
A Broadband/Resonant Search 
for Axion Dark Matter

Jonathan Ouellet
May 29, 2018
Massachusetts Institute of Technology



Intersections of Particle and Nuclear Physics 2018 May 29, 2018

Axion Dark Matter

Axion Dark Matter

2

• Misalignment mechanism gives rise to an 
oscillating axion field: 

• The combined field potential/kinetic 
energy behaves like DM  

• Assuming the axion field accounts for the 
DM density, we can write:
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Axion Dark Matter

Axion Interactions with the Standard Model
▸ In addition to canceling the CP violating term, the axion also adds a lot 

of interactions with the SM!
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Axion Dark Matter

Axion Interactions with the Standard Model

▸ New QED Lagrangian leads to new Maxwell’s equations
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Axion Dark Matter

An Axion In a Magnetic Field

▸ Modification to Ampere’s law (MQS approximation) 

▸ An oscillating axion field creates an “effective current” in the presence of a 
magnetic field
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Axion Dark Matter

An Axion In a Magnetic Field

▸ Modification to Ampere’s law (MQS approximation) 

▸ An oscillating axion field creates an “effective current” in the presence of a 
magnetic field
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ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus

▸ Start with a toroidal magnet with a fixed 
magnetic field B0

8
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Phys. Rev. Lett. 117, 141801 (2016)
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ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus

▸ Start with a toroidal magnet with a fixed 
magnetic field B0

▸ ADM generates an oscillating effective 
current around the ring (MQS approx: 
λ≫R)
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus

▸ Start with a toroidal magnet with a fixed 
magnetic field B0

▸ ADM generates an oscillating effective 
current around the ring (MQS approx: 
λ≫R)

▸ … this generates an oscillating magnetic 
field through the center of the toroid
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ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus

▸ Start with a toroidal magnet with a fixed 
magnetic field B0

▸ ADM generates an oscillating effective 
current around the ring (MQS approx: 
λ≫R)

▸ … this generates an oscillating magnetic 
field through the center of the toroid

▸ Insert a pickup loop in the center and 
measure the induced current in the loop 
read out by a SQUID based readout
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A Broadband/Resonant Approach to Cosmic Axion Detection with an 
Amplifying B-Field Ring Apparatus
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magnetic field B0

▸ ADM generates an oscillating effective 
current around the ring (MQS approx: 
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ABRACADABRA

ABRACADABRA Readout

▸ ABRACADABRA will require very sensitive current 
detectors → SQUID current sensors 

▸ Two limiting cases: 

▸ A broadband only readout, where the pickup 
loop is coupled directly to the SQUID 

▸ A resonant circuit readout, where the pickup 
loop is coupled through the SQUID through a 
resonator circuit. 

▸ In practice, we plan to use a combination of the two 

▸ See talk from Saptarshi
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as

�
pickup

(t) = ga�� Bmax

p
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The e↵ective volume containing the external B-field is
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, (8)

with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<⇠ 10�6 eV. For an example of
the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and B

max

= 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and B

max

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡
Lp [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
1

2

R
B2 dV stored in the axion-sourced response field, and

is approximately

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 1 µH and �
SQUID

⇡ 0.01�
pickup

for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�

0

/
p
Hz, (12)

where �
0

= h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.
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cies, displacement currents can potentially screen our sig-
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m, with sensitivity to ma
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the magnitude of the generated fields, the average B-field
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Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
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Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]
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m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
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An Example Axion Signal
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Noise Floor
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An Example Axion Signal

10

f = ma/2⇡

�f ⇡ 1/�v2a ⇠ 10�6

Noise Floor



Intersections of Particle and Nuclear Physics 2018 May 29, 2018

ABRACADABRA

New Approach, A Lot of Questions
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Vertical Cut

ABRACADABRA-10 cm

Calibration Loop
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ABRACADABRA-10 cm

ABRACADABRA-10 cm
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(Normally make MRI magnets!)

 
          
 
 

SUPERCONDUCTING SYSTEMS INC. 
 

Job Position Available 

Superconducting Systems Inc. (SSI) designs and manufactures superconducting 
magnets for both medical applications and physics research applications. We are 
seeking a recent graduate with a Master of Science or Bachelor of Science degree in 
mechanical engineering to participate in the development of innovative magnets for 
human MRI applications. The candidate should: 

  

1) Have a M.S. or B.S. degree in Mechanical Engineering  

2) Be fluent in the Chinese Mandarin language 

3) Have completed advanced courses in structural design and analysis 

4) Have participated in practical design projects 

5) Be skilled with SolidWorks software 

6) Be willing to travel 

  

The position is located at Billerica, MA. SSI offers competitive salary and benefits. Work 
experience of 2-5 years is desirable. 

 

Please contact Francesca Minervini at the below email address with your resume (.pdf 
form if possible) attached.  

 

 

Francesca Minervini 

Project Engineer/ Mechanical Engineer 

fminervini@ssi99.com 
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ABRACADABRA-10 cm

Suspension System
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ABRACADABRA-10 cm

Suspension System

▸ Vibration isolation suspension system 

▸ 150 cm pendulum, with a resonance 
frequency of ~ 2 Hz 

▸ In the Z direction, a spring with a 
resonance frequency of ~8 Hz 

▸ Supported by a thin Kevlar thread with very 
poor thermal conductivity 

▸ Can be upgraded with minus-K isolation

17

40 K

2.5 K

800 mK

300 mK

100 mK

300 K

ABRA-10 CM

NOISE MITIGATION
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ABRACADABRA-10 cm

SQUID Current Sensors

▸ Off the shelf SQUIDs from Magnicon 

▸ Two stage current sensor + series array 
amplifier 

▸ Optimal temperature: ~700 mK 

▸ Input inductance: 150 nH 

▸ Noise floor: ~1.2 μΦ0/Hz1/2 

▸ 1/f corner: ~ 50 Hz 

▸ Bandwidth Limit: ~6MHz 

▸ Broadband readout for simplicity

18
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Figure 3. Schematics of our readout circuits. Left: broad-
band (untuned magnetometer). The pickup loop Lp is placed
in the toroid hole as in Fig. 1 and connected in series with
an input coil Li, which has mutual inductance M with the
SQUID of self-inductance L. Right: resonant (tuned mag-
netometer). Lp is now in series with both Li and a tun-
able capacitor C. A “black box” feedback circuit modulates
the bandwidth �! and has mutual inductance M with the
SQUID.

loop of radius r  R can be written as
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with r̃2 ⌘ s2 + r02 � 2sr0 cos ✓. We work in the magneto-
quasistatic limit, 2⇡/ma � r,R, h, a; at higher frequen-
cies, displacement currents can potentially screen our sig-
nal. As an illustration, we consider a meter-sized exper-
iment, where VB = 1 m3 for r = R = a = h/3 = 0.85
m, with sensitivity to ma

<⇠ 10�6 eV. For an example of
the magnitude of the generated fields, the average B-field
sourced by a GUT-scale KSVZ axion (fa = 1016 GeV)
with VB = 100 m3 and B

max

= 5 T is 2.5⇥ 10�23 T. To
detect such a small B-field at this frequency, we need a
flux noise sensitivity of 1.2⇥ 10�19 Wb/

p
Hz for a mea-

surement time of 1 year in a broadband strategy (see
below). The anticipated reach for various VB and B

max

is summarized in Fig. 2.
Broadband approach—In an untuned magnetometer, a

change in flux through the superconducting pickup loop
induces a supercurrent in the loop. As shown in Fig. 3
(left), the pickup loop (inductance Lp) is connected in
series with an input coil Li, which is inductively coupled
to the SQUID (inductance L) with mutual inductanceM .
The flux through the SQUID is proportional to the flux
through the pickup loop and is maximized when Li ⇡
Lp [41]:

�
SQUID

⇡ ↵

2

s
L

Lp
�

pickup

. (9)

Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].

Clearly, the flux through the SQUID will be maximized
for L as large as possible and Lp as small as possible. A

typical SQUID has inductance L = 1 nH. A supercon-
ducting pickup loop of wire radius � = 1 mm and loop
radius r = 0.85 m has geometric inductance of [43]

Lp = r(ln(8r/�)� 2) ⇡ 7 µH, (10)

but this may be reduced with smaller loops in parallel as
in a fractional-turn magnetometer [44, 45].2 The mini-
mum inductance is limited by the magnetic field energy
1

2

R
B2 dV stored in the axion-sourced response field, and

is approximately

L
min

⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
L
min

⇡ 1 µH and �
SQUID

⇡ 0.01�
pickup

for R = 0.85
m. Since the pickup loop area is much larger than the
magnetometer area, the B-field felt by the SQUID is sig-
nificantly enhanced compared to the axion-induced field
in the pickup loop. The B-field enhancement takes ad-
vantage of the fact that we are working in the near-field
limit, so that the induced B-field adds coherently over
the pickup loop.
To assess the sensitivity of the untuned magnetome-

ter to the axion-sourced oscillating flux in (7), we must
characterize the noise of the circuit. In a pure supercon-
ducting circuit at low frequencies, there is zero noise in
the pickup loop and input coil, and the only source of
noise is in the SQUID, with contributions from thermal
fluctuations of both voltage and current. Despite their
thermal origin, we will refer to these as “magnetome-
ter noise” to distinguish them from noise in the pickup
loop circuit (which dominates in the resonant case be-
low). At cryogenic temperatures (T <⇠ 60 mK), thermal
current and voltage noise are subdominant to the cur-
rent shot noise SJ,0 in the SQUID tunnel junctions [42],
which sets an absolute (temperature-independent) floor
for the magnetometer noise. See the appendix for a more
detailed discussion of noise in a real implementation of
this design.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is

S1/2
�,0 ⇠ 10�6�

0

/
p
Hz, (12)

where �
0

= h/(2e) = 2.1⇥10�15 Wb is the flux quantum.
We use this noise level and a fiducial temperature of 0.1
K as our benchmark. DC SQUIDS are also known to
exhibit 1/f noise which dominates below about 50 Hz
at 0.1 K [46]. We estimate the reach of our broadband
strategy down to 1 Hz assuming 1/f noise is the sole
irreducible source of noise at these low frequencies, but in

2
We thank Chris Tully and Mike Romalis for suggesting this strat-

egy to us.

Broadband Configuration

SIGNAL READOUT 
(BROADBAND/RESONATOR)
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ABRACADABRA-10 cm

Magnetic Shielding

▸ Two layers of mu-metal shielding 

▸ Possibility of third layer later 

▸ (Still need to measure the attenuation)

19

ABRA

NOISE MITIGATION
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Text

Wiring and Shielding

20

Superconducting 
crimps

Solder wire 
shielding
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ABRACADABRA-10 cm

Early Data

21

Warning: Very Preliminary 
Proceed with caution!
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ABRACADABRA-10 cm

Early Data

22

Magnet Off

Note: Do not trust the normalizations of 
this plot, look at the overall shape.

Noise from 
thermometry
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ABRACADABRA-10 cm

Early Data

22

Magnet Off

Note: Do not trust the normalizations of 
this plot, look at the overall shape.

Noise from 
thermometry
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ABRACADABRA-10 cm

Calibration Data

23

Calibration Signal
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ABRACADABRA-10 cm

Calibration Data

23

~50 Hz

(Expected signal width ~17 mHz)

Calibration Signal
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ABRACADABRA-10 cm

Calibration Data

23

~50 Hz

(Expected signal width ~17 mHz)

Calibration Signal
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ABRACADABRA-10 cm

Next Steps

24

NOISE REDUCTION

COLLECT 1 MONTH OF DATA

HALF-FIELD / BACKGROUND 
DATA

VIBRATION ISOLATION
NEW DETECTOR 

CONFIGURATIONS

SOMETHING ELSE??



ABRACADABRA-75 CM
NEXT GENERATION:
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Future of ABRA

ABRACADABRA-75 cm

▸ Rin = Rout/2 = h/3 = 75 cm 

▸ B0 = 1 - 5 T 

▸ Resonant Goals: 

▸ Quality factor of 106 

▸ Thermal noise limited at 100 mK 

▸ ABRACADABRA Magnet 

▸ Approx. 2 - 50 MJ stored energy 

▸ Cost around $500k ~ 10M 

▸ Capable of reaching the QCD axion 
regime

26

3m

2.
25

m
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ABRACADABRA

ABRACADABRA Sensitivity
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Current CAST Limits
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Text

Summary

▸ ABRACADABRA-10 cm is currently commissioning 

▸ Have a magnet and have charged it! 

▸ Reducing Noise Sources 

▸ Developing data acquisition and analysis 
infrastructure 

▸ Pushing to have first results later this year 

▸ Working towards a larger m3 version of the detector 
capable of probing QCD scale 

▸ Using the ABRA-10 cm to investigate noise sources, 
shielding configurations, etc 

▸ Investigate optimal data taking configurations

28



29Thanks for your attention!
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ABRA Backup Slides
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ABRACADABRA

Sensitivity (Roughly)

▸ Broadband mode is independent of temperature 

▸ Resonant mode limited by thermal noise 

▸ Caveat: Neither of these are quite correct or ideal
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ABRACADABRA-10 cm

Pickup Loop Geometry

32

Full return current 
captured by pickup shield

Ia

DC Magnet 

Current
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ABRACADABRA

Resonator Circuit

▸ Resonator in electronics rather than in 
cavity! 

▸ Similar to a cavity, can amplify by ~6 orders 
of magnitude in a narrow band  

▸ Can reach the thermal noise floor! 

▸ Need to scan 

▸ Unlike a cavity, the search should not be 
limited to a narrow band!  

▸ Amplification over a wide band 

▸ Broadband search above resonance 
frequency
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ABRACADABRA

Improving Resonant Sensitivity 
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!0/QUsable data!

See talks by DM Radio
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ABRACADABRA-10 cm

Early Data

35

Not 60 Hz!  
57.55 Hz Noise??
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LIGO as an Axion Search

Black Hole Superradiance

▸ A wave incident on a rotating black hole can scatter with a higher outgoing energy than it 
came in with ➾ Superradiance 

▸ A massive bosons can become bound around the black hole like a gravitational “atom” 

▸ When the compton wavelength of the boson, matches the size of the spinning black hole, you 
can have exponential growth in the occupation number and efficiently remove angular 
momentum from the system through emission of gravitational waves (faster than accretion can 
replenish it)

36

‣ Black holes are natural tests for ultra low mass 
axions 

‣ LIGO may eventually be able to see axions near 
the GUT scale!


