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The Resonant Cavity – High Masses
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✔  “dish antenna”
[Horns et al, arXiv:1212.2970]
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BREAD (Broadband Reflector Experiment for Axion Detection)
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Bolometers

Single	Photon	Counters

THz Quantum Sensors in Literature
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[https://www.gentec-eo.com/]

[https://www.irlabs.com/products/bolometers/]
[Ridder et al, J. Low Temp. Phys. 184, 60–65 (2016)],
[Baselmans et al, Astro. Astroph. 601, A89 (2017)]

[Echternach et al., Nat. Astron. 2, 90–97 (2018)],
[Echternach et al., J. Astron. Telesc. Instrum. Syst. 7, 1–8 (2021)]
[Hochberg, et al., Phys. Rev. Lett. 123, 151802 (2019)]
[Verma, et al., arXiv:2012.09979 [physics.ins-det] (2020)]

[Liu et al, BREAD collab., 
arXiv:2111.12103, PRL 128 (2022) 131801]
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Sensitivity
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[Liu et al, BREAD collab., 
arXiv:2111.12103, PRL 128 (2022) 131801]
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American Physical Society

1 APRIL 2022

Volume 128, Number 13
Published by 

Published week ending

128

13

PRL 128 (13), 130502–137201, 1 April 2022 (212 total pages)
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Vision: Large-Scale BREAD
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possible larger-scale version as side-experiment to ADMX-EFR at Fermilab

100mK, 9.4T
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BREAD 
Prototypes
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InfraBREAD Pilot
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Superconducting 
Nanowire Single 
Photon Detector 

(SNSPD)
 from JPL

100nm wide 
nanowires

in 15x15µm SNSPD 
from MIT

will enable cryogenic dark photon search at infrared (eV)

Optical Grade Reflector from LLNL

Introduction BREAD ConclusionMADMAX



InfraBREAD Pilot
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Hidden Photon Sensitivity Projection

preliminary

SNSPD

Preliminary!

1 days à
10m2

current prototype, 30 days à

10 days à

1,000 days à

Dilution Refrigerator at FNAL SQMS Quantum Garage

Xenon1T 
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GigaBREAD Pilot: 10-14 GHz (50µeV)
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Signal vs. Antenna Position

signal suppressed away from focus

on focus

off focus
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Reflector Characterization Measurement
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Measured Thermal Noise

see focus & resonances

on focus

off focus
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Broadband DAQ
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~
RF IF

LO

signal bandwidth
(10.7 - 12.5) GHz

Challenge: Real-Time Data Reduction

Nyquist: Min. Sample Rate = 2 × Bandwidth

∼ 2	GHz bandwidth à 4	GB/s 

[https://commons.wikim
edia.org/wiki/File:Nyqui
st_Aliasing.svg]El
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Broadband DAQ
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~
RF IF

LO

signal bandwidth
(10.7 - 12.5) GHz

FFT & 
Averaging
on FPGA
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Negligible Dead Time after >1s on-board averaging

Complex 
data 
𝐼 + 𝑗𝑄

Polyphase 
filter bank

(PFB)

deMUX
and FDM to 

TDM 

16x ~500MHz BW  
overlapping spectra, 

8kHz resolution

… FFTFFT
FFT Averager

(>1s)
Zynq (OS, 
Python)

Xilinx ZCU111 board (ZU28DR RFSoC)

IF I

IF Q

∑
ADC

ADC

based on                             QICK platform:
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First Data Taking Run
• 24 days science data, 

June 16 – July 17

• University of Chicago 
41° 47' 31.6098", 
-87° 36' 6.141”

• sensitive to vertical dark 
photon polarization

• horn antenna focal spot 
sweep over every ~ 4hrs

• RFI shielded Faraday 
cage:
dish, all RF amplifiers

• in basement: 
down-conversion, DAQ, 
slow control 
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RF Shielded 
Room

ß to DAQ

~100K Amplifier Chain

Dish

ß to feedthrough
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Result

Stefan Knirck | Heigher Mass Axion Searches 23

Introduction BREAD ConclusionMADMAX



Result
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Result – Exclusion Limits
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[limit plot adapted from cajohare.github.io/axionlimits]

[SK et al. (BREAD), 
PRL 132, 131004 (2024)]
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PRL 132, 131004 (2024)]
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4T MRI Magnet @ Argonne National Lab

27Pictured: Gabe Hoshino

first ALPs science run imminent
Stefan Knirck | Heigher Mass Axion Searches
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Axion-Like Particles – Magnetic Field
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Cavity

Haloscopes

3T and 4T

GigaBREAD

Pilot Projections

4	T MRI magnet at Argonne

2 months, 4K, 9T
(ADMX-EFR magnet)

CAST

AD
M

X

KSVZ

DFSZ

[limit plot adapted from cajohare.github.io/axionlimits]
Pictured: Derrick Rodriguez, Gabe Hoshino, Andrew Sonnenschein, SK, Ben Knepper, Mira Littmann
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Published by 
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This work was supported by the Fermi Research Alliance, LLC under  Contract No. DE-AC02-
07CH11359 with the U.S. Department of Energy, Office of Science, Office of High Energy Physics.

Broadband Reflector Experiment for 
Axion Detection (BREAD)
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Sensitivity
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dish antenna alone hard time to reach QCD axion band
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Dielectric Haloscope
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[A. Caldwell et al., PRL 118, 091801 (2017))]
[A. J. Millar et al., JCAP, 061 (2017)]

∼ 𝜆/2

Mirror Dielectric  Disks Receiver 

Be 

Mirror Dielectric  Disks Receiver 

Be 

Mirror Receiver

𝑃*+, = 𝛽-	×	𝑃.+*/
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Dielectric Haloscope
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[A. Caldwell et al., PRL 118, 091801 (2017))]
[A. J. Millar et al., JCAP, 061 (2017)]

tunable via disk positions
∼ 𝜆/2

Mirror Dielectric  Disks Receiver 

Be 

Mirror Dielectric  Disks Receiver 

Be 

Mirror Dielectric Layers Receiver

𝑃*+, = 𝛽-	×	𝑃.+*/

Boost Factor 𝜷𝟐 
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Magnetized Disk and Mirror Axion eXperiment

Stefan Knirck | Heigher Mass Axion Searches 33

Mirror

~10 T 
dipole

magnet

Horn
antenna

Separate 
cryogenic
volume

~1m

Movable
dielectric
disks
⊘: ~1m

Focusing 
mirror

[MADMAX collab., EPJC 79, 186 (2019)]
[A. Caldwell et al., PRL 118, 091801 (2017)]
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MADMAX 
Prototypes
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Comprehensive Prototype Program
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Closed Boosters (CB):
⌀ = 100 mm (CB100), 3 Al2O3 disks 
⌀ = 200 mm (CB200), 3 Al2O3 disks 

Open Boosters (OB):
⌀ = 200 mm (OB200), 1 Al2O3 disk 
⌀ = 300 mm (OB300), 3 disks (Al2O3 & LaAlO3)

Large bore (⌀ = 760 mm) 
cryostat 

Prototype runs @ CERN MORPURGO magnet (1.5T) and Fermilab DWL (9T)
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Open Booster Prototype – Bead Pull Method
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mirrordisks

P R E L I
 M

 I N
 A R Y

P R E L I M I N A R Y

Dielectric bead

3 mm
𝛽" ∝ 5 𝑑𝑉𝐸

"

[J. Egge et al. JCAP, 04:005, 2024] 
[J. Egge. JCAP, 04:064, 2023]

Boost Factor

Measured Fields
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Open Booster Prototype – First Science Run
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Focusing 
mirror

Horn antenna

Dielectric
“Booster”

Xilinx RFSoC 4x2

. . . 
Low Noise Amp.

“Booster”

firmware based 
on BREAD DAQ

2 weeks winter break data taking

Jacob Egge
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MADMAX – First Physics Result

Stefan Knirck | Heigher Mass Axion Searches 38

first MADMAX physics result publication in preparation

2 weeks data taking winter 2023/24:
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MADMAX Collaboration
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Science Vision

40

[adapted from
cajohare.github.io/axionlimits]
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QCD Axion Models
AD

M
X-

G
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M
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M
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BREAD
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Thank you very much, Pierre!
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Appendix
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Wave-like Dark Matter

44

𝜌C ∼ 0.45 DEF
GH! 𝜆IJ ∼ KL

M"N
	 ∼ 1	km OPEF

M"
à 

coherent detection

∼ 1	km	

detector

#RSTUVGWEX
Y#$
! 	 ∼ 10Z[ OPEF

M"

\
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Wave-like Dark Matter

45

𝜌C ∼ 0.45 DEF
GH! 𝜆IJ ∼ KL

M"N
	 ∼ 1	mm OEF

M"
à 

incoherent detection

∼ 1	mm	

BREAD
detector

#RSTUVGWEX
Y#$
! 	 ∼ 10] 	OEF

M"

\
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World’s First mm-wave Dish Antenna
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[SK, Yamazaki, Okesaku, Asai, Idehara, Inada; 
JCAP 11(2018)031, arXiv:1806.05120] 
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Peccei-Quinn Symmetry Breaking... 
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Our Universe:Our
Universe

before inflation: after inflation:

𝒎𝒂 < 	𝐞𝐕 𝒎𝒂 ∼ 𝝁𝐞𝐕	 −𝐦𝐞𝐕



Axion Mass Predictions
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[from
cajohare.github.io/axionlimits]

https://cajohare.github.io/AxionLimits/


Axion Mass Predictions
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[from
cajohare.github.io/axionlimits]

https://cajohare.github.io/AxionLimits/


ITER: 2.6 m bore x 13 Tesla

Compilation by Mark Bird, NHMFL
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Large-Scale Solenoid Magnets
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Sensors

51

Heterodyne Bolometer Single Photon Counting

~
FFT

RF IF

LO

• high resolution

• Standard Quantum 
Limit (SQL):  
𝑘_	𝑇 abcd = ℎ𝑓

[h
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:/
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]

NEP ~ 10-20 𝑊/ 𝐻𝑧

Fi
g.

: S
ae
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oo
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am

 (N
IS

T)

e.g., nanowire detectors

SNSPDs, KIDs, QCDs, …

down to ~ 1 photon/day
Thermal Reservoir

Thermal
Conductance

Thermal Mass
Heat Capacity
Temparature

Resistive
Thermometer

absorber

Power P

C
T

G
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Bolometers

Single	Photon	Counters

THz Sensors in Literature

52

[https://www.gentec-eo.com/]

[https://www.irlabs.com/products/bolometers/]
[Ridder et al, J. Low Temp. Phys. 184, 60–65 (2016)],
[Baselmans et al, Astro. Astroph. 601, A89 (2017)]

[Echternach et al., Nat. Astron. 2, 90–97 (2018)],
[Echternach et al., J. Astron. Telesc. Instrum. Syst. 7, 1–8 (2021)]
[Hochberg, et al., Phys. Rev. Lett. 123, 151802 (2019)]
[Verma, et al., arXiv:2012.09979 [physics.ins-det] (2020)]

[Liu et al, BREAD collab., 
arXiv:2111.12103, PRL 128 (2022) 131801]

Stefan Knirck | Heigher Mass Axion Searches

Introduction ADMX ConclusionBREAD



Single Photon Sensors
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SNSPDs from.            .

SNSPD from

à InfraBREAD

Superconducting Nanowire Single Photon 
Detectors (SNSPD, Infrared)

Quantum Capacitance Detectors
(QCDet, ~ 1.5THz)

à TeraBREAD

Credit: 
Rakshya Khatiwada et. al.

Credit: 
Cristian Pena et. al.

Introduction State of the art ConclusionMy Vision



Sensitivities with Literature Sensors
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Hidden Photons Axions

[Liu et al, BREAD collab., 
arXiv:2111.12103, PRL 128 (2022) 131801]
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First Prototype Reflector Characterization
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Reflect Laser BeamMechanical Touches Reflect Test Pattern

Horizontal Machine Marks O(100µm)

horizontal

vertical



First Complete BREAD Reflector

56

dish area: 𝐀 ≈ 𝟎. 𝟕	𝐦𝟐

∼ 0.5	m	
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GigaBREAD: RF Simulation

57

coaxial horn antenna

𝐸 	

e.g.  [Bykov et al, 
DOI:10.1134/S0020441208050126]

[Barros et al, DOI:10.1109/IMOC.2013.6646569]

𝑩
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GigaBREAD: Coaxial Horn

58

PCTFE Support

Copper

50Ω coax

~
 1

0c
m

~ 4cm
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GigaBREAD: Horn Characterization

59

to second horn

servo rotary 
motor

3D printed
plastic mount

RF absorbers

to VNA

Right: Gabe HoshinoStefan Knirck | Heigher Mass Axion Searches



GigaBREAD: Horn Characterization

60

to second horn

servo rotary 
motor

3D printed
plastic mount

RF absorbers

to VNA
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GigaBREAD: Horn Characterization
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0°

45°

90°

135°

180°

225°

270°

315°

0.00
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0.30

Far-Field Comparison 10 GHz

Simulated

Measured

0°

45°

90°

135°

180°

225°

270°

315°

0.0

0.2

0.4

Far-Field Comparison 15 GHz

Simulated

Measured

horns show close to expected performance
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GigaBREAD: Preliminary DAQ Tests

62

Deadtime: ~0.5s, negligible after many spectra

No. of Spectra

(first 2GHz BW implementation)

Deadtime Real-Time Averager

Averaging working

IF Frequency [MHz]

AD
C 

Po
w

er
/8

kH
z [

m
W

]
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DAQ RFI Rejection Scheme
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common issue: external RFI sources couple into large bandwidth DAQ

~
RF IF

LO
10.6GHz

10.6-12.5GHz 0-2 GHz
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DAQ RFI Rejection Scheme
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intrinsic RFI rejection with negligible impact on sensitivity 

~
RF IF

LO

LO frequency hopping:

(controlled by DAQ board)
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Result – Injected Signal
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see expected resonant enhancement
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InfraBREAD: Velocity Effects

66

dish

Incoming WISP: Outgoing Photon:

For Dish Antenna:CDM Velocity:

outgoing angle ∼ 𝑣	~	10"(𝑐DM velocity ∼ 𝑣	~	10"(𝑐

Standard Halo Model:

[h
tt

ps
:/

/w
w

w
.h

ep
.u

cl
.a

c.
uk

/
da

rk
M

at
te

r/
pi

ct
ur

es
/w

in
d.

jp
g]

[Jaeckel, Redondo arXiv:1307.7181]
[Jaeckel, SK arXiv:1509.00371]
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InfraBREAD: Velocity Effects

67

Radius: 
𝑅	 = 	200mm

Dish Area:
𝐴 = 0.7m'

(Pilot Experiment Dims.)

Intensity Distribution 𝑟	𝐼(𝑟)
Estimates

BREAD

spherical dish 
1m distance

focusing velocity effect limited
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InfraBREAD: Optical Grade Reflector from LLNL
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mirror-like finish, expected focal properties
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Infrared Sensors: Superconducting Nanowire Single Photon Detector (SNSPD)
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SNSPDs from JPL

100nm wide nanowires
in 15x15µm SNSPD 

from MIT

Photon Counts (source on) ß 

Dark Counts (shielded, 200mK) à 

will enable cryogenic dark photon search at infrared (eV)
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InfraBREAD Pilot Sensitivity
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Hidden Photon Sensitivity Projection

preliminary

SNSPD

Preliminary!

1 days à
10m2

current prototype, 30 days à

10 days à

1,000 days à

Dilution Refrigerator at FNAL SQMS Quantum Garage

Xenon1T 
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MADMAX Bead Pull Calibration
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Scaling up: Some Large Magnets
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ADMX-EFR magnet BabyIAXO MADMAXMORPURGO

solenoid dipole

𝟗. 𝟒	𝐓, 𝟖𝟎𝐜𝐦 bore 𝟏. 𝟒	𝐓, 𝟏. 𝟔𝐦 𝟗	𝐓, 𝟏. 𝟑𝟓𝐦

available from ~ 2025 available ~ 2029

𝟐	𝐓, 𝟎. 𝟕𝐦 

> 2030?

will enable mid-scale ALP searches à need for international collaboration 
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Axion Facility: Dark Wave Laboratory (DWL)
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leverage Fermilab infrastructure for broadband axion physics program

100mK, 9.4T



§ Design study within innovation partnership finished:
à 9.1 T dipole with 1.35 m warm bore feasible

§ First important R&D results
- Conductor based on CICC can be produced:
   Suppliers for conductor available
- Copper yield strength ok after compaction
- Quench protection feasible (propagation velocity)
- Cooling concept of conductor

magnet status

All results in special MADMAX 
issue  IEEE Transactions on 
Applied Superconductivity, 
33(7):1–11, 2023.

MACQU test solenoid



Path forward: Design, build and test 
demonstrator coils 
- Stick slip heat deposition
- Extraction of heat after stick slip
- Develop conductor termination 
à Mitigate underperformance risk

Test and understand conductor production, 
bending, impregnation…
à Verify production sequence

magnetpath forward



Next Big Steps
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Prototype @ CERN MORPURGO (1.6T)
Projected Sensitivities (10 - 100GHz)

Prototype

Full Scale

Full Scale @ DESY

up to 20 disks, ⌀=0.3m

focusing mirror
antenna

[S. Beurthey et al., arXiv:2003.10894]

(Sensitivity) 
80 disks, ⌀=1.2m

9T dipole magnet
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