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A Broadband / Resonant Approach to

Cosmic Axion Detection with an 


Amplifying B-field Ring Apparatus
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So we are looking for Axion Dark Matter
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PDG - Axion Review 2018

Theoretical Preferences in Pink

There is a lot of open axion parameter space!
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The Summary of the Axion Parameter Space

PDG - Axion Review 2018
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The Lumped Element Parameter Space

Sensitive to mA between 10-14 to 10-6 eV, ~Hz to~GHz 

�Comp � Rexp
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Axions couple to the electromagnetic force.
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Axions modify Maxwell’s Equations!

Modified Source-free Maxwell’s Equations
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Axions modify Maxwell’s Equations!

These terms are assumed to be small.
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Axion-photon searches
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Cavity regime: ) �Comp ⇠ Rexp
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Radiation regime: �Comp ⌧ Rexp

MADMAX

⇢Je↵

From: Yoni Kahn
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What is a B-field Ring Apparatus?
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The cartoon experiment

Based on Kahn, Safdi and Thaler, Phys.Rev.Lett. 117 (2016) no.14, 141801
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 axion current 

The cartoon experiment
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Jeff

Real Magnetic Field!

The cartoon experiment
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Jeff

A real magnetic field induced in a zero field region.

The cartoon experiment
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f = ma/2⇡

�f ⇡ 1/�v2a ⇠ 10�6

Noise Floor

An Example Signal
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What we needed to get started:


Magnet - NSF EAGER Award


Dilution Refrigerator - Oxford Instruments Triton400


SQUID Current Sensor - Magnicon Inc.


Some Vibration Isolation


Some Warm and Cold Shielding
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Does the experiment work?
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Delrin Supports Pickup and Calibration Loops

Mechanical Design Assembly in Progress



ABRACADABRA-10cm installed Fall 2017.
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Some improvements to the geometry were completed in January 2018.
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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

40 K

2.5 K

800 mK

300 mK

100 mK

300 K

ABRA-10 CM
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700 mK

150 mK

SQUIDs

700 mK Thermalizations
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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
2⇢DM cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r

0
dr0

Z R+a

R
ds

Z 2⇡

0
d✓

Rhr0(s� r0 cos ✓)

r̃2
p
h2 + 4r̃2

, (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 Bmax = 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 Bmax

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

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 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.

Pickup Loop SQUID
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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
2⇢DM cos(mat)VB . (7)

The e↵ective volume containing the external B-field is

VB =

Z r

0
dr0

Z R+a

R
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r̃2
p
h2 + 4r̃2

, (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 Bmax = 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 Bmax

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

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 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.

Pickup Loop SQUID

For a review of this issue see Chaudhuri, Irwin et al. arXiv:1803.01627

ABRA Readout Options:
Option #1 - Broadband Readout

•pickup loop directly coupled to the SQUID

•simultaneous scan of all frequencies

•simple and fast 

Option #2 - Resonant Readout

•pickup loop coupled to the SQUID through 

a resonant circuit

•scan across all frequencies

•signal enhancement by Qvalue ~106 on 

resonance but significant enhancement of 
sidebands as well


•better ultimate sensitivity

24



Broadband Readout:

▸ 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


▸ Additional filters limit bandwidth to 
2kHz-2MHz
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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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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 Bmax = 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 Bmax

is summarized in Fig. 2.
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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]:
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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

Lmin ⇡ ⇡R2/h. (11)

With a “tall” toroid where h = 3R, one can achieve
Lmin ⇡ 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
25



Magnetic Shielding

▸ Two layers of mu-metal shielding

26



First Results October 2018!

Ouellet et al., Phys.Rev.Lett. 122 (2019) no.12, 121802


arXiv:1810.12257


Long Technical Paper

 Ouellet et al., Phys.Rev. D99 (2019) no.5, 052012


arXiv:1901.10652 
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SQUID Noise Floor!

Example signal

Mechanically cooled fridge so vibration 
dominate at low frequency.

Data taken from July 16, 2018 to August 14, 2018, continuous 
digitization and data transfer was a major accomplishment in itself!

EM Shielding not as effective at high 
frequency or large sources.

28

Physics Data



We performed detailed scans to determine that 
our efficiency was flat over a broadband of 
frequencies. Unfortunately, the gain was low 
by a factor of 6.5 low relative to the theoretical 
gain, most likely due to parasitic inductances. 


One of the key experimental details is how you 
calibrate the system. Calibration Loop

29

Calibration
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• Limit our search range to 75 kHz - 
2 MHz (ma in 0.31 — 8.1 neV). 8 
million mass points


• For each mass point, we calculate 
a likelihood function 


• Axion discovery search based on 
a log-likelihood ratio test, between 
the best fit and the null hypothesis


• We set the 5σ discovery threshold 
as TS>56.1 (accounting for the 
Look Elsewhere Effect)

The Search 
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The Search 

• We saw no 5σ excesses that 
were not vetoed by Magnet 
off or digitizer data


87 (0) mass points were vetoed in the 
10MS/s (1MS/s) data


• We place 95% C.L. upper 
limits using a similar log-
likelihood ratio approach


• Our limits are approaching 
the limits set by CAST



First direct search for axion dark matter below 
1μeV, and we are just beginning!

CAST 

Solar Axion Experiment

ADMX

32
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2

sensitive to the QCD axion. This Article presents data
collected in 2020 that is up to an order of magnitude
more sensitive than our previous results [29] and places
strong limits on ADM in the 0.41 � 8.27 neV range of
axion masses.

ABRACADABRA-10CM DETECTOR

The ABRACADABRA-10 cm detector is built around
a 12 cm diameter, 12 cm tall, 1 T toroidal magnet fab-
ricated by Superconducting Systems Inc [30]. The ax-
ion interactions with the toroidal magnetic field B0 drive
the e↵ective current, Je↵ , which oscillates parallel to B0

and sources a real oscillating magnetic field through the
toroid’s center. The oscillating magnetic flux is read
out with a two-stage DC-SQUID via a superconducting
pickup in the central bore. Unlike other axion detector
designs, this novel geometry situates the readout pickup
in a nominally field-free region unless axions are present
[15]. The detector can be calibrated by injecting fake ax-
ion signals (i.e., AC currents) through a wire calibration
loop that runs through the body of the magnet. The
detector, illustrated schematically in Fig. 1, is located on
MIT’s campus in Cambridge, MA.

In 2019, we performed several detector upgrades from
the Run 1 configuration in order to improve our sensitiv-
ity [29, 31]. In this Article we report the results of the
subsequent data campaign (Run 3), collected after the
detector upgrade. Run 3 data consists of ⇠430 hours of
data collected from June 5 to June 29, 2020.

Before the upgrades were complete, we took additional,
uncalibrated data (Run 2), which is not presented here.
A subset of that data was instead used to develop our
data analysis procedure in order to run a blind analysis
on the Run 3 data, as described in detail below.

The total expected axion power, A, coupled into our
readout pickup is related to the axion-induced flux �a as

A ⌘ h|�a|2i = g2
a��⇢DMG2V 2B2

max, (2)

where G is a geometric coupling, V is the magnetic field
volume, Bmax is the maximum value of |B0|, and the an-
gle brackets denote the time average [15, 32]. Run 1 uti-
lized a 4.02 cm diameter pickup loop made from a 1 mm
diameter wire, giving G ⇡ 0.027. In 2019, we replaced
this readout with a 10 cm tall, 5.1 cm diameter supercon-
ducting cylinder pickup centered in the toroid bore. This
consisted of a 150 µm-thick Nb sheet wrapped around
a polytetrafluoroethylene (PTFE) cylinder. This design
yields a stronger geometric coupling to Je↵ of G ⇡ 0.031
and decreases the inductance of the pickup [15]. We com-
pute G using electromagnetic simulations in the COM-
SOL Multiphysics package [31, 33].

To amplify our signal, �a is coupled into the read-
out SQUID through the pickup circuit (see Fig. 1) yield-
ing a transformer gain Min/LT , where Min is the input
coupling to the SQUID, and LT ⌘ Lp + Lin + Lwires is
the total inductance of the pickup circuit, with Lp the

CR LR

Rp

LP Lin

MR

BaBR

Je↵ Lp

Lwires

Lin

�a Min
FFT

Je↵ Lp

Lwires

Lin

�a Min

G
Rf

Mf

FFT

Lin

C

1

Figure 1. Top: Schematic of ABRACADABRA-10 cm show-
ing the e↵ective axion-induced current (blue), sourced by the
toroidal magnetic field, generating a magnetic flux (magenta)
through the pickup cylinder (green) in the toroid bore. Bot-

tom: Simplified schematic of the ABRACADABRA-10 cm
readout (full circuit diagram in Supp. Fig. S1). The pickup
cylinder Lp is inductively coupled to the axion e↵ective cur-
rent Je↵ . The power spectrum of the induced current is read
out through a DC SQUID inductively coupled to the circuit
through Lin. An axion signal would appear as excess power
above the noise floor at a frequency corresponding to the ax-
ion mass.

pickup cylinder inductance, Lin the input inductance of
the SQUID package, and Lwires the parasitic inductance,
dominated by the twisted pair wiring. The SQUID, man-
ufactured by Magnicon [34], is read out using Magnicon’s
XXF-1 SQUID electronics operating in closed feedback
loop mode. The Run 1 sensitivity was limited by par-
asitic inductance in the NbTi wiring of this circuit that
placed a lower limit on LT & 1.6 µH. During the upgrade,
we replaced this wiring, moving the SQUIDs closer to the
detector to reduce the wire length. Based on calibration
data, we found that the total impedance in the circuit is
⇠ 800 nH. Finally, the SQUID was operated at a higher
flux-to-voltage gain setting of 4.3 V/�0 in Run 3, com-
pared to the previous Run 1 which we ran at 1.29V/�0

due to higher levels of environmental noise. This change
does not directly improve the signal gain, but does reduce
system noise. We also improved our noise floor by re-
ducing the operating temperature of the SQUID package
from ⇠870 mK to ⇠450 mK. All together, the upgrade
campaign increased the expected power coupled into our

Chiara Salemi Kaliroë Pappas

(Pictures taken pre-pandemic)

• Detector pickup upgraded from simple wire 
loop to cylinder

• Stronger mutual coupling to the axion Jeff


• Lower inductance increases coupled 
energy


• Cleaner wiring


• Lower SQUID temperatures dropped flux 
noise floor

• Seeing a lot more environmental noise, 

vibrational noise


• Run 3 Data: 2 weeks of data taking in June 
2020 

ABRACADABRA-10 cm Run 3 (2020)
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Figure 4. The one-sided 95% upper limit (U.L.) on ga�� from this work excludes previously unexplored regions of ADM
parameter space. The 1� and 2� containment regions are constructed by taking the appropriate percentiles of the distributions
of the limits over narrow mass ranges; note that this means that ⇠16% of the upper limits lie at the bottom of the green
band. While ⇠11.1 million mass points are analyzed, the data in the figure are smoothed for clarity. Before smoothing, the
strongest limit obtained is ga�� . 3.2⇥ 10�11 GeV�1 at ma ⇠ 2.99 neV. Our limits surpass those from a number of indicated
astrophysical and laboratory searches in this mass range (see text for details).

DISCUSSION

In this work we present the results from
ABRACADABRA-10 cm’s second physics campaign,
searching for ADM in the mass range 0.41-8.27 neV.
We find no evidence for ADM and constrain the
axion-photon coupling down to the world-leading level
ga�� . 3.2 ⇥ 10�11 GeV�1 at 95% confidence. Our work
motivates key elements of the design of future larger-scale
experiments. These include the mitigation of stray fields
from the magnet and vibrations induced by a modern
pulse-tube-based cryogenic system, which limits our cur-
rent low-frequency reach. The ABRACADABRA-10 cm
results presented in this Article demonstrate the power
of mature simulations for optimizing the design of the
detector and for modeling the calibration response.
An advanced and novel analysis framework was used
to identify noise sources and account for systematic
uncertainties in a data-driven fashion.

Our work identifies three areas that can be addressed in
the next physics campaign: (i) moderate improvements
(up to a factor ⇠0.4 in ga��) could be achieved by fur-
ther reducing the wire and SQUID inductances, (ii) bet-
ter shielding from environmental noise could increase the
sensitivity to ga�� by an order of magnitude at low fre-
quencies, so long as (iii) the fringe fields are reduced or
better vibrationally isolated (see Supp. Fig. S2). To
significantly increase the sensitivity of the experiment,
larger magnets with higher fields are needed since the
sensitivity to ga�� scales with the detector volume V
and field B0 as g�1

a�� ⇠ B0V 5/6 [15]. The addition of
a resonant readout circuit could enhance the reach in
ga�� by an additional ⇠2 orders of magnitude depending
on the scanning strategy, with a high frequency readout
permitting sensitivity to masses up to 800 neV [15, 41].
ABRACADABRA is merging with the DMRadio pro-
gram to realize a series of experiments that chart a
path toward discovering the QCD axion in the param-
eter space corresponding to new physics at the Grand
Unification scale [42–46].
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FRESH RESULTS!

• Improved limits by a factor of 4-10


• Surpassed CAST limits over a wide 
range of masses, setting some of the 
strongest limits in this mass range


• No longer limited by SQUID Flux 
Noise


• Environmental noise sources are now 
driving limitation

ABRACADABRA-10 cm Run 3 (2020)



What we need now:


Bigger Magnet


Dilution Refrigerator


Resonant Readout


Some Vibration Isolation


Some Warm and Cold Shielding
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On to the Next Experiment: DMRadio

“Stay Tuned” for more exciting results! 
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ABRACADABRA-10cm 
papers:
PRL 2019 doi:122.121802

arxiv:1810.12257
PRD 2019 doi:99.052012

arxiv:1901.10652

 
Collaboration

Reyco Henning ABRACADABRA-10cmPATRAS, 3 June, 2019

ABRACADABRA
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