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An Apology

Up until a few days ago, I was planning on being with you in person.

But when you are Department Chairman, sometimes things blow up, 
and disrupt your most cherished personal plans.



TM

An Apology

Up until a few days ago, I was planning on being with you in person.

But when you are Department Chairman, sometimes things blow up, 
and disrupt your most cherished personal plans.

However, when you are Chairman of the Nuclear Engineering 
Department, you should at least be thankful that things only blow up 
figuratively, and not literally!



My first foray in the axion world (1987):  Photon Regeneration (a.k.a. Light Shining through Walls)

60 SSC dipoles
(16.6 m, 6.6 T)

Exactly where ALPS-II will be – 35 years later!



The beginning of a long friendship:  Giving the photon an effective mass (1989)



The beautiful paper of Georg & Leo’s, which all my students read (1988)



Extending the helioscope mass sensitivity by filling the conversion volume with gas

M. Arik et al., Phys. Rev. Lett. 112 (2013) 091302 



However, Georg, we still do need to publish an Erratum to our paper …



The title of the paper needs to be changed to:

an impractical

Tokyo SUMICO

CERN CAST

IAXO
All helioscopes beginning 

with RBF (D.M. Lazarus et al.) 
have employed our trick with 
gas, but have sensibly used 
transverse dipole magnets ! 



“The Pool-Table Analogy to Axion Physics”
Pierre Sikivie, Physics Today (December 1996)



Why not just look for an unidentified radio line at Eg = ma / 2 ? (from anybody’s halo, including our own)
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Why not just look for an unidentified radio line at Eg = ma / 2 ? (from anybody’s halo, including our own)

Problematically, t ∼ 1055 sec for  ma ∼ µeV
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The Primakoff Effect



Primakoff effect           (H. Primakoff, Phys. Rev. 81 (1951) 899)  

11/22/2016 primakoff_effect.jpg (1158×966)

https://www.jlab.org/primex/documents/2001_04_21/primakoff_effect.jpg 1/1

How to accurately measure the lifetime of the neutral pion, tp0 which was very short?



Early experimental limits on the lifetime of the neutral pion 
LXIII. Nuclear transmutations produced by cosmic ray particles of great energy. — Part V. The neutral mesons (1950)

t (p0) <  5 x 10–14 sec
About a factor of x700 longer 

than its currently accepted 
value, 8.5 x 10–17 sec

e+e– pair



Primakoff – experiment (1965):     t ∼ 8.7 x 10–17 sec  

11/22/2016 primakoff_effect.jpg (1158×966)

https://www.jlab.org/primex/documents/2001_04_21/primakoff_effect.jpg 1/1
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No clock needed!



A curiously delicious irony …

11/22/2016 Primakoff.jpg (200×291)

http://virgo-physics.sas.upenn.edu/events/images/Primakoff.jpg 1/1

The same Primakoff interaction which enables us to measure the lifetime of a 
particle that lives too short to be seen, also enables us to measure the lifetime 
of a particle that lives too long to be seen … 

…  differing by a mere 70 orders of magnitude in lifetime. 

Thank you, Henry!



Microwave cavity dark matter axion searches (a.k.a. haloscopes)
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Prehistory:  Pierre’s PRL, UF & RBF pilot experiments, and Adrian’s BNL workshop (1989)

U. Florida experiment, c. 1989; Chris Hagmann, Ph.D. student

Rochester-Brookhaven-Fermilab
experiment @ B. 903 BNL, c. 1987



The younger scientists may derive a different lesson from this …

* Abandon all hope, ye who enter here    (Dante’s Inferno, Canto iii)

*



The Axion Dark Matter eXperiment (ADMX)   – The Livermore Era  (1993-2011)

C. Hagmann et al., Phys. Rev. Lett. 80 (1998) 2043



Pivotal moment in the history of the field – the Microstrip SQUID Amplifier

John Clarke et al., ~1998



From PDG 2022



The field is crowded – good

Includes axions & ALPs

All experiments are relevant 
and important to do

Need to be open to surprise

DM g

DM   non-g

Sun g

Lab      

Adapted from Snowmass 
CF2 Wavelike DM Report

ALPS-II



Microwave Cavity (copper)

3He/4He Dilution
Refrigerator 9.4 Tesla, 10 Liter Magnet

JPA-based Squeezed-State Receiver

HAYSTAC:  To the Quantum Limit and below (Yale-Colorado-Berkeley-Johns Hopkins)



The microwave cavity experiment has been a driver of quantum-enhanced sensing

Frequency [GHz]

CAPP 18T

JPA

HAYSTAC squeezed-state receiver 
achieves –4.5±0.1 dB; x2 speedup 

K.M. Backes et al., Nature 590 (2021) 238

1                         2                           3                           4                           5              6



CEASEFIRE:  Cavity Entanglement and State Exchange for Improved Readout Efficiency
K. Wurtz et al., PRX Quantum 2 (2021) 040350

(a) Linear amplifier

(b) Squeezing

(c) Squeezing with 
state exchange

Projected to speed up 
the search by x15

To be deployed in 
HAYSTAC mid-2023



Microwave cavities    

(From Snowmass CF2 report)

10–6 10–3 110–910–12 ma [eV]

1 10310–310–6 n [GHz]

1 10–3103106 l [m]

The conundrum:
q You can detect an arbitrarily weakly coupled particle with (i) a high-Q amplifier, (ii) sensitive amplifier, (iii) sufficient time

q But at the price of bandwidth, i.e. the search becomes a tuning experiment

q And furthermore, there are practical limitations on all three



The post-inflation axion    

• A special case is the post-inflation axion whose mass is uniquely determined; our knowledge of the 
mass is limited only by our ability to calculate 

• Recent simulations using Adaptive Mesh Refinement find ma = 40–180 µeV (∼10–45 GHz, blue), with 
65 ± 6 µeV (14.3–17.2 GHz, yellow) preferred  (M. Buschmann et al., Nat. Comm. 13 (2022) 1049)

• These predictions will be significantly sharpened within the next two years

(From Snowmass CF2 report)

10–6 10–3 110–910–12 ma [eV]

1 10310–310–6 n [GHz]

1 10–3103106 l [m]

AMR

GUT-scale



Towards the post-inflation axion:  The tunable plasmonic haloscope

AMR sims: ma = 40-180 µeV (10–45 GHz), with 65 ± 6 µeV

preferred  (M. Buschmann et al., Nat. Comm. 13 (2022) 1049)

(M. Lawson et al., PRL 123 (2019) 141802)

Wire-array metamaterials with

the plasma frequency in the 10-

100 GHz range can readily be

designed; R&D at Stockholm &

Berkeley is promising

(M. Wooten et al., arXiv:2203.13945)

Berkeley

Stockholm



The Tunable Plasma Haloscope (M. Lawson et al., PRL 123 (2019) 141802)

Calculation of plasma E-field within conductive cylinder 
driven by the axion field, for wplasma = 30 GHz

Schematic of the plasmonic haloscope

For square lattice of wires, of
radius r and spacing a :

For r = 25 µm & a = 5 mm, the
plasma frequency fpl = 10 GHz

Cavity and dielectric haloscopes use broken translation
invariance to convert massive axions to massless
photons. Plasma haloscopes instead match the axion
mass and photon mass (plasma frequency) to conserve
energy and momentum unrelated to boundary
conditions, i.e. ma = wplasma.

Wire array metamaterials exhibit plasmonic behavior,
and may be feasible as resonators for a dark matter
axion experiment, to higher frequencies. See:

– J.B. Pendry et al., J. Phys.: Condens. Matter 10 (1998) 4785

– P.A. Belov et al., Phys. Rev. B 67 (2003) 113103

– R. Balafendiev et al., arXiv:2203.10083v1
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Looks like a HEP wire chamber



S21 measurements on 3D wire arrays at Berkeley 
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Formalism for fitting the data:  S21 is a good tool to extract the key parameters 

The metamaterial is a complex dielectric slab, 
which we represent in a Drude model:

(a)

(b)

(c)
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Is S21 the right tool?   Yes!

(a)

(b)

(c)
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One of the four scattering parameters, for a two-port 
device,  S21 = V2

+/V1
+ .

Here, two of three parameters are fixed, the third is 
varied (np = 8.5 [GHz], d = 0.12 [m], G = 0.01 [GHz]).

Curves in (a) sequentially offset by –7.5 dB for clarity; 
for (b) and (c), offset by –5 dB.



S21 animated



Early onset of plasmonic behavior & key systematics  (M. Wooten et al., arXiv:2203.13945) 
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Projects Q = np /G > 104

for optimized (a, b) and
cryogenic temperature



Tuning the haloscope by modifying the unit cell

COMSOL 
(R. Balafendiev) 

P. Belov et al., PRB 67 (2003) 113103 Belov prediction for the asymptotic 

plasma frequency at the 0.1% level

Circles  – 20 frames

Square – 40 frames



Stockholm prototyping



The ALPHA consortium;  the Helmholtz Zentrum Berlin 13 T magnet

13 T, 50 cm⊘ × 170 cm

Coming to ORNL in 2023

Available for the ALPHA
experiment for 10 years



Exercise #1 for Wavy Dark Matter Summer School Students

q Find the local hardware store here in town

q Buy a spool of copper wire and a soldering gun

q Have a paper up on the arXiv by Friday setting limits 
on hidden sector photons between 10-20 GHz

q You may work in small teams

Helpful hint:  You don’t need a magnet.



Towards GUT-scale axions:  DM Radio

Lumped-element LC resonator:  coax supplants cavity for conversion volume

Program includes 50 Liter (late 2023) and Cubic meter (～2027)

DMRadio-m3, L. Brouwer et al, Physical Review D 106 (2022) 103008

DMRadio-GUT, L. Brouwer et al, arXiv:2203.11246 (accepted, PRD)

ABRACADABRA



Final remarks

A healthy attitude is to shed all theoretical prejudice of dark matter models.  

➥ DM may be found with virtually any mass and coupling.

➥ All experiments are valuable, of whatever mass range & sensitivity.

➥ “But between going deep and going wide, pick mass coverage any day!”   Bruce Winstein

Quantum sensing has played and will continue to play an essential role in DM experiments. 

These are exciting times for axions and ALPS, so ….



Stay “Tuned” !

And thank you, Georg, for your friendship, 
the physics you have taught us, 

the joy of physics we have done together, 
and the papers we hope to write together in the future! 


