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Solutions to Axion Electrodynamics in Various Geometries

Jonathan Ouellet⇤ and Zachary Bogorad
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.

(Dated: November 14, 2018)

Recently there has been a surge of new experimental proposals to search for ultra-light axion
dark matter with axion mass, ma . 1µeV. Many of these proposals search for small oscillating
magnetic fields induced in or around a large static magnetic field. Lately, there has been interest
in alternate detection schemes which search for oscillating electric fields in a similar setup. In this
paper, we explicitly solve Maxwell’s equations in a simplified geometry and demonstrate that in
this mass range, the axion induced electric fields are heavily suppressed by boundary conditions.
Unfortunately, experimentally measuring axion induced electric fields is not feasible in this mass
regime using the currently proposed setups with static primary fields. We show that at larger
axion masses, induced electric fields do appear, but boundary e↵ects may still be relevant for an
experiment’s sensitivity. We then make a general argument about a generic detector configuration
with a static magnetic field to show that the electric fields are always suppressed in the limit of
large Compton wavelength.

I. INTRODUCTION

Starting about 104 years after the Big Bang and last-
ing 1010 years after, the gravitational evolution of the
universe was driven mostly by Dark Matter (DM). But
despite the wealth of compelling evidence for DM, we
have not yet understood it on a particle level or deter-
mined how it fits next to the Standard Model (SM) of
particle physics. In fact, the field of possible explana-
tions for DM is so broad as to incorporate masses from
⇠ 10�22 eV to ⇠ 100M�.

One of the leading candidates to explain the DM abun-
dance is the axion. It was originally proposed to solve the
strong-CP problem in QCD [1–3], but its weak interac-
tion strength with SM particles and an elegant produc-
tion mechanism in the early universe make it a promising
candidate to explain DM as well [4–6].

Unlike the more thoroughly constrained DM candi-
date, the Weakly Interacting Massive Particle (WIMP),
the axion is expected to be extremely light with 10�14 .
m

a

. 1 eV (see [7–9] for a recent review). This implies
that unlike WIMP DM, which would have a few parti-
cles per cubic meter, axion dark matter (aDM) would
have a very high number density and behave like a co-
herent field. In this case, the DM energy density is better
thought of as the kinetic and potential energy of a clas-
sical field rather than a dilute gas of individual particles.

If produced by the misalignment mechanism [4, 5], the
time evolution of the axion field is expected to be given
by

a(t) = a
0

cos(!
a

t� x ·k
D

) , (1)

where the frequency of oscillation is equal to the ax-
ion mass !

a

= m
a

and an arbitrary overall phase. If
aDM is responsible for the observed DM density, we can
relate a

0

=
p
2⇢

DM

/m
a

, where ⇢
DM

is the local DM
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density of ⇠ 0.3GeV/cm3 [10]. Though aDM is ex-
tremely cold, it is expected to have a very small veloc-
ity spread due to gravitational e↵ects. In the potential
well of the Milky Way we expect a typical local veloc-
ity spread of v

DM

⇠ 220 km/s. This results in a small
spread in oscillation frequency due to Doppler shifting,
�!

a

/!
a

⇠ v2
DM

⇡ 10�6, as well as small spatial gradients
on the scale of the de Broglie wavelength, �

D

= 2⇡/|k
D

|.
Experiments searching for aDM often leverage the fact

that the axion couples to the photon and thus creates
a small modification to electromagnetism. The axion –
or any axion-like particle (ALP) for that matter – will
create a modification to the electromagnetic Lagrangian,
that can be written in terms of the Maxwell field tensor
Fµ⌫ , electric current Jµ

e

, and axion field a:

L
EM

= Je

µ

Aµ � 1

4
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4
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aFµ⌫ F̃
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Where F̃
µ⌫

= "
µ⌫�⇢

F�⇢, and g
a��

is an unknown, but
small, coupling between the axion and photon.
The aF F̃ term can be treated as an axion-to-two-

photon coupling which converts photons into axions and
vice-versa, as in light shining through wall (LSW) [11]
and axion helioscope [12, 13] experiments. However,
since aDM would imply a high occupation number for
the field a, the Lagrangian can also be treated in the
classical limit as a modification to Maxwell’s equations
[14]:

r ·E = ⇢
e

� g
a��

B ·ra , (3a)

r ·B = 0 , (3b)

r⇥E = �@B
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◆
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These additional terms can be thought of as source terms
that drive E and B-fields at the oscillation frequency of
the axion, !

a

. Axion haloscope experiments typically

Axion modified Maxwell’s equations
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ADM has very large occupation numbers (>15×106 /L)!
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Solutions to Axion Electrodynamics in Various Geometries
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Recently there has been a surge of new experimental proposals to search for ultra-light axion
dark matter with axion mass, ma . 1µeV. Many of these proposals search for small oscillating
magnetic fields induced in or around a large static magnetic field. Lately, there has been interest
in alternate detection schemes which search for oscillating electric fields in a similar setup. In this
paper, we explicitly solve Maxwell’s equations in a simplified geometry and demonstrate that in
this mass range, the axion induced electric fields are heavily suppressed by boundary conditions.
Unfortunately, experimentally measuring axion induced electric fields is not feasible in this mass
regime using the currently proposed setups with static primary fields. We show that at larger
axion masses, induced electric fields do appear, but boundary e↵ects may still be relevant for an
experiment’s sensitivity. We then make a general argument about a generic detector configuration
with a static magnetic field to show that the electric fields are always suppressed in the limit of
large Compton wavelength.

I. INTRODUCTION

Starting about 104 years after the Big Bang and last-
ing 1010 years after, the gravitational evolution of the
universe was driven mostly by Dark Matter (DM). But
despite the wealth of compelling evidence for DM, we
have not yet understood it on a particle level or deter-
mined how it fits next to the Standard Model (SM) of
particle physics. In fact, the field of possible explana-
tions for DM is so broad as to incorporate masses from
⇠ 10�22 eV to ⇠ 100M�.

One of the leading candidates to explain the DM abun-
dance is the axion. It was originally proposed to solve the
strong-CP problem in QCD [1–3], but its weak interac-
tion strength with SM particles and an elegant produc-
tion mechanism in the early universe make it a promising
candidate to explain DM as well [4–6].

Unlike the more thoroughly constrained DM candi-
date, the Weakly Interacting Massive Particle (WIMP),
the axion is expected to be extremely light with 10�14 .
m
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. 1 eV (see [7–9] for a recent review). This implies
that unlike WIMP DM, which would have a few parti-
cles per cubic meter, axion dark matter (aDM) would
have a very high number density and behave like a co-
herent field. In this case, the DM energy density is better
thought of as the kinetic and potential energy of a clas-
sical field rather than a dilute gas of individual particles.

If produced by the misalignment mechanism [4, 5], the
time evolution of the axion field is expected to be given
by
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density of ⇠ 0.3GeV/cm3 [10]. Though aDM is ex-
tremely cold, it is expected to have a very small veloc-
ity spread due to gravitational e↵ects. In the potential
well of the Milky Way we expect a typical local veloc-
ity spread of v
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and axion helioscope [12, 13] experiments. However,
since aDM would imply a high occupation number for
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Axion Dark Matter Energy Density

▸ According to current theory, we can write down the 
predicted energy density from axions
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Axion Dark Matter Energy Density

▸ According to current theory, we can write down the 
predicted energy density from axions

▸ Experimentalist attitude: 

If you find it, the theories will come.

6

⌦ah
2 ⇠ 0.1

✓
10�5 eV

ma

◆7/6

⇥2
i



Quantum Connections Workshop 5: Axions in Stockholm - Reloaded, November 26-30, 2018

Detecting 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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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 
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Detecting Axion Dark Matter

Geometric Configurations

B0

Ba

Ia

‣ Pickup loop inside the magnetic field 
→ strong coupling to induced field 

‣ Less material near the pickup loop 

‣ By measuring in high field region → 
large potential background

P. Sikivie, N. Sullivan, and D. B. Tanner  
Phys. Rev. Lett. 112, 131301 (2014)
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Detecting Axion Dark Matter

Geometric Configurations

B0
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‣ Pickup loop inside the magnetic field 
→ strong coupling to induced field 

‣ Less material near the pickup loop 

‣ By measuring in high field region → 
large potential background

‣ Pickup loop outside the field → 
smaller coupling to induced field 

‣ Magnet material near the pickup loop 

‣ By measuring in zero field region → 
significantly suppressed background

P. Sikivie, N. Sullivan, and D. B. Tanner  
Phys. Rev. Lett. 112, 131301 (2014)

ABRACADABRA: Y. Kahn, B. R. Safdi and J. Thaler 
Phys. Rev. Lett. 117, 141801 (2016) 

DMRadio: Silva-Feaver et. al. 
IEEE Trans. Appl. Supercond. 27(4) 1-4 (2017) 
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DETECTING AXION DARK MATTER

USING ELECTROMAGNETS TO ENHANCE FIELDS
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2

1.95 cm, outer radius 3.6 cm, height 2.0 cm [24]. A mag-
netizing coil was wound around each of the ferrite toroids,
fig. 1(a). Injecting a current into this coil created an az-
imuthal magnetic field inside the sample, with magnitude
B0 = µ0(H0 +M), where µ0H0 is the magnetic field that
would be created by this current in the absence of per-
meable material and M is the material’s magnetization.
In the presence of azimuthal magnetic field B0, the ax-
ion dark matter field acts as a source of an oscillating
e�ective current density

Je� = Êa

µ0c
ga““a0B0 cos (Êat), (3)

which can be used to calculate the resulting axial mag-
netic field and the magnetic flux �a through the center
of the toroid [24].

FIG. 1: (a) The coils wrapped around the GdIG toroid:
a toroidal magnetizing coil created the azimuthal magnetic
field B0, a permeability sensing coil was used to monitor the
sample magnetization, a pickup coil was sensitive to axion-
induced magnetic flux �a, and a calibration coil was used to
calibrate the coupling of the pickup coil to the SQUID. Not
all coil turns are shown. (b) Experimental schematic showing
the main components of the apparatus: three GdIG toroids
with pickup coils connected to SQUID amplifiers, mounted
inside superconducting magnetic shields, immersed in liquid
helium at temperature 4.2 K.

The experimental apparatus contained three ferrite

toroids inside an enclosure formed by nested coaxial
cylinders, immersed in liquid helium, fig. 1(b). During
data collection, each of the three toroids had a di�erent
value of the azimuthal magnetic field B0, which allowed
us to identify and reject a number of systematic signals
caused by electromagnetic interference in the apparatus.
Lead foil, a�xed to the inner surfaces of the cylinders
and their caps, formed a double-layer superconducting
magnetic shield. The three GdIG toroids were mounted
inside the inner shield. The top and bottom toroids had
magnetizing coils, wound using Nm ¥ 1100 turns of NbTi
wire in two counter-wound layers. These coils were con-
nected to persistent switch heaters inside the outer mag-
netic shield to enable persistent current operation. A
60-turn permeability sensing coil was wound symmetri-
cally through the top and bottom toroids, as shown in
fig. 1(a). These coils were used to monitor the magne-
tization of the corresponding toroid during data collec-
tion [24]. Three pickup coils were wound on the G-10
support rod, each with Np = 8 turns of NbTi wire, and
positioned at the inside circumference of each toroid. A
twisted pair connected each pickup coil to a Magnicon
superconducting quantum interference device (SQUID)
amplifier, mounted inside the outer magnetic shield.

Several calibration measurements had to be performed
before collecting data in the configuration sensitive to ax-
ion dark matter. The sensitivity of the SQUID detectors
was calibrated by injecting a known current into the cal-
ibration coil, wound around the outer circumference of
the GdIG toroid, and recording the SQUID voltage re-
sponse. Having measured the mutual inductance between
the calibration and the SQUID pickup coils at room tem-
perature, the flux-to-current conversion was extracted for
each SQUID. This calibration was used to convert the
recorded SQUID voltage into the magnetic flux at the
pickup coil. Conversion to axion-photon coupling was
performed by integrating the e�ective current density in
eq. (3) over the volume of the toroid [24].

The azimuthal magnetic field B0 inside the GdIG ma-
terial was monitored by measuring the inductance of the
permeability sensing coil. In order to calibrate this mea-
surement, the inductances of the magnetizing and the
permeability sensing coils were simultaneously measured
for various values of the constant current through the
magnetizing coil [24]. For each current value, the GdIG
permeability µ was calculated from the inductance of the
toroidal magnetizing coil, creating a direct calibration for
the inductance of the permeability sensing coil as a func-
tion of µ. The initial permeability of the GdIG toroids
was ¥ 25, decreasing with current applied to the mag-
netizing coil, as the magnetic material saturated, fig. 2.
Very little magnetic hysteresis was observed. Since GdIG
is a non-linear magnetic material, the value of the az-
imuthal magnetic field B0 inside the toroid had to be

A. V. Gramolin, D. Aybas, D. Johnson, J. Adam, 
and A. O. Sushkov  
arXiv: 1811.03231▸ One potential possibility is to use 

an electromagnet, to enhance 
your total B-field 

▸ Large permeabilities can 
enhance the B-field for the H-
field that you buy 

▸ Possibly limits the eventual size 

▸ Group working with 0.17 T from a 5 amp current 

▸ Long term, magnetization noise may become an insurmountable 
problem
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Detecting Axion Dark Matter

Two Readout Approaches

10

‣ Broadband Readout: Measure and average 
‣ Coupling pickup loop directly into a 

SQUID 
‣ Search all frequencies simultaneously 
‣ Averaging is really slow

3

Lp
Li

L

M

LLp
Li

M

C
R

Δω

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 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.
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Two Readout Approaches
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‣ Broadband Readout: Measure and average 
‣ Coupling pickup loop directly into a 

SQUID 
‣ Search all frequencies simultaneously 
‣ Averaging is really slow

‣ Resonant Readout: Lock in and amplify one 
frequency 
‣ Insert a resonator into the circuit before 

the SQUID readout 
‣ Can quickly pull signal from noise 
‣ Don’t know what frequency to amplify, 

have to scan!

3
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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

VB =

Z r

0

dr0
Z R+a

R
ds

Z
2⇡
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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]:
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Here ↵ is an O(1) number, with ↵2 ⇡ 0.5 in typical
SQUID geometries [42].
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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.
A typical, temperature-independent flux noise for com-

mercial SQUIDs at frequencies greater than ⇠10 Hz is
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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
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able capacitor C. A “black box” feedback circuit modulates
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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
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= 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/
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Hz for a mea-

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

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
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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
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where �
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= 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
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Detecting Axion Dark Matter

Enhanced Resonator Sensitivity (arXiv: 1803.01627)

▸ Constant SNR as long as noise floor set by 
thermal noise in pickup loop circuit 

▸ Still want quantum limited amplifiers even 
in the high thermal occupancy regime  

▸ Need to minimize back action from the 
amplifier 

▸ Scan speed set by how low the noise floor 
can be pushed

11

FIG. 7. Relative noise contributions in a resonator circuit. The x-axis is frequency (arbitrary

units), while the y-axis is power referred to the input of the amplifier (arbitrary units). Thermal

noise is in green, quantum noise (the “+1” in eq. 99) is in dark red, and the resonator line shape

|S(1)

21

(⌫, ⌫r)|2 is in black. The resonator bandwidth is bounded by the dashed purple lines. The

resonator is sensitive to dark matter, without degradation from quantum noise, over the sensitivity

bandwidth, bounded by the dashed blue lines.

57

Chaudhuri, Irwin, Graham, Mardon 
arXiv: 1803.01627

Even at high thermal occupancy, you want to push beyond the SQL!
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Detecting Axion Dark Matter

This is the Story of the (Dark Matter) Hurricane

▸ Another (fun) possibility is the 
presence of substructure within the 
Dark Matter Halo 

▸ If the velocity distribution of this 
substructure is much smaller, you 
can have coherence times 
much much larger. 

▸ Opens the possibility 
of Axion astrophysics!

12

 

Dark matter hurricane: Measuring the S1 stream
with dark matter detectors

Ciaran A. J. O’Hare,1,* Christopher McCabe,2,† N. Wyn Evans,3,‡ GyuChul Myeong,3 and Vasily Belokurov3
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The recently discovered S1 stream passes through the Solar neighborhood on a low inclination,
counterrotating orbit. The progenitor of S1 is a dwarf galaxy with a total mass comparable to the present-
day Fornax dwarf spheroidal, so the stream is expected to have a significant DM component. We compute
the effects of the S1 stream on WIMP and axion detectors as a function of the density of its unmeasured
dark component. In WIMP detectors the S1 stream supplies more high energy nuclear recoils so will
marginally improve DM detection prospects. We find that even if S1 comprises less than 10% of the local
density, multiton xenon WIMP detectors can distinguish the S1 stream from the bulk halo in the relatively
narrow mass range between 5 and 25 GeV. In directional WIMP detectors such as CYGNUS, S1 increases
DM detection prospects more substantially since it enhances the anisotropy of the WIMP signal. Finally,
we show that axion haloscopes possess by far the greatest potential sensitivity to the S1 stream if its dark
matter component is sufficiently cold. Once the axion mass has been discovered, the distinctive velocity
distribution of S1 can easily be extracted from the axion power spectrum.

DOI: 10.1103/PhysRevD.98.103006

I. INTRODUCTION

Dark matter (DM) halos contain a plethora of substruc-
ture due to the tidal disruption and stripping of satellite
galaxies or dark subhalos of the Milky Way (MW). The
accretion of material can give rise to prominent streams of
DM particles wrapping the galaxy. Streams are seen
generically in simulations of halos and have been observed
locally in the MW and in nearby galaxies [1–3]. Such
substructure, being highly kinematically localized, poses
excellent prospects for the direct detection of DM. Hence
there is a sizeable literature on the subject of streams and
their signals in direct detection experiments, see e.g.,
Refs. [4–9]. Historically, the stream from the Sagittarius
dwarf galaxy was used to motivate much of this work
[10–15]. However, the last decade has seen the branches of
the Sagittarius stream mapped out in a number of stellar
tracers (main sequence turn-off stars, blue horizontal
branch stars, RR Lyrae) across 360° on the sky. We now
know that the Sagittarius stream does not pass close to the
Sun [16,17] and so it will not have any impact on laboratory
experiments for the direct detection of dark matter.

Nonetheless, formalisms developed with the Sagittarius
stream in mind will be useful here.
Many stellar streams have been detected as overdensities

of resolved stars against the background (see Newberg and
Carlin [18] for reviews). However, there is a much more
powerful method of detection that will enable the identi-
fication of ∼100–200 streams in the inner halo of the MW
over the next few years. Streams remain kinematically cold
and are identifiable as substructure in phase space long after
they have ceased to be recognisable in star counts against
the stellar background of the galaxy. The arrival of the first
data releases from the Gaia satellite is transformational for
our understanding of substructure in the stellar halo. Gaia
is an astrometric satellite that is providing distances and
proper motions for over a billion stars in the Galaxy [19].
When cross-matched against spectroscopic surveys we can
obtain six dimensional phase space coordinates for MW
stars. This enables searches for comoving groups of stars to
be conducted directly in phase space, and the calculation of
statistical measures of substructure [20–22].
Here, we draw attention to a remarkable new stream, S1,

recently discovered in data from the Sloan Digital Sky
Survey (SDSS) and theGaia satellite [2,23]. The stars in S1
impact on the Solar System at very high speed almost
head-on. A coherent stream of DM associated with S1
hits the Solar System slap in the face. The effects of such
a low inclination, retrograde stream are different from the
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ABRACADABRA-10 cm

Dissecting ABRACADABRA-10 cm
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Superconducting 
Pickup Loop  

rp = 2 cm

Superconducting 
Calibration Loop  

rc = 4.5 cm

Delrin Toroid 
Body

80×16 NbTi (CuNi) 
winds (counter-
wound)
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G10 Support structure 
(nylon bolts)

Copper 
Thermalization Bands

Superconducting tin 
coated copper shield
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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

ABRA Mounted In Olaf
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Kevlar Support

700 mK

150 mK
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ABRACADABRA-10 cm

SQUID Readouts

▸ Off the shelf Magnicon DC SQUIDs 

▸ Typical noise floor ~1 μΦ0/(Hz)1/2 

▸ Optimized for operation < 1 K 

▸ Typical gain of ~1.3 V/Φ0S (volts per 
SQUID flux quanta) 

▸ No resonator (i.e. broadband 
readout)

19

SQUID 
Amplifier Array

Mu Metal 
Shielding

George 
Washington

�0 = 2⇥ 10�15 Wb

Quick note on units:
We measure magnetic flux in 

units of micro flux quanta (μΦ0)
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ABRACADABRA-10 cm

Magnetic Shielding

▸ Two layers of mu-metal shielding 

▸ Recycled from the Bates Accelerator Pipe 

▸ DC Attenuation ~ 10x

20

ABRA



COMMISSIONING 
AND DATA TAKING

ABRACADABRA-10 CM
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ABRACADABRA-10 cm 
Preliminary

ABRACADABRA-10 cm Data 

Calibration

▸ Perform calibration by injecting 
current into the calibration loop 
measuring the spectrum 

▸ Fine scan from 10 kHz - 3 MHz at 
multiple amplitudes 

▸ Requires a total of ~90 dB of 
attenuation to get “reasonable” 
size signals 

▸ Gain lower than expected by a 
factor of ~6.5 (suspect parasitic 
inductance)

22

ABRACADABRA-10 cm 
Preliminary
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Preliminary
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ABRACADABRA-10 cm Data 

Example Spectrum

▸ Filter SQUID output through 10 kHz high-pass and 1.9MHz anti-
aliasing filter 

▸ Digitizer noise (taken in dedicated run) shows spurious noise 
spikes that were vetoed.
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~9 hours of data

ma ~ neV 
(GUT scale PQ)

ABRACADABRA-10 cm 
Preliminary

Tail of low 
frequency 
vibrational noise
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ABRACADABRA-10 cm Data 

Transient Noise at High Frequency

▸ Appeared after we were in the lab 

▸ Seemed to be correlated with working hours? 
▸ Investigating the digitizer/DAQ computer, grounding schemes, shielding, 

etc… 

▸ In the present analysis, we had to discard ~30% of the data

24

ABRACADABRA-10 cm 
Preliminary

ABRACADABRA-10 cm 
Preliminary



Quantum Connections Workshop 5: Axions in Stockholm - Reloaded, November 26-30, 2018

ABRACADABRA-10 cm Data 

Magnet Off Data

▸ Collected 2 weeks of magnet off data with the same configuration 

▸ High frequency transient noise also present 

▸ Significantly lower noise background around 10kHz (vibration of stray fields) 

▸ Used for spurious signal veto
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Averaged over ~9 hours

ABRACADABRA-10 cm 
Preliminary
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ABRACADABRA-10 cm Data 

ABRACADABRA-10 cm First Dataset
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10 MS/s 
Dataset

1 MS/s 
Dataset

Integrated Time 471 h 427h

Individual 
Spectra

2120 960

Frequency 
Range

500 kHz  
- 3 MHz

75 kHz  
- 500 kHz

ABRACADABRA-10 cm Preliminary

▸ Collected data with 
magnet on continuously 
for 4 weeks from July - 
August 

▸ Sampling at 10 MS/s for 
2.4 × 106 seconds (25T 
samples total) 

▸ Digitizer locked to a Rb 
oscillator frequency 
standard
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ABRACADABRA AXION SEARCH

AXION FIELD STATISTICS

▸ The axion field is going to be a sum over a huge number of axion components, each with 
their own phase, φi 

▸ This is similar to a random walk in phase space and results in a signal power which is 
exponentially distributed 

▸ The correct statistics are needed when analyzing our 8.1M mass points (a broadband 
experiment cannot “rescan” excesses).
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II. A LIKELIHOOD FOR AXION DIRECT
DETECTION

In this section we derive a likelihood that describes
how the statistics of the local DM velocity distribution
are transformed into signals at axion direct detection ex-
periments. The main result that will be used throughout
the rest of the paper is the likelihood presented in (29);
however, there will be several intermediate steps. In par-
ticular, in the first subsection we show how to write the
local axion field as a sum over Rayleigh-distributed ran-
dom variables, as specified in (10). In the following sub-
section we will show that when coupled to an experi-
ment sensitive to the axion, if data is taken in the form
of a power spectral density (PSD), it will be exponen-
tially distributed, as given in (24). In the main body
we will only derive the distribution of the signal, but in
App. A we will show that the background only, and sig-
nal plus background distributions, are both exponentially
distributed also. Combining these, we then arrive at a
form for the likelihood function.

In the initial derivation of the likelihood we will focus
on how our formalism applies to a broadband experiment.
However, the modification to a resonant framework is
straightforward and we present the details in the final
subsection.

A. The Statistics of the Local Axion Field

Our goal in this section is to build up the local axion
field from the underlying distribution of fields describing
individual axions. Thus as a starting point let us consider
an individual axion-like particle, which we think of as a
non-relativistic classical field.3 If we assume that there
are N

a

such particles locally that make up the local DM
density ⇢DM, then we can write down the field describing
an individual particle as

a

i

(v, t) =

p
2⇢DM/N

a

m

a

cos


m

a

✓
1 +

v

2
i

2

◆
t + �

i

�
, (3)

where i 2 1, 2, . . . , N

a

is an index that identifies this spe-
cific axion particle, m

a

is the axion mass, v

i

is the ve-
locity of this axion, and �

i

2 [0, 2⇡) is a random phase.
The phase coherence of the full axion field constructed
from the sum each of these particles is dominated by the

3 Individual axion-like particles should technically be described as
quantum objects not classical fields. Nevertheless the local oc-
cupancy numbers of these quantum particles is enormous. For
example, taking axion dark matter with ma ⇠ 10�10 eV, the
number of axions within a de Broglie volume is ⇠1036. Accord-
ingly the distinction is unimportant since formally when we say
single particles we really mean a collection of particles in the
same state with high enough occupancy number such that the
ensemble is described by a classical wave. For simplicity, how-
ever, we refer to these classical building blocks as “particles.”

common mass they share and to a lesser extent by ve-
locity corrections which are drawn from a common DM
velocity distribution. Beyond this we take the fields to be
entirely uncorrelated, which is represented by the random
phase. Axion self interactions could induce additional co-
herence. However, given the feeble expected strength of
these interactions we assume such contributions are far
subdominant to those written.

From here to build up the full axion distribution we
need to sum (3) over all i. We proceed, though, through
an intermediate step that takes advantage of the fact
that there will be many particles with e↵ectively indis-
tinguishable speeds. As such let us partition the full list
of N

a

particles into subsets ⌦
j

, which contain the N

j

a

particles with speeds between v

j

and v

j

+ �v, where �v

is small enough that we can ignore the di↵erence between
their speeds. In this way the contribution from all parti-
cles in subset ⌦

j

is given by
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Note that it is only the random phase that di↵ers between
elements of the sum:
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To proceed further, we recognize that the sum over
phases is equivalent to a 2-dimensional random walk; this
allows us to write

X

i2⌦j

exp [i�
i

] = ↵

j

e

i�j
, (6)

where �

j

2 [0, 2⇡) is again a random phase and ↵

j

is
a random number describing the root-mean-squared dis-
tance traversed in a 2-dimensional random walk of N

j

a

steps. These distances are governed by the Rayleigh dis-
tribution, which takes the form

P [↵
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For future convenience, we remove N

j

a

from the distribu-

tion by rescaling ↵

j

! ↵

j

q
N

j

a

/2, so that we can com-
plete our result for this velocity component as follows:
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The final step to obtain the full local axion field is to
sum over all j. Before doing so, however, we note the

6

1.00 1.01 1.02 1.03 1.04

�/ma

0

10

20

30

40

50

60

S
�

�
[W

b2
H

z�
1 ]

Axion Signal

Monte Carlo

Theory

0 100 200
Smax

��

0.0

0.5

1.0

1.5

2.0

P
[S

m
ax

�
�

]⇥
10

2

Figure 1. (Left) A comparison between the mean of 500 Monte Carlo simulations of a signal only PSD dataset (blue) and
the analytic expectation given in (26) (black). The inset shows the distribution of the 500 simulated S

��

versus the predicted
exponential distribution, as in (24), at the frequency where the signal distribution is maximized, !/ma ⇡ 1.003. This example
was generated assuming the unphysical but illustrative parameters A = 1 Wb2, ma = 2⇡ Hz, and v

0

= v
obs

= 220,000 km/s.
Importantly the simulations were generated by constructing the full axion field starting from (3), and so the agreement between
theory and Monte Carlo is a non-trivial confirmation of the framework. (Right) As on the left, but with Gaussian distributed
white noise added into the time-series data with variance �B/�t, and taking �B = 500 Wb2 Hz�1. Again we see the theory
prediction in good agreement with the average data, whilst at an individual frequency point the simulated data is exponentially
distributed. See text for details.

With the above arguments we may perform the velocity
integral in (20), obtaining

S��(!) = A

⇡f(v)

2m
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v

↵

2

����
v=

p
2!/ma�2

. (23)

Note that ! ⇡ m

a

, up to corrections that are O(v2);
where the distinction is not important, we write m

a

in-
stead of !, as in the denominator above. Further, in (23)
we have dropped the subscript v from ↵, as it is just a
single Rayleigh distributed number as given in (8). Since
↵

2 is exponentially distributed, this then implies that the
PSD is also exponentially distributed:

P [S��(!)] =
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�(!)
e
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(24)

Recall that A, which is e↵ectively dictating the strength
of the axion signal, has units of Wb2, so S�� carries units
Wb2

/Hz, or in natural units eV�1.
In any real experiment there will also be background

sources of noise in the dataset. For most sources we can
think of this as mean zero Gaussian distributed noise in
the time domain.7 For example, in ABRACADABRA
the main background sources are expected to be noise

7 If the mean of the background distribution is non-zero, then this

within the SQUID for the broadband configuration or
thermal noise in the resonant circuit [5]. Both of these
are well described by normally-distributed noise sources,
and so they fall under this class of backgrounds. In
ADMX the dominant background is also thermal noise,
and the Gaussian nature of this source has been discussed
in Refs. [81, 82]; indeed, in [82] they noted the power
due to thermal noise in the experiment should be expo-
nentially distributed. It is likely that most other noise
sources will also be normally distributed. However, it
may well be possible that certain axion direct detection
experiments do su↵er from background sources that are
not well described by Gaussian noise. In such a case the
framework we present in this work will not go through
directly, but the same logic can be used to derive a new
likelihood that accounts for the specific background dis-
tribution. Restricting ourselves to the Gaussian approx-
imation, then, as demonstrated in App. A, if we have
a series of Gaussian distributed backgrounds of variance
�

i

B

/�t, where i indexes the various backgrounds, then
the PSD formed from the combinations of all these will
again be exponentially distributed with mean

hSbkg
�� (!)i = �

B

⌘
X

i

�

i

B

. (25)

will only impact the k = 0 mode of the PSD. For reasons dis-
cussed in App. A, we will not include this mode in our likelihood,
and as such we are only sensitive to the variance of the distribu-
tions, and so can choose them to have mean zero without loss of
generality.
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With the above arguments we may perform the velocity
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stead of !, as in the denominator above. Further, in (23)
we have dropped the subscript v from ↵, as it is just a
single Rayleigh distributed number as given in (8). Since
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2 is exponentially distributed, this then implies that the
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Recall that A, which is e↵ectively dictating the strength
of the axion signal, has units of Wb2, so S�� carries units
Wb2

/Hz, or in natural units eV�1.
In any real experiment there will also be background

sources of noise in the dataset. For most sources we can
think of this as mean zero Gaussian distributed noise in
the time domain.7 For example, in ABRACADABRA
the main background sources are expected to be noise

7 If the mean of the background distribution is non-zero, then this

within the SQUID for the broadband configuration or
thermal noise in the resonant circuit [5]. Both of these
are well described by normally-distributed noise sources,
and so they fall under this class of backgrounds. In
ADMX the dominant background is also thermal noise,
and the Gaussian nature of this source has been discussed
in Refs. [81, 82]; indeed, in [82] they noted the power
due to thermal noise in the experiment should be expo-
nentially distributed. It is likely that most other noise
sources will also be normally distributed. However, it
may well be possible that certain axion direct detection
experiments do su↵er from background sources that are
not well described by Gaussian noise. In such a case the
framework we present in this work will not go through
directly, but the same logic can be used to derive a new
likelihood that accounts for the specific background dis-
tribution. Restricting ourselves to the Gaussian approx-
imation, then, as demonstrated in App. A, if we have
a series of Gaussian distributed backgrounds of variance
�

i

B

/�t, where i indexes the various backgrounds, then
the PSD formed from the combinations of all these will
again be exponentially distributed with mean
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will only impact the k = 0 mode of the PSD. For reasons dis-
cussed in App. A, we will not include this mode in our likelihood,
and as such we are only sensitive to the variance of the distribu-
tions, and so can choose them to have mean zero without loss of
generality.

Detector power coupling

J. W. Foster, N. L. Rodd, B. R. Safdi 
Phys. Rev. D 97, 123006 (2018)
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ABRACADABRA Axion Search

Axion Signal

▸ Time averaged flux through the pickup loop: 

▸ Signal shape given by the standard halo model

29
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ABRACADABRA Axion Search

Axion Search Approach

▸ Rebin the data into 53 (24) of our 10 MS/s (1 MS/s) spectra that span the data taking period 

▸ Limit search range to 75 kHz - 2 MHz (ma in 0.31 — 8.1 neV) for a total of 8.1M mass points 

▸ For each mass point, we calculate a likelihood function 

▸ Power bins are Erlang distributed with 
shape parameter Navg (average over Navg 
exponential distributions) and mean si,k+bi 

▸ Depends only on gaγγ and nuisance 
parameters, bi, which are assumed to be 
constant across the axion signal, but can 
vary slowly in time

30
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ABRACADABRA Axion Search

Axion Search Approach

▸ We then perform our axion discovery search based on a log-likelihood 
ratio test, between the best fit and the null hypothesis 

▸ Profiling over all nuisance parameters, bi 

▸ We set the 5σ discovery threshold 
as TS>56.1 (accounting for the 
Look Elsewhere Effect for our 8M 
mass points)

31
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ABRACADABRA Axion Search

Axion Limits

▸ 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
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ABRACADABRA-10 cm 
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ABRACADABRA Axion Search

ABRACADABRA-10 cm Run 1 Limits
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ABRACADABRA Axion Search
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ABRACADABRA Axion Search
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ABRACADABRA-10 cm

ABRACADABRA-10 cm First Results

First Results from ABRACADABRA-10 cm: A Search for Sub-µeV
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The axion is a promising dark matter candidate, which was originally proposed to solve the strong-
CP problem in particle physics. To date, the available parameter space for axion and axion-like
particle dark matter is relatively unexplored, particularly at masses ma . 1µeV. ABRACADABRA
is a new experimental program to search for axion dark matter over a broad range of masses,
10�12 . ma . 10�6 eV. ABRACADABRA-10 cm is a small-scale prototype for a future detector
that could be sensitive to the QCD axion. In this Letter, we present the first results from a 1month
search for axions with ABRACADABRA-10 cm. We find no evidence for axion-like cosmic dark mat-
ter and set 95% C.L. upper limits on the axion-photon coupling between ga�� < 1.4⇥ 10�10 GeV�1

and ga�� < 3.3⇥ 10�9 GeV�1 over the mass range 3.1⇥ 10�10 eV – 8.3⇥ 10�9 eV. These results are
competitive with the most stringent astrophysical constraints in this mass range.

INTRODUCTION

The particle nature of dark matter (DM) in the Uni-
verse remains one of the greatest mysteries of contempo-
rary physics. Axions are an especially promising candi-
date as they can simultaneously explain both the parti-
cle nature of DM and resolve the strong-CP problem of
quantum chromodynamics (QCD) [1–6]. Axion-like par-
ticles (ALPs) are generically expected to have a coupling
to electromagnetism of the form [7]

L � �1

4
ga��a eFµ⌫F

µ⌫ = ga��aE ·B, (1)

where ga�� is the axion-photon coupling. The QCD axion
is predicted to have a narrow range of couplings propor-
tional to the axion mass, while a general ALP may have
any ga�� . In this work, “axion” refers to a general ALP.
Axion DM (ADM) with mass ma ⌧ 1 eV behaves today
as a classical field oscillating at a frequency f = ma/(2⇡)
[3, 4]. The Lagrangian (1) implies that a time-dependent
background density of ADM modifies Maxwell’s equa-
tions. In particular, in the presence of a static magnetic
field B

0

, ADM generates an oscillating magnetic field,
Ba, as if sourced by an e↵ective AC current density par-
allel to B

0

[8],

J
e↵

= ga��
p

2⇢
DM

B
0

cos(mat). (2)

Here ⇢
DM

is the local DM density, which
we take to be 0.4GeV/cm3 [9, 10]. The A
Broadband/Resonant Approach to Cosmic Axion
Detection with an Amplifying B-field Ring
Apparatus (ABRACADABRA) experiment, as first
proposed in [11], is designed to search for the axion-
induced field, Ba, generated by a toroidal magnetic field
(see also [12] for a proposal using a solenoidal field).
ABRACADABRA searches for an AC magnetic flux
through a superconducting pickup loop in the center of
a toroidal magnet, which should host no AC flux in the
absence of ADM. The time-averaged magnitude of the
flux through the pickup loop due to Ba can be written
as

|�a|2 = g2a��⇢DM

V 2G2B2

max

⌘ A, (3)

where V is the volume of the toroid, G is a geometric fac-
tor calculated for our toroid to be 0.027 [13], and B

max

is the maximum B-field in the toroid. The pickup loop
is read out using a SQUID current sensor, where an ax-
ion signal would appear as a small-amplitude, narrow
(�f/f ⇠ 10�6) peak in the power spectral density (PSD)
of the SQUID output at a frequency given by the axion
mass. The present design uses a simplified broadband
readout, but the same approach can be significantly en-
hanced using resonant amplification and recent develop-
ments in powerful quantum sensors [14, 15], which is the
subject of future work.

arXiv:1810.12257

ABRACADABRA-10cm Technical Paper 
(Coming Soon)
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ABRACADABRA-10 cm At Axion Dark Matter 2016
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Text

Resonant Approach

▸ Feed signal back in on itself to amplify narrow 
frequency band by large factors (Q~106) 

▸ Can use a physical resonator (capacitor), but 
requires very high Q with very large 
capacitance 

▸ Physical tuning, swapping out resonators 

▸ Alternate approach with “digital” resonator 

▸ Much faster scanning 

▸ Broadband cold amplification, SNR set by 
first amplifier
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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 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
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Figure 5: A schematic of the practical implementation of
feedback electronics, showing ultra-low-noise receiver elec-
tronics common to this proposal and more conventional cav-
ity searches, as well as the feedback path to and from the
capacitor, operated far below cut-o↵, threaded by a large
static magnetic field. MSA and HEMT are acronyms for
‘microwave squid amplifier’ and ‘high electron mobility tran-
sistor’, respectively. The noise performance of MSAs, critical
to these searches, are discussed in [20, 21]. HEMT amplifiers
for ultra high frequency, low noise applications are discussed
in [22, 23].

At a mode frequency of 700 MHz corresponding
to an axion mass of 2.9 µeV, assuming a mag-
netic field of 6.8 T, and other experimental parame-
ters corresponding to the ADMX2 experiment con-
figuration [15], the signal power expected from a
KSVZ [16, 17] model axion converting to photons is
2 ⇥ 10�22 W in a bandwidth of 750 Hz. This signal
power, as well as the noise power in the same band-
width may be calculated at di↵erent points around
the feedback loop, labeled A-F.

The signal power at the input to the digital elec-
tronics is -60dBm, corresponding to 220µV across
a 50 ⌦ load. Assume that the digitiser has a
full scale input voltage of 5V, a sampling rate of
250 MHz, and 12 bits of precision with a 1� volt-
age noise at the 3rd least significant bit, the voltage
noise is 25µV, so that the noise spectral density is
0.9 µV/

p
Hz, and the noise contributed by the ADC

in a 750 Hz bandwidth again referred to a 50⌦ load
is �79 dBm. Assuming the same level of noise from
the DAC, the noise contribution of the ADC plus
DAC is �76 dBm. The digital electronics therefore
makes a negligible contribution to the overall noise,
which is dominated by the contributions from the
physical temperature of the source resistor and the
first stage cryogenic amplifier.

The attenuator must be cooled to as low a physi-
cal temperature as possible, probably by placing it
in thermal contact with the refrigerator cold plate.
If the temperature of the noise incident on the at-
tenuator is TI , the attenuation factor (ratio of out-

Table 1: Noise budget around the closed loop resonant cir-
cuit shown schematically in Figure 3. The second column is
total Johnson noise power into a 750Hz bandwidth, includ-
ing both noise from the output of the previous stage, and
noise contributed by the noise temperature at the input of
the next component after the labelled location. The third
column is noise power into the same bandwidth including
only that due to the next component after the labelled loca-
tion. The fourth column is the signal power. The attenuator
will be set so that the open loop gain is in fact slightly less
than 0dB to avoid the circuit going into oscillation, but here
the di↵erence between the actual open loop gain and 0dB is
neglected.

Point Noise in
750Hz
band-
width

Noise from local
component into
750Hz bandwidth

Signal
power

[dBm] [dBm] [dBm]

A -175 -178 -190
B -155 -166 -170
C -135 -166 -150
D -115 -150 -130
E -45 -76 -60
F -45 -178 -60
G -175 -178 -190

put power to input power for matched source and
sink) is a, and the attenuator temperature is TA,
then the noise temperature at the attenuator out-
put is

TO = aTI + (1 � a)TA. (8)

Using Equations 7 and 8, and taking the values for
component noise temperatures and power gains as-
sumed in Figure 5, we obtain the noise and signal
powers at di↵erent points in the loop given in Ta-
ble 1. The noise budget illustrates the fact that the
digital electronics used to implement the resonant
gain stage makes a negligible contribution to the
noise budget in the cryogenic portion of the circuit,
since this noise is attenuated by the large (roughly
130 dB) attenuation of the cryogenically cooled at-
tenuator that brings the open loop gain back to
slightly less than 0dB to suppress spontaneous os-
cillation of the feedback circuit.

The signal to noise ratio around the loop is
�15 dB, which is a power ratio of 1/32. Integration
is used to detect the power excess due to axions
against the background of fluctuations about the
average Johnson noise at surrounding frequencies,
where the signal to noise ratio, SNR, is given by

6
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Thank you for your attention!
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Axion Dark Matter

Cosmic Neutrinos vs Cosmic Axions

▸ In the early universe (t<1 s), the neutrinos are 
thermalized to the plasma 

▸ After they decouple, they are hot and relativistic for 
most of cosmic history 

▸ They are not COLD dark matter!
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▸ All axions start at the same alignment 

▸ Very very cold! 

▸ Energy density comes from field potential 
and kinetic energy 
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Broadband and Resonant Approaches to Axion Dark Matter Detection

Yonatan Kahn,1,* Benjamin R. Safdi,2,† and Jesse Thaler2,‡
1Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

2Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 3 March 2016; published 30 September 2016)

When ultralight axion dark matter encounters a static magnetic field, it sources an effective electric
current that follows the magnetic field lines and oscillates at the axion Compton frequency. We propose a
new experiment to detect this axion effective current. In the presence of axion dark matter, a large toroidal
magnet will act like an oscillating current ring, whose induced magnetic flux can be measured by an
external pickup loop inductively coupled to a SQUID magnetometer. We consider both resonant and
broadband readout circuits and show that a broadband approach has advantages at small axion masses. We
estimate the reach of this design, taking into account the irreducible sources of noise, and demonstrate
potential sensitivity to axionlike dark matter with masses in the range of 10−14-10−6 eV. In particular, both
the broadband and resonant strategies can probe the QCD axion with a GUT-scale decay constant.

DOI: 10.1103/PhysRevLett.117.141801

A broad class of well-motivated dark matter (DM)
models consists of light pseudoscalar particles a coupled
weakly to electromagnetism [1–3]. The most famous
example is the QCD axion [4–7], which was originally
proposed to solve the strong CP problem. More generally,
string compactifications often predict a large number of
axionlike particles (ALPs) [8], with Planck-suppressed
couplings to electric (E) and magnetic (B) fields of the
form aE ·B. Unlike QCD axions, generic ALPs do not
necessarily couple to the QCD operatorG ~G, where G is the
QCD field strength. The masses and couplings of ALP DM
candidates are relatively unconstrained by theory or experi-
ment (see Refs. [9–11] for reviews). It is therefore impor-
tant to develop search strategies that cover many orders of
magnitude in the axion parameter space.
The ADMX experiment [12–14] has already placed

stringent constraints on axion DM in a narrow mass range
around ma ∼ few × 10−6 eV. However, ADMX is only
sensitive to axion DM whose Compton wavelength is
comparable to the size of the resonant cavity. For the
QCD axion, the axion mass ma is related to the Peccei-
Quinn (PQ) symmetry-breaking scale fa via

fama ≃ fπmπ; ð1Þ

where mπ ≈ 140 MeV (fπ ≈ 92 MeV) is the pion mass
(decay constant). Lighter QCD axion masses therefore
correspond to higher-scale axion decay constants fa. The
GUT scale (fa ∼ 1016 GeV, ma ∼ 10−9 eV) is particularly
well motivated, but well beyond the reach of ADMX as
such small ma would require much larger cavities. More
general ALPs can also have lighter masses and larger
couplings than in the QCD case.
In this Letter, we propose a new experimental design

for axion DM detection that targets the mass range
ma ∈ ½10−14; 10−6$ eV. Like ADMX, this design exploits

the fact that axion DM, in the presence of a static magnetic
field, produces response electromagnetic fields that oscillate
at the axion Compton frequency. Whereas ADMX is based
on resonant detection of a cavity excitation, our design is
based on either broadband or resonant detection of an
oscillating magnetic flux with sensitive magnetometers,
sourced by an axion effective current. Our static magnetic
field is generated by a superconducting toroid, which has the
advantage that the flux readout system can be external to
the toroid, in a region of ideally zero static field. Crucially,
this setup can probe axions whose Compton wavelength is
much larger than the size of the toroid. If this experiment
were built, we propose the acronym ABRACADABRA, for
“A Broadband or Resonant Approach to Cosmic Axion
Detection with an Amplifying B-field Ring Apparatus.”
For ultralight (sub-eV) axion DM, it is appropriate to

treat a as a coherent classical field, since large DM number
densities imply macroscopic occupation numbers for each
quantum state. Solving the classical equation of motion
with zero DM velocity yields

aðtÞ ¼ a0 sinðmatÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p

ma
sinðmatÞ; ð2Þ

where ρDM ≈ 0.3 GeV=cm3 is the local DM density [15].
(The local virial DM velocity v ∼ 10−3 will give small
spatial gradients ∇a ∝ v.) Through the coupling to the
QED field strength Fμν,

L ⊃ −
1

4
gaγγaFμν

~Fμν; ð3Þ

a generic axion will modify Maxwell’s equations [16], and
Ampère’s circuit law becomes

∇ ×B ¼ ∂E
∂t − gaγγ

"
E ×∇a −B

∂a
∂t

#
; ð4Þ
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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, the optimal approach is a 
combination of the two
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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 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
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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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The e↵ective volume containing the external B-field is
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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
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Lp
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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
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ABRACADABRA-10 cm

ABRACADABRA-10 cm Tour
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ABRACADABRA-10 cm

ABRACADABRA-10 cm Tour
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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
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40 K

2.5 K

800 mK

300 mK

100 mK

300 K

ABRA-10 CM

NOISE MITIGATION
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Building ABRACADABRA-10 cm

Superconducting Wiring 

▸ Magnet wiring is 
NbTi(CuNi) 

▸ All readout wiring and 
calibration loop is solid 
NbTi 

▸ Readout wiring run inside 
single core solder wire 
that has had the flux 
removed 

46

Superconducting 
solder capillary 
shield!

Boiling turpentine
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ABRACADABRA-10 cm Data 

Calibration Network

✓ 60 dB of warm attenuation 

✓ Readout circuit 

✓ SQUID noise is approximately as 
expected 

✓ Parasitic resistance in the circuit  

x Need to check cold attenuator (3 K)  

x Flux coupling? 

➡ Parasitic Inductance from the wires

47

5

sheets and so was tiled to cover the surfaces of the ves-279

sel. We measured the DC attenuation to be a factor of280

⇠ 10.281

III. DATA TAKING AND CALIBRATION282

A. Axion Search Data283

In [2], the original proposal for a broadband search was284

to collect time series data at a high sampling frequency285

continuously for months to years. However, this runs into286

practical disk space limitations. For example, one month287

sampled at 10MS/s would fill ⇡26TB of disk space. This288

is not wholly unreasonable, but would not scale well to289

1GS/s sampling for a year. However, this sort of sam-290

pling is not actually necessary for resolving signals where291

�f/f ⇠ 10�6. Instead, we take an approach that main-292

tains the required spectral resolution, while minimizing293

the required disk space.294

For ABRACADABRA-10 cm, we sample continuously295

at 10MS/s. Once pulled from the digitizer, the data296

follows two processing paths. First, the data are accu-297

mulated into a 10 s bu↵er (of 108 samples), which is then298

transformed via discrete Fourier transform (DFT) into a299

power spectral density (PSD). Once the next 10 s is avail-300

able, it is transformed and its PSD is then averaged with301

the first, and so on. This builds up an averaged PSD,302

called F̄
10M

, which has Nyquist frequency of 5MHz and303

frequency resolution of 100mHz. This spectrum would304

be able to resolve axion signals down to ma ⇠ 100 kHz.305

In parallel with this, the 10MS/s time series is also306

decimated by a factor of 10, to a 1MS/s time series.307

This data is then accumulated into a 100 s bu↵er – again308

of 108 samples – then transformed with a DFT and con-309

verted into a PSD. We build up with PSD 100 s bu↵er by310

100 s bu↵er to form an averaged PSD called, F̄
1M

, with311

a Nyquist frequency of 500 kHz and a frequency resolu-312

tion of 10mHz. This spectrum would be able to resolve313

signals down to ma ⇠ 10 kHz.314

The data are then decimated by a factor of 10 one more315

time and written directly to disk at a sampling rate of316

100 kS/s. This time series is a low enough data rate to not317

fill up the disks and can be processed o✏ine. We take the318

time series data and transform it as one long DFT to form319

a final spectrum, F
100k

. Unlike the other spectra, F
100k

320

is not averaged over multiple integration period, but is321

instead a single PSD with Nyquist frequency 50 kHz and322

frequency resolution of ⇠ 408 nHz.323

Each decimation step is done by first applying a top-324

hat filter with a 10-bin width, and then down-sampling325

by keeping every 10th filtered sample. This approach was326

chosen because it is very fast computationally and can327

keep up with the data rate, but it is not quite optimal.328

The reason is that the transfer function of the top-hat fil-329

ter is a sinc function and so has significant ringing above330

the roll o↵ frequency. This noise can then be aliased331

down to lower frequencies at the decimation stage. Fu-332

-60 dB -30 dB

LC LP

RP

L
in

SQUID

MCP M
in

300K < 4K

FIG. 5. Calibration circuit diagram.

FIG. 6. Example calibration peak at 850 kHz with 10mVpp
excitation. Bin width is 1Hz wide and all power is contained
within a single bin.

ture implementations of this algorithm will avoid this,333

by leveraging the fact that we can filter in the frequency334

domain using the DFTs calculated in the first step of the335

bu↵er processing.336

We collected data from July 16, 2018 through August337

14, 2018, accumulating a total exposure of T = 2.45 ⇥338

106 s.339

B. Magnet O↵ and Digitizer Noise Data340

We can measure some of the backgrounds uncorre-341

lated with the magnet by collecting data with the magnet342

o↵. This data was collected with the exact same proce-343

dure and hardware configuration as the magnet on data.344

Neither the cryostat, nor the SQUIDs were stopped in345

between measurements. We started collecting magnet346

o↵ data within a few days of stopping the magnet on347

run. We collected magnet o↵ data from August 18, 2018348

through August 27, 2018, for a total of 8.00 ⇥ 105 s of349

data.350

IV. CALIBRATION351

V. AXION SEARCH AND LIMIT EXTRACTION352

Our data analysis procedure closely follows the method353

introduced in [5], modified to account for several im-354

portant experimental factors. Our expected signal is355

a narrow peak in the pickup loop PSD, with a width356

�f/f ⇠ 10�6 arising from the DM velocity dispersion.357
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ABRACADABRA-10 cm Data

Stability
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ABRACADABRA-10 cm Data 

Vibrational Noise (Magnet On)

▸ Huge amount of noise below ~10 kHz, strongly correlated with vibration on 
the 300K plate 

▸ Had to use a 10kHz high pass filter to get the data to fit in the digitizer window 

▸ Hard limit on the low end search window
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*Accelerometer loses 
sensitivity above a few 

kHz

ABRACADABRA-10 cm 
Preliminary
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ABRACADABRA-10 cm Data 

Broadband Data Collection Procedure
▸ Collected data with magnet on 

continuously for 4 weeks from July 
- August 

▸ Sampling at 10 MS/s for 2.4 × 106 
seconds (25T samples total) 

▸ Digitizer locked to a Rb oscillator 
frequency standard 

▸ Continuously transforming and 
downsampling → simultaneously 
produced a 10MS/s, 1MS/s and 
100kS/s spectrum

50

�f = 100mHz

�f = 10mHz

�f = 1mHz
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ABRACADABRA-10 cm Data

Temperature Effects?

51

Nothing obvious..
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ABRACADABRA-10 cm Data 

Building Simulations in COMSOL

▸ Geometric factor encodes the flux 
through the pickup loop due to the 
integrated effective current 

▸ Use COMSOL simulations to calculate 
the coupling to the axion field (and 
confirm calibration coupling) 

▸ Simulation of ABRACADABRA-10 
cm geometry 

▸ Material properties need to be 
measured in the future
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Basic Model CAD Model Status Next Steps

Magnetic Field Plots

5/ 11 C.P. Salemi

ABRACADABRA-10 cm 
Preliminary

Calibration

Axion Signal

Color = Bz ABRACADABRA-10 cm 
Preliminary
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ABRACADABRA-10 cm Data 

Data Analysis Approach
▸ Write down a likelihood function for our averaged spectra,  

▸ Calculate a test statistic comparing the likelihood ratio of the background 
+ signal hypothesis (H1) vs the background only hypothesis (H0) 

▸ 90% limit at where Θ < 2.71 (frequentist limit) 

▸ 5 sigma detection threshold set by size of search range to account for 
“look elsewhere effect”
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ABRACADABRA-10 cm Data 

Data Analysis Behavior

▸ Scan the range 100 kHz - 3 MHz 

▸ Fit the 10 MS/s spectrum down to 
~200 kHz and the 1 MS/s below  

▸ Time resolution of 800s (10 MS/s) 
and 1600s (1 MS/s) 

▸ ~50M frequency points across 
~3000 spectra to search (can be 
parallelized) 

▸ We see movement of the 
background by ~20% (40% in 
these peaks)
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Resonator Readout

Resonator Sensitivity

▸ At a single frequency, the signal 
flux can be given by  

▸ Constant SNR as long as noise 
floor set by thermal noise in 
pickup loop circuit 

▸ Scan speed set by how low the 
noise floor can be pushed 

➡ Pushing beyond the SQL
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