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2

Oscillating background B-field: Radio-Frequency up-conversion approach
!sig = !0 ±ma

Parametric gain for small axion masses vs. static searches

SNR

SNRLC ⇠ !0 ±ma

ma

✓
Qint

QLC

◆1/2 ✓TLC

T

◆1/2 ✓ B0

BLC

◆2

10-12 10-10 10-8 10-6 10-4
10-20
10-19
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9

kHz MHz GHz

108

1010

1012

1014

1016

ma [eV]
g a

��
[G
eV

-1
]

frequency = ma /2�

f a
[G
eV

]

A
D
M
X

re
so
na
nt

ca
vt
ies

QCD
axion

standard ALP dark
matter

SN1987A �

CAST

SRF upconversion

50L prototype

cubic meter

futuristic

Prototype: 
— design underway @ SLAC, PI Sami Tantawi 
— commissioned by FNAL SQMS: hep-ex/2207.11346
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Axion, ALPs and Axion Electrodynamics
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Axion introduced to solve strong CP problem
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Axion-induced magnetic field induces an E.M.F.: Ea ⇠ V 2/3 @tBa
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Resonant Approaches
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Static-field Haloscope:  
e.g. ADMX

B0

ma !sig = ma

!sig = ma ⇠ V �1/3

ma

Heterodyne Resonator:

!sig ⇠ !0 ±ma ⇠ V �1/3

B0(t)!0

!sig

JHEP 07 (2020) 088, hep-ph/1912.11048 

A. Berlin, R. T. D’Agnolo, SARE, P. Schuster, N. Toro, 

C. Nantista, J. Neilson, S. Tantawi, K. Zhou 

Also: R. Lasenby hep-ph/1912.11467

LC Resonator: 
e.g. DM Radio

B0

ma

!sig = ma = !LC
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mode-A 
coupler

mode-B 
coupler

mode-B frequency 
tuning gap

Courtesy: Zenghai Li (SLAC)

Proposed prototype 
HE11 cavity @ SLAC

Qint ⇠ 109 ÷ 1013
!0 ⇠ !1 ⇠ GHz
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Tunability: ~ 1mm

Courtesy: Marco Oriunno (SLAC)

mode-A 
coupler

mode-B 
coupler

mode-B frequency 
tuning gap

Courtesy: Zenghai Li (SLAC)

Proposed prototype 
HE11 cavity @ SLAC

Qint ⇠ 109 ÷ 1013
!0 ⇠ !1 ⇠ GHz
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Retractable Fins

Loading ports

Readout ports

!r

!dThermal

• Thermal noise: requires cryo

Epke

Field Emission

•Field Emission: careful design 
& limits peak B-field

!mVibrations

!n !n ± !m

Cm
n •Vibrations: design to reduce 

microphonics, seismic 
isolation, cryo

E0

E1

Ed

Er✏0r

✏1d

Loading
&

Readout

Oscillator

'(t)

t

t

V0(t)

↵(t)

V0(t)

•Loading/Readout & Phase: 
design to improve coupling 
to pump & signal modes. Low 
phase-noise pump & readout 
electronics
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Q~4x1011 @ B~0.1T

arXiv: 1810.03703 Romanenko et al.

Q-factor & B-field: Phase noise: BN865-M
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Technology Requirements
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Mode rejection:

gr-qc/0502054   Ballantini, …, Calatroni et al

Ɛ = 10-7 achieved

physics/0004031   Bernard, Gemme, Parodi, Picasso

Low-frequency 

seismic noise:

Scientific Reports 8, 15324 (2018)   Rosat & Hinderer

�!/! ⇠ � ⇠ 10�10

DarkSRF (2020)

More on this…

https://indico.physics.lbl.gov/event/939/contributions/4371/attachments/2162/2915/DarkSRF-Aspen-2.pdf
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Develop Technology for GW searches
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<latexit sha1_base64="xbVPfUHMTY+CYGaPsdy6jxW/eBk=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBi2E3iSTegl48SUTzgGQJs5NJMmR2dpnpFZcl/ooXD4p49UO8+TdOHoKKFjQUVd10d3mh4Bps+8NKLS2vrK6l1zMbm1vbO9ndvaYOIkVZgwYiUG2PaCa4ZA3gIFg7VIz4nmAtb3w+9Vu3TGkeyBuIQ+b6ZCj5gFMCRuplc11gd5BcBvL4mhIpuRxOetm8XSieVpxSFdsFewZDSrZdrVaws1DyaIF6L/ve7Qc08pkEKojWHccOwU2IAk4Fm2S6kWYhoWMyZB1DJfGZdpPZ8RN8aJQ+HgTKlAQ8U79PJMTXOvY90+kTGOnf3lT8y+tEMKi6CZdhBEzS+aJBJDAEeJoE7nPFKIjYEEIVN7diOiKKUDB5ZUwIX5/i/0mzWHDKhZOrcr52togjjfbRATpCDqqgGrpAddRAFMXoAT2hZ+veerRerNd5a8pazOTQD1hvn2wwlUs=</latexit>

BAW

<latexit sha1_base64="sSz+90j7lS6VcoNaMRT/tQsC3mw=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJi67LWjcsK9oFtKJPppB06mYSZG7GE/oUbF4q49W/c+TdOH4LPAxcO59zLvfcEieAaHOfdWlpeWV1bz23kN7e2d3YLe/tNHaeKsgaNRazaAdFMcMkawEGwdqIYiQLBWsHoYuq3bpnSPJbXME6YH5GB5CGnBIx00wV2B1ntvDXpFYqO7ZXK5YqHfxPXdmYoogXqvcJbtx/TNGISqCBad1wnAT8jCjgVbJLvppolhI7IgHUMlSRi2s9mF0/wsVH6OIyVKQl4pn6dyEik9TgKTGdEYKh/elPxL6+TQnjmZ1wmKTBJ54vCVGCI8fR93OeKURBjQwhV3NyK6ZAoQsGElDchfH6K/yfNku169umVV6zWFnHk0CE6QifIRRVURZeojhqIIonu0SN6srT1YD1bL/PWJWsxc4C+wXr9AAwSkTA=</latexit>

Levitated Sensors

<latexit sha1_base64="SG8X2wVLjVy1+ounyO3FZRrh+j4=">AAACAXicdVDJSgNBEO1xN26jXgQvjUHwFGZMxByDXjx4UDQLJEPo6VS0sadn6K4RwxAv/ooXD4p49S+8+Td2FsH1QcHjvSqq6oWJFAY9792ZmJyanpmdm88tLC4tr7irazUTp5pDlccy1o2QGZBCQRUFSmgkGlgUSqiHV4cDv34N2ohYnWMvgSBiF0p0BWdopba70UK4wewYrgUyhA49A2VibfptN+8Vinu7Rb9MfxO/4A2RJ2OctN23VifmaQQKuWTGNH0vwSBjGgWX0M+1UgMJ41fsApqWKhaBCbLhB326bZUO7cbalkI6VL9OZCwypheFtjNieGl+egPxL6+ZYrccZEIlKYLio0XdVFKM6SAO2hEaOMqeJYxrYW+l/JJpxtGGlrMhfH5K/ye13YJfKuydlvKVg3Ecc2STbJEd4pN9UiFH5IRUCSe35J48kifnznlwnp2XUeuEM55ZJ9/gvH4AoiaXrQ==</latexit>

H
o
lo
m
e
t
e
r

<latexit sha1_base64="VOn9RygtuWJfFixDv8AXXpFo6IE=">AAAB+XicdVDJSgNBFOxxjXEb9eilMQiewkyIJMeglxwjmAWSIfR03iRNeha63wTDkD/x4kERr/6JN//GziK4FjQUVfV4r8tPpNDoOO/W2vrG5tZ2bie/u7d/cGgfHbd0nCoOTR7LWHV8pkGKCJooUEInUcBCX0LbH1/P/fYElBZxdIvTBLyQDSMRCM7QSH3b7iHcYVY3wRAQ1KxvF5xiqepWnDL9Tdyis0CBrNDo22+9QczTECLkkmnddZ0EvYwpFFzCLN9LNSSMj9kQuoZGLATtZYvLZ/TcKAMaxMq8COlC/TqRsVDraeibZMhwpH96c/Evr5tiUPUyESUpQsSXi4JUUozpvAY6EAo4yqkhjCthbqV8xBTjpgOdNyV8/pT+T1qlolsuXt6UC7WrVR05ckrOyAVxSYXUSJ00SJNwMiH35JE8WZn1YD1bL8vomrWaOSHfYL1+AK6JlF0=</latexit>

DMRadio8

<latexit sha1_base64="VU+xwsxhB0wPgjLYG3dE51yNcYQ=">AAAB+XicdVDJSgNBEO1xjXEb9eilMQiehpkQSY5BPXgRopgFkmHo6elJmvQsdNcEw5A/8eJBEa/+iTf/xs4iuD4oeLxXRVU9PxVcgW2/G0vLK6tr64WN4ubW9s6uubffUkkmKWvSRCSy4xPFBI9ZEzgI1kklI5EvWNsfnk/99ohJxZP4FsYpcyPSj3nIKQEteabZA3YH+cXVDQl4MvFqnlmyrXLNqdoV/Js4lj1DCS3Q8My3XpDQLGIxUEGU6jp2Cm5OJHAq2KTYyxRLCR2SPutqGpOIKTefXT7Bx1oJcJhIXTHgmfp1IieRUuPI150RgYH66U3Fv7xuBmHNzXmcZsBiOl8UZgJDgqcx4IBLRkGMNSFUcn0rpgMiCQUdVlGH8Pkp/p+0ypZTsU6vK6X62SKOAjpER+gEOaiK6ugSNVATUTRC9+gRPRm58WA8Gy/z1iVjMXOAvsF4/QDFzZPF</latexit>

DMRadio-1008

<latexit sha1_base64="jEsTodn3v88g2hnZcOnbvtXyXVA=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiB4McxkMZNbUA9ehChmgSSEnk4nadKz0F0jxiH4K148KOLV//Dm39hZBBV9UPB4r4qqem4ouALL+jDm5hcWl5YTK8nVtfWNTXNru6qCSFJWoYEIZN0lignuswpwEKweSkY8V7CaOzgd+7UbJhUP/GsYhqzlkZ7Pu5wS0FLb3G0Cu4X47OKKdHhwZFvWqO20zZSVduxsPu9gTbKZnJ3XpFAsHjtZbKetCVJohnLbfG92Ahp5zAcqiFIN2wqhFRMJnAo2SjYjxUJCB6THGpr6xGOqFU+uH+EDrXRwN5C6fMAT9ftETDylhp6rOz0CffXbG4t/eY0Iuk4r5n4YAfPpdFE3EhgCPI4Cd7hkFMRQE0Il17di2ieSUNCBJXUIX5/i/0k1k7Zz6fxlLlU6mcWRQHtoHx0iGxVQCZ2jMqogiu7QA3pCz8a98Wi8GK/T1jljNrODfsB4+wS7xpTI</latexit>

MiniGRAIL

<latexit sha1_base64="Ddo7H6nUZhHHMUD+OQPREoQkmEM=">AAAB+XicdVDLSgNBEJz1GeNr1aOXwSB4WmY1r6OPgwoKKsYEkhBmJ5NkcHZ2mekNhiV/4sWDIl79E2/+jZMYQUULGoqqbrq7glgKA4S8O1PTM7Nz85mF7OLS8sqqu7Z+Y6JEM15hkYx0LaCGS6F4BQRIXos1p2EgeTW4PRr51T7XRkTqGgYxb4a0q0RHMApWarluA/gdpOdCieOrg9OzYcvNEc8vFYtkFxMvv1csl4klZM8vFErY98gYOTTBRct9a7QjloRcAZPUmLpPYmimVINgkg+zjcTwmLJb2uV1SxUNuWmm48uHeNsqbdyJtC0FeKx+n0hpaMwgDGxnSKFnfnsj8S+vnkCn3EyFihPgin0u6iQSQ4RHMeC20JyBHFhCmRb2Vsx6VFMGNqysDeHrU/w/udn1/LxXuMzn9g8ncWTQJtpCO8hHJbSPTtAFqiCG+ugePaInJ3UenGfn5bN1ypnMbKAfcF4/AKWzk7A=</latexit>

MiniGRAILQL

<latexit sha1_base64="vkUkwB6+lHzIVRsUg2DAgdMfqMY=">AAACAnicdVDJSgNBEO1xN25RT+KlMQiehh6zHl0OKigYMSokIfR0OkljT8/QXSOGIXjxV7x4UMSrX+HNv7GzCCr6oODxXhVV9fxICgOEfDhj4xOTU9Mzs6m5+YXFpfTyyoUJY814hYUy1Fc+NVwKxSsgQPKrSHMa+JJf+tf7ff/yhmsjQnUO3YjXA9pWoiUYBSs10ms14LeQnAglDs52j457jaSmA1y2JJ0hrlcsFMg2Jm4uWyiViCUk6+XzRey5ZIAMGuG0kX6vNUMWB1wBk9SYqkciqCdUg2CS91K12PCIsmva5lVLFQ24qSeDF3p40ypN3Aq1LQV4oH6fSGhgTDfwbWdAoWN+e33xL68aQ6tUT4SKYuCKDRe1YokhxP08cFNozkB2LaFMC3srZh2qKQObWsqG8PUp/p9cbLtezs2Xc5mdvVEcM2gdbaAt5KEi2kGH6BRVEEN36AE9oWfn3nl0XpzXYeuYM5pZRT/gvH0CPL+XWQ==</latexit>

AURIGA

<latexit sha1_base64="cD0z7N5VV8DTTh7buIXtcbF8qkM=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0hqSurN6kG9qZi20Iay2W7bpZsPdydiCf0dXjwo4tUf481/47ZWUNEHA4/3ZpiZFySCK7CsdyM3N7+wuJRfLqysrq1vFDe36ipOJWUejUUsmwFRTPCIecBBsGYiGQkDwRrB8GTiN26ZVDyOrmGUMD8k/Yj3OCWgJb8N7A6ymnd1flobd4oly7Rc97DqYMuslB3XdTWx7KpjH2DbtKYooRkuOsW3djemacgioIIo1bKtBPyMSOBUsHGhnSqWEDokfdbSNCIhU342PXqM97TSxb1Y6ooAT9XvExkJlRqFge4MCQzUb28i/uW1UuhV/YxHSQosop+LeqnAEONJArjLJaMgRpoQKrm+FdMBkYSCzqmgQ/j6FP9P6mXTdszKpVM6Op7FkUc7aBftIxu56AidoQvkIYpu0D16RE/GrfFgPBsvn605YzazjX7AeP0A1ZySKg==</latexit>

Thermal Vibrations

<latexit sha1_base64="xhY/pZlc3rnH0nQtE5VVpfrgGfA="></latexit>

Flat Force PSD

<latexit sha1_base64="lZheh7wyP5SD1LhG8VcJ+ndfGx0="></latexit>

Thermal Vibrations (EM)

<latexit sha1_base64="eNI0cnqcc8G3tHPtc5tmQMIqUSQ="></latexit>

Flat Force PSD
(EM)

<latexit sha1_base64="hIhlj6XgKlVIAKPDv68jfEWIKOs="></latexit>

PRE
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Oscillating background B-field: Radio-Frequency up-conversion approach
!sig = !0 ±ma

Parametric gain for small axion masses vs. static searches
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Prototype: 
— design underway @ SLAC, PI Sami Tantawi 
— commissioned by FNAL SQMS: hep-ex/2207.11346 
— input from PBC received and much appreciated!
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Oscillating background B-field: Radio-Frequency up-conversion approach
!sig = !0 ±ma

Parametric gain for small axion masses vs. static searches
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Same tech. for Gravitational Waves!

Prototype: 
— design underway @ SLAC, PI Sami Tantawi 
— commissioned by FNAL SQMS: hep-ex/2207.11346 
— input from PBC received and much appreciated!
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Backup: prototype @ SLAC
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