t
⇢± / m

2
D /

charge2

m2
� v2�

(207)

=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)

L ⇠
@µa

fa
J
µ
SM ⇠

a

fa
GG̃+

a

fa
FF̃ + · · · a / cosmat ma ⇠ 10�22 eV� 10�6 eV ⇠ 100 nHz�GHz (209)

ma ⇠ month�1
�GHz (210)

⌧a ⇠
1

ma v
2
DM

⇠ 1 ms� 105 yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·
~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)

⇢± /

✓
charge

m� v�

◆2

resonant bandwidth ⇠ !0/Q (ma ⌧ !0) (219)

✓ ~dn =
X

q ~r dn ⇠ 10�16
⇥

p
1� cos ✓ e cm dn . 10�26

e cm ✓ . 10�10 (220)

V ⇠ �⇤4
QCD cos

a

fa
(221)

V ⇠ �⇤4
QCD cos ✓ (222)

L ⇠ ✓
↵s

8⇡
GG̃ L ⇠

a

fa

↵s

8⇡
GG̃ ! L ⇠

↵em

2⇡fa
a F F̃ (223)

(energy minimized for ✓ = 0) (a relaxes EDM to minimum) a/fa (ma ⇠ ⇤2
QCD/fa) (224)

dn /
p
1� cos ✓ ✓ ⇠ axion field/large energy scale axion coupling to normal matter ⇠

1

large symmetry breaking scale
(225)

⇠ cos!0t (226)

9

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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!r

Q
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!res

Q
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!res

Q
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galactic axion field
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!res

Q
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prepared EM field
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Q
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2
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Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
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axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)
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Q
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, ⌧a ⇠
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!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)
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Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q
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, ⌧a ⇠

1

ma v
2
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⇠
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ma
, ⌧res & ⌧a =) Q & !res
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⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)
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m� v�

◆2

resonant bandwidth ⇠ !0/Q (ma ⌧ !0) (219)

✓ ~dn =
X
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p
1� cos ✓ e cm dn . 10�26

e cm ✓ . 10�10 (220)

V ⇠ �⇤4
QCD cos

a
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(221)

V ⇠ �⇤4
QCD cos ✓ (222)

L ⇠ ✓
↵s

8⇡
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a
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↵s

8⇡
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↵em

2⇡fa
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(energy minimized for ✓ = 0) (a relaxes EDM to minimum) a/fa (ma ⇠ ⇤2
QCD/fa) (224)
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1

large symmetry breaking scale
(225)

⇠ cos!0t ⇠ cosmat (226)
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galactic axion field

(frequency ~ your choice) (frequency ~ axion mass)

Static-Field Resonators

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)
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, tuned to !LC ' ! ⇢± e
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� (208)
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2
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~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 = 0 , resonator frequency = !0 +ma) (218)
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Oscillating-Field/Heterodyne Resonators

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)
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=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)
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ma ⇠ month�1
�GHz (210)
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1

ma v
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⇠ 1 ms� 105 yrs L ⇠ ga�� aF F̃ ⇠ ~Ja ·
~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
106

ma
, ⌧res & ⌧a =) Q & !res

ma
⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)
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!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)
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=) e↵ective DM charge ⇠ mixing⇥ dark charge mixing !0/ma ⇠ GHz/ma ⇠ 10�15
� (208)
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axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q

!res
, ⌧a ⇠

1

ma v
2
DM

⇠
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ma
, ⌧res & ⌧a =) Q & !res
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⇥ 106 (217)

Q & 1010 (!0 = 0 , resonator frequency = ma) (!0 6= 0 , resonator frequency = !0 +ma) (218)
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Very difficult to build resonators below ~ kHz 

resonator frequency ~ axion mass

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)

v� ⇠ 10�3
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, tuned to !LC ' ! ⇢± e
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~A Ba / cosmat (211)

axion-induced emf: Ea / (!0 ±ma) cos (!0 ±ma)t static applied field =) !0 = 0 LC resonant frequency ⇠ ma (212)

Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q
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, ⌧a ⇠
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2
DM

⇠
106

ma
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small axion masses =) suppressed signal power =) signal power / ma (227)
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!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)

|!res � (!0 ±ma)| . !res/Q , (⇠ Q oscillations) (206)
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Static-Field Resonators (!0 = 0) Oscillating-Field/Heterodyne Resonators (!0 6= 0) (213)

small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)
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Q

!res
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2
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What is a concrete example of an oscillating-field/heterodyne resonator?

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
!res

Q
ẋ+ !

2
res x = Daxion cos (!0 ±ma)t+Dnoise (205)
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small axion masses =) suppressed emf =) signal power ⇠
detector size

axion Compton wavelength
⌧ 1 (214)

signal power independent of axion mass for ma ⌧ !0 resonator frequency ⇠ !0 +ma ⇠ !0 (215)

ma ⌧ !0 signal ⇠
detector size

axion Compton wavelength
⇠ 10�6 signal mode frequency ⇠ !0 +ma ⇠ 1/detector size (216)

signal ⇠ detector size⇥GHz ⇠ 1 Psig / min (⌧res, ⌧a) ⌧res ⇠
Q
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1

ma v
2
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Can operate at preferred resonant frequency ~ GHz 

!0 ⇠ 1/Rexp , ma , !LC ⌧ 1/Rexp , !cav ⇠ 1/Rexp , !0 +ma , ẍ+
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!r

Q
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4
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SRF cavity oscillating field GHz 0.2 T 10
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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2. Axion dark matter resonantly transfers a small amount of power to mode     .

1. Prepare the cavity with a large amount of power at mode     . 

3. Scan over frequency-splittings (axion masses) by slightly deforming the cavity. 
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
parameters can be used to estimate the experimental sensitivity to decays of long-lived particles, such as dark photons.
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Table 1: A summary of relevant features of upcoming high-intensity proton fixed-target experiments. Using Eqs. (??) and (??), these
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Heterodyne Detection of Axion Dark Matter

signal is always read out at ~ GHz
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Heterodyne Detection of Axion Dark Matter
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Outlook

• Currently unexplored high-frequency gravitational waves. 

• Axion dark matter with Compton wavelength many orders of magnitude larger than detector. 

• meV dark photons, photon mass, millicharged dark matter, millicharged particles, …

Superconducting cavities

Now is an important time

• Now beginning to explore new physics at scales currently unaccessible with previous technology. 

• How can technologies coming online be steered to make the biggest impact on fundamental physics?



Back Up Slides
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Known Astrophysics
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nHz Hz kHzμHz mHz MHz GHz
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+ future ground-based

PTA LISA MAGIS
Virgo
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Honest take on primordial signals
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2. GW of frequency !g ⌧ GHz drives power at !0 + !g
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Why not just extend LIGO/Virgo to higher frequencies?
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Signal Parametrics

Indirect: GW → mechanical → EMDirect: GW → EM
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GW induces tidal force

tidal force deforms cavity

deformation mixes EM modes

metric in the PD frame

effective current sources signal EM field

GW induces effective current
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Strain-Equivalent Noise (incoherent GWs)
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EM signal 
decouples rapidly
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1. most efficient engineered oscillators  
(long coherence) 

2. large oscillating fields  
(0.2 T, ~GHz)  

3. precisely manufactured and operated  
(nm-precision) 

4. already used for new physics searches  
(experimentalists) RF Penetration Layer drives the performance

3/9/18 Alexander Romanenko | NPQI Workshop ANL7

RF fields

Helium cooling

RF currents
~100 nm 

Niobium 
~3 mm

RF fields

Image from linearcollider.org

<0.1% of 
thickness

Engineering the surface layer is crucial to 
performance
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SRF

Why superconducting cavities?
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flat space

30

where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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üm +
!m

Qm
u̇m + !

2
m um ' �

1

2
⌘
(mech.)
u !

2
h h+ V

1/3
cav . (185)

where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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üm +
!m

Qm
u̇m + !

2
m um ' �

1

2
⌘
(mech.)
u !

2
h h+ V

1/3
cav . (185)

where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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ë1 +
!1

Q1
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where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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ė1 + !

2
1 e1 ' 2 ⌘(mech.)

e
um

V
1/3
cav

!h !0 e0
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where we defined the dimensionless mechanical form factors
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“Inverse-Gertsenshtein Effect” :      is an “effective current” that sources 
small oscillating EM fields in the presence of background EM fields.
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Gauge/Frame Dependence :     
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hµ⌫
and jµe↵ do not transform covariantly like O(h) tensors (4)
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and jµe↵ do not transform covariantly like O(h) tensors (4)

such as Riemann, which transforms as Rµ⌫⇢� ! Rµ⌫⇢� +O(h2
). (5)

(graviton-to-photon conversion)
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Gauge/Frame Dependence
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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In linearized theory, a residual invariance remains.

This “gauge freedom” corresponds to different choices of 
frames, which does not impact the physics. 
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Proper Detector (PD) FrameTransverse-Traceless (TT) Frame

Gauge/Frame Dependence

simpler metric 
more popular choice

less simple metric 
conceptually more simple
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.
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Transverse-Traceless (TT) Frame

Free test masses remain  
at rest during passage of GW.  

(therefore can be used to mark the coordinates)

•

• Natural coordinates of the experimenter,  
marked by a rigid ruler. 

(Fermi normal coordinates) 

(typically only employed in the 
long-wavelength limit)

Gauge/Frame Dependence

(simple form of the metric)

Effects are subtle.  
(e.g., “normally” rigid objects are deformed)
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Toy Example

gravitational wave B-field

+z

conductor on a spring

How large is the (gauge-invariant) current that is induced on the conductor?

jeff ⟹ signal EM field



89

30

where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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ḧ
TT
ij

2Vcav

Z
d
3x U

⇤i
↵ x

j
, (184)

where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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oscillating conductor on a spring conductor on a stiff spring

signal!

Toy Example

Proper Detector (PD) FrameTransverse-Traceless (TT) Frame

Lorentz force drives current!
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gravitational wave
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dynamical B-field
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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oscillating conductor on a spring conductor on a stiff spring

homogenous and static B-field

B-fields and detectors are 
most naturally defined in this 

frame. 

signal!
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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Axion Analogy

gravitational wave/axion dark matter  
oscillating at ω

signal EM field oscillating at ω
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B-field, GW effective current

B0, GW

more important at 
higher frequencies

30

where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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Proper Detector Frame
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E-field of TE212 mode

more important at 
higher frequencies

30

where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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where we defined the dimensionless mechanical form factors
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The most optimal mode for GW detection  
is not the most optimal mode for axion detection.
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Angular Sensitivity
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Lack of symmetry for an unaligned GW ⟹ GWs couple to most EM modes

Only a reanalysis of axion dark matter experimental data is needed.
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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Strain Sensitivity

Only a reanalysis of axion dark matter experimental data is needed.

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0
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CAPP
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SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments
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Sources

SuperradianceExotic Sub-Earth Mass Mergers

30

where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are

ë1 +
!1

Q1
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where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are

ë1 +
!1

Q1
ė1 + !

2
1 e1 ' 2 ⌘(mech.)

e
um

V
1/3
cav

!h !0 e0
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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ḧ
TT
ij

2Vcav

Z
d
3x U

⇤i
↵ x

j
, (184)

where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
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üm +
!m

Qm
u̇m + !

2

m um ' �
1

2
⌘
(mech.)

u !
2

h h+ V
1/3
cav

. (185)

where we defined the dimensionless mechanical form factors
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where ⇢cav is the mass density of the cavity and Mcav its total mass. The gravitational wave acts as a driving term
for the mechanical vibrations, such that
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where in the last equality we have taken the mass density of the cavity to be uniform ⇢cav = constant. We will assume
that the gravitational wave couples to a particular mechanical mode ↵ = m.

In the case that the frequency of the gravitational wave is !h ' !m ' !1 � !0 ⌧ !0 and is plus-polarized, the
system of equations that we want to solve are
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where we defined the dimensionless mechanical form factors
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