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This is me as a graduate 
student taking care of the 

kiloton-scale liquid scintillator 
detector KamLAND.



ABRACADABRA-10cm installed in our Oxford Triton400 last Fall.



A Reading List

PDG Review - http://pdg.lbl.gov/2018/reviews/rpp2018-rev-axions.pdf

David Marsh on Cosmology - https://arxiv.org/pdf/1510.07633v2.pdf

Recent Axion Conference - https://axion-wimp2018.desy.de/

Anything on axions by Peccei, Quinn, Wilczek, Raffelt or Sikivie 



What is an axion?



Axion: 
It is a pseudo-scalar particle that is the result of the 
spontaneous symmetry breaking of U(1)PQ, a new 
symmetry introduced to fix the strong force (QCD).  

It would be a Nambu-Goldstone boson but the 
complexity of the QCD vacuum (instantons), give it a 
small mass, so its a pseudo-Nambu-Goldstone boson. 
This mass is small (<< GeV)!!!! 
 

It cleans up problems in QCD!



This type of particle is not unique to QCD.



Axion Like Particle (ALP): 
It is a pseudo-scalar particle that is the result of 
some spontaneous symmetry breaking in some 
theory which gains a small mass.

They clean up problems in many theories!



If we are being specific, they are the 
QCD axion and axion like particles.



But people are lazy and use axion to mean both. 



And of course one, both or none could exist. 



And they could be some, all or none of the dark matter.



They are very light (<1eV).



WIMPs Are Heavy!

PDG Dark Matter Review 2018



An Equivalent plot for Axions

We are talking about nano-eV and micro-eV!



Heavy Dark Matter Axion Dark Matter



Heavy Dark Matter Axion Dark Matter



Heavy Dark Matter Axion Dark Matter

These are billiard balls. This is a field.



So we will be talking about Fields, QCD, and Dark Matter.



In Detail: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•The Experiments 

•Indirect Limits



A quick side-trip to Neutron EDM

What is it?  
Why is there a problem?



A quick side-trip to Neutron EDM

e+

e-

Inspired by B. Filippone’s nEDM Lecture

d = e

Classical Electric Dipole Neutron Electric Dipole

u-quark

d-quark

+2/3e

2×(-1/3e)

If ~0.1rn 
dn~4×10-14 e-cm 

Experiment 
dn<3×10-26 e-cm



electric dipole magnetic moment

https://en.wikipedia.org/wiki/Neutron_electric_dipole_moment

What is more important is symmetry.

The electric dipole moment (EDM) violates Parity (P) and 
Time (T) symmetries, and therefore violates CP.



Charge Parity (CP) Violation is a key ingredient in generating 
the matter-antimatter asymmetry in the universe.



Charge Parity = CP

Describes a reflection 
like symmetry

Observed in the Weak 
Interaction!

The Standard Model 
has terms that violate 

CP

Not Observed in 
Strong Interaction

Want to see it now in 
neutrinos!

Should be large, 
What happened?

CP Flow Chart  
for the  
Standard Model



Some Details:

This is the CP violating 
term of the QCD 

Lagrangian.
Gluon field strength tensor

This term gives rise to an 
electric dipole moment.

The current limit:

This implies….



Well thats not very natural.



The Solution: Peccei-Quinn Symmetry

SU(3)xSU(2)xU(1)
SU(3): Strong Force 
SU(2): Weak Force 

U(1): Electromagnetic

U(1)PQ

Add

U(1)PQ: Peccei Quinn



Axion Field

Axion Decay Constant

The Breaking of PQ Symmetry restores CP Symmetry! 

mass of the axion

Dynamically sends Θ to zero!



Originally, we thought… 

where

but that has been ruled out by experiment. 

these invisible axions are mostly unconstrained.



Kim-Shifman-Vainshtein-Zakharav (KSVZ) Axion 
Introduces heavy quarks as well as the PQ scalar.

Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) Axion 
Introduces additional Higgs field as well as the PQ scalar.



An Equivalent plot for Axions

…so thats what the yellow bands are on this plot.



In Detail: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•The Experiments 

•Indirect Limits



…

From: David Marsh



From: Ben Safdi



PQ Phase Transition 
Before Inflation

PQ Phase Transition 
After Inflation

Slightly Different Cosmology



Misalignment Mechanism 
The most straight forward mechanism to generate cold axion dark matter.



From: David Marsch, arXiv1510.07633

H>>mA In this period the field is damped. 
The initial value of the field is determined by the 
scenario for when symmetry breaking occurred 

relate to inflation.

a



From: David Marsch, arXiv1510.07633

H>>mA Misalignment refers to the scenario where there is 
an initial coherent displacement and it relaxes to 

the potential minimum.

a



From: David Marsch, arXiv1510.07633

H<mA

The field is now underdamped and 
oscillations begin!

a

Locally,



And the key equation for axions as dark matter:

axion dark matter mass 
density



Why are the experimental limits focused at micro-eV?

PDG - Axion Review 2018



And the key equation for axions as dark matter:

Because that is natural.



And the key equation for axions as dark matter:

Smaller values put you in the “anthropic window”



PDG - Axion Review 2018

Theoretical Preferences in Pink

There are some preferences but a lot of wiggle room!



In Detail: 

•The Strong CP Problem 

•Axion Cosmology 

•How do we detect them? 

•The Experiments 

•Indirect Limits



Axion-SM interactions
[Graham and Rajendran, Phys. Rev. D88 (2013)]
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From: Yoni Kahn



Axion DM today:  
field, not particle 

Useful analogy:

vs.

Light bosonic DM behaves collectively: 
think in terms of charges and currents,  

not Feynman diagrams

From: Yoni Kahn



Properties of axion DM
ma ⌧ 1eV

a(t) = a0 sin(mat) =

p
2⇢DM

ma
sin(mat)

Bosonic DM + macroscopic occupation # = classical field:

e.g. ma = 10�9 eV
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Experiments can exploit enhanced coherence time

From: Yoni Kahn



Axion-photon searches
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From: Yoni Kahn



ADMX: resonant cavity detection

Figure 2

Schematic of the microwave cavity search for dark matter axions. Axions resonantly convert to a
quasi-monochromatic microwave signal in a high-Q cavity in a strong magnetic field; the signal is
extracted from the cavity by an antenna, amplified, mixed down to the audio range, and the
power spectrum calculated by a FFT. Possible fine structure on top of the thermalized axion
spectrum would reveal important information about the formation of our galaxy.

Within experimental control are the magnetic field strength B0, and the volume of the

cavity V , as well as the mode-dependent form-factor C, and loaded quality factor of the

cavity Q
L

, i.e. the quality factor with power coupled out to the receiver. ⌘ is the fraction

of power coupled out by the antenna probe, generally adjusted to be at or near critical

coupling, ⌘ = 1/2. The resonant conversion condition is that the frequency of the cavity

must equal the mass of the axion, h⌫ = m
a

c2
⇥
1 + 1

2
O(�2)

⇤
, where � ⇡ 10�3 is the galactic

virial velocity. The signal is thus monochromatic to 10�6. The search is performed by

tuning the cavity in small overlapping steps (Figure 2).

The expected signal power is extraordinarily tiny, of order 10�22 W for the current

experiment. Actual detection of the axion is the consummate signal-processing problem,

governed by the Dicke radiometer equation (42)

S

N
=

PSIG

kTSYS

r
t

�⌫
, (19)

where S/N is the signal to noise ratio, and the total system noise temperature TSYS = T+T
N

is the sum of the physical temperature T and the intrinsic amplifier noise temperature T
N

,

with k the Boltzmann constant. The integration time is t, and the bandwidth of the axion

signal is �⌫, where it is assumed that the resolution of the spectral receiver is much better

than the width of the axion signal.

One especially important feature about the microwave cavity search for axions that

strongly di↵erentiates it from WIMP searches, is that it is a total energy detector, i.e. the

signal represents the instantaneous (mass + kinetic) energy of the axion. While the majority

8 Peter W. Graham, Igor G. Irastorza, Steven K. Lamoreaux, Axel Lindner, and Karl A. van Bibber

[Rosenberg et al., ADMX collab.]

Cavity b.c. fix mass range to cavity size; 
larger masses -> smaller V
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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ADMX Pictures:



More Cavity Experiments

Smaller cavities



Quasistatic regime: ABRACADABRA
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Volume enhancement: energy stored scales as B2
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[YK, Safdi, Thaler, Phys. Rev. Lett. 2016]



Quasistatic regime: ABRACADABRA
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Radiation regime: MADMAX

Mirror Dielectric  Disks Receiver 

Be 

Figure 1. A dielectric haloscope consisting of one mirror and several dielectric disks placed in an
external magnetic field Be and one receiver in the field-free region. The setup produces discontinuities
in the axion-induced electric field E

a

at the various interfaces between empty space and either mirror
or dielectric disk. To satisfy the usual continuity requirements of the total electric and magnetic
fields in the directions parallel to the interfaces, Ek and Hk, microwaves emerge in the perpendicular
directions away from each interface with a frequency ⌫

a

= m
a

/2⇡ given by the axion mass. These
microwaves are illustrated by the horizontal blue arrows. The signal strength depends on the thickness
of the disks and the spacings between them, which have to be varied to scan over the axions mass m

a

.

for a substantial signal boost over a sizeable search frequency range �⌫. Moreover, by re-
adjusting the disk placement, one will be able to continuously shift �⌫ with the signal boost
and thereby to scan a sizeable range of possible m

a

values in a realistic total measurement
time. Indeed, with dielectric haloscopes, a realistic galactic axion-dark matter search in the
high-mass region of m

a

= 40–400µeV seems to become feasible [22].
One key advantage of our dielectric haloscope approach is that the frequency dependent

microwave emissivity can be adjusted in a flexible and varied way. This is because the total
power generated over a frequency range increases linearly with the number of dielectric disks
N , a finding which we call the Area Law. For example, one can achieve a very large value of
the signal boost in a narrow range of frequencies, similar to a single resonator. Alternatively
one can adjust the spacings to achieve a relatively uniform large signal boost over a broader
range of frequencies. This freedom is very important for a practical search for axions.

The challenge of every axion search experiment is to scan over a broad range of fre-
quencies. Once the axion mass has been found, measuring the signal in detail will be easy.
In search mode, however, one needs to take data for a long enough time in a given search
frequency range �⌫ for a possible signal to become significant relative to background fluctu-
ations and, even more critically, to avoid missing a true signal by a downward background
fluctuation. The background itself arises from ambient thermal emission and from electronic
noise of the microwave amplifiers. Therefore, the figure of merit is not the signal power P
itself but P 2. As we will show, it is possible to adjust the search frequency range �⌫ with the
large signal boost by controlling the disk spacing. However, the Area Law implies that P �⌫
is roughly conserved. As the search rate per channel �⌫/�t scales with P 2, the overall search
time required to cover the mass range �m

a

given by (�m
a

/�⌫)�t decreases linearly with
�⌫, so working on a narrow search frequency range would seem to be most advantageous.

– 4 –
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E+M boundary condition at interfaces forces 
radiation to cancel axion-induced D

 g H1 
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E1  a 

k1 
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Be 
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e2 = 1 
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 g E2 
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Be 

x 
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z 

 g H2 

Figure 2. Interface between two regions 1 and 2 with equal Be and chosen material properties
µ1 = µ2 = 1, ✏1 = 4 and ✏2 = 1, implying n1 =

p
✏1 = 2 and n2 = 1 so that k1 = 2! and k2 = !. The

EM waves propagating away from both sides of the interface ensure continuity of Hk and Ek, here
implying H�

1 = H�

2 = 1/2, Ea

1 = E�

1 = �1/4, Ea

2 = �1 and E�

2 = 1/2, where all fields are given in
units of E0 = |g

a�

Bea0|.

One consequence of these boundary conditions is that B
e

, assumed to be parallel to the
interface, must jump if the static (DC) permeability µ

DC

is di↵erent between the two media.
Recall that in our equations, usually the symbols µ and ✏ represent the material properties
at angular frequency ! = m

a

, not the DC quantities, although in practice, the frequency
dependence may be small. In our conceptual discussion here we will mostly ignore a possible
B

e

discontinuity at the interface caused by a jump of µ
DC

because we are primarily concerned
with such dielectric media that have only a negligible magnetic response. This issue is one
of many small e↵ects to be studied in a realistic experimental design.

Turning to propagating waves, equation (2.15b) without the source term on the rhs
and using H = B/µ implies the usual condition k ⇥ H

�

+ !✏E
�

= 0, where the subscript
� indicates that these are the fields of a propagating EM wave. With the wave number
satisfying k = n! (refractive index n) one finds H

�

= ±(✏/n)E
�

. Notice that n =
p
✏µ so

that ✏/n =
p

✏/µ. However, because the medium is described by two material constants µ
and ✏ we prefer to use instead the pair of parameters n and ✏ which avoids the appearance
of many square-root symbols. In most practical cases, µ ⇡ 1 so that n becomes essentially
a notation for

p
✏. For the EM waves, H

�

is perpendicular to E
�

which itself is collinear
with E

a

and thus with B
e

. Therefore, the continuity of Hk does not involve B
e

and implies4

H�

1

= H�

2

. Because k
1

and k
2

point in opposite directions, also E�

1

and E�

2

must be oriented
in opposite directions as shown in figure 2. Moreover, the continuity of Ek must involve the

4We put the symbols a and � as subscripts or superscripts depending on typographical convenience.
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[Millar et al. JCAP 1701 (2017), MADMAX working group Phys. Rev. Lett. 2017]

Best of both worlds: large volume and high Q
O(�
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From: Yoni Kahn
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FIG. 3. Two examples of the discovery potential (light
and dark blue) of our dielectric haloscope using 80 disks
(✏ = 25, A = 1m2, Be = 10T, ⌘ = 0.8, tR = 1day)
with quantum limited detection in a 3-year campaign. We
also show exclusion limits (gray) and sensitivities (coloured)
of current and planned cavity haloscopes [16, 17, 32–36].
The upper inset shows the initial angle ✓I required in Sce-
nario A [37]. The lower inset depicts the fa value corre-
sponding to a given ma, and the three black lines denote
|Ca� | = 1.92, 1.25, 0.746. Note that Scenario B predicts
50 µeV . ma . 200 µeV [12, 38].

In Fig. 3 we show the discovery potential of an 80 disk
experiment with a run time of three years, by extrapo-
lating from our 25 GHz solutions using the Area Law.
We have used A = 1m2, ✏ = 25, and B

e

= 10T. We
assume 80% detection e�ciency, quantum limited detec-
tion (T

sys

⇠ ma) and a conservative t

R

= 1day. We
give two examples, reaching |Ca� | = 1 and 0.75 in light
blue and dark blue, respectively. Similar results can
be achieved by using a two stage process. A five year
run with commercially available HEMT amplifiers with
T

sys

= 8K would cover the low-mass range, for exam-
ple ma . 120µeV with |Ca� | = 1. The high-mass range
ma . 230µeV shown in Fig. 3 would require another
two years with a quantum limited detector. Adding disks
and extending the run time could expand the search to
ma . 400µeV.

Our haloscope would cover a large fraction of the high-
mass QCD axion parameter space with sensitivity to
|Ca� | ⇠ 1. In Scenario A, these masses correspond to
large, but still natural, initial angles 2.4 . ✓

I

. 3.12 [37].
Scenario B, our main goal, would be covered including
the theoretical uncertainty in ma (50–200 µeV [12, 38])
for KSVZ-type models with short-lived domain walls
(N = 1). Prime examples include the recent SMASHd,u

models (E = 2/3, 8/3) [38]. Models with N > 1 require
ma & 1 meV [12, 39], beyond our search range. However,
with some exceptions [40] these models generally require
a tuned explicit breaking of the PQ symmetry to avoid
a domain-wall dominated universe [41].

CONCLUSION

In this Letter we have proposed a new method to search
for high-mass (40–400 µeV) axions by using a mirror and
multiple dielectric disks contained in a magnetic field—a
dielectric haloscope. The key features are a large trans-
verse area and the flexibility to use both broadband and
narrow-band search strategies. With 80 disks one could
search a large fraction of this high-mass range with sen-
sitivity to the QCD axion.
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Broadband and resonant 
modes possible:

4

FIG. 2. Boost factor �(⌫a) for configurations optimised for
�⌫� = 200, 50 and 1 MHz (red, blue and grey) centred on
25GHz using a mirror and 20 dielectric disks (d = 1mm,
✏ = 25).

low, reaching �

min

⇠ 275 across 50 MHz. The achievable
�

min

changes with the optical thickness of a disk—in the
example shown � ⇠ 0.8⇡, neither transparent nor fully
reflective. Note that for a given d, there are frequency
bands around ⌫a = 1, 3, 5, ... ⇥ ⇡/(

p
✏d) for which the

disks are transparent and � is limited to the sum of the
EM waves �

min

 2N + 1, where N is the number of
disks. Further, at ⌫a = 2, 4, 6, ... ⇥ ⇡/

p
✏d the disks do

not emit any radiation. Thus when large � or flexibil-
ity is required one must avoid these frequencies with a
di↵erent set of disks.

SETUP

Dielectrics with large ✏ enhance emission and resonance
e↵ects, leading to a higher �. A good candidate could be
LaAlO

3

(✏ ⇠ 25, µ ⇠ 1), which has a very small loss
tangent ⇠ 10�5 at temperatures below ⇠ 80 K. The
transverse area is limited by the feasibility and cost of
an intense magnet: apertures larger than one square me-
ter are extremely challenging. Dielectric disks of that
area would be made by tiling smaller pieces and could
be repositioned using precision motors. The precision
required can be estimated by studying the analytically
tractable cases—the single cavity and the �a/2 symmet-
ric case [26]. We find that the positioning errors have
to be kept below ⇠ 200 µm

p
102/� (100 µeV/ma). For

example, for � ⇠ 103, � ⌧ 60 µm would be needed for
ma = 100 µeV, though the exact sensitivity depends on
the configuration. Thus it will probably be more prac-
tical to use a broadband search technique, scanning a
larger mass range in each longer measurement. We are in-
vestigating this requirement with a prototype setup using
20 cm diameter Al

2

O
3

disks. Comparisons of the simu-
lated and measured transmissivity and reflectivity (which
are correlated with �) indicate that few µm precision

could be achieved. Di↵raction appears to be negligible
for the setup, but full numerical studies are required.
Thermal emission of the disks and mirror contributes

to the noise of the experiment, but is suppressed when
compared to a black body by both small dielectric losses
and a good reflectivity, respectively. However, the halo-
scope will reflect thermal emission from the detector into
itself. This e↵ect can be reduced by cooling the detec-
tor to cryogenic temperatures. As detector, we would
use a broadband corrugated horn coupled to a linear am-
plifier like state-of-the-art high-electron-mobility transis-
tor (HEMT) for its broadband capabilities (operable up
to 40 GHz) and/or quantum limited amplifiers. Using
a HEMT detector at room temperature we measured a
10�21 W signal at 17 GHz at 6� in a one week run—we
expect 100 times better performance at cryogenic tem-
peratures. With � ⇠ 400 we would be sensitive to QCD
axions.

DISCOVERY POTENTIAL

For a practical experiment one must scan across ma.
The procedure consists of arranging the disks to achieve
a roughly constant � in a region�⌫� , measuring for some
time �t, and readjusting the distances to measure an ad-
jacent frequency range. The required � for a reasonably
short �t is given by Dicke’s radiometer equation for the
desired signal to noise ratio, S/N = (P/T

sys

)
p

�t/�⌫a,
where the system noise temperature is T

sys

and the ax-
ion line width �⌫a ⇠ 10�6

⌫a. Collecting the signal with
e�ciency ⌘, we get

�t

1.3 days
⇠

✓
S/N

5

◆
2

✓
400

�

◆
4

✓
1m2

A

◆
2

✓
ma

100 µeV

◆

⇥
✓
T

sys

8K

◆
2

✓
10T

B

e

◆
4

✓
0.8

⌘

◆
2

C

�4

a� . (9)

In a single measurement we simultaneously search
�⌫�/�⌫a possible axion “channels”. Thus the time to
scan a given frequency range scales inversely to �

4�⌫� .
As the Area Law implies that �

2�⌫� is approximately
conserved, it appears that narrow resonant peaks are op-
timal, as with conventional cavity haloscopes.
However, both the required placement precision and

the time t

R

needed to reposition the disks limit �. With
80 disks to be adjusted, t

R

will be non-negligible—for
an optimal scanning rate the measurement and readjust-
ment times must be similar. The value of � required
to reach |Ca� | ⇠ 1 increases with ma, so the dielectric
haloscope could be adjusted to scan a wider mass range
simultaneously at low masses and increase � decreasing
the bandwidth as the scan proceeds to higher ma. If a
potential signal is found, the dielectric haloscope could
be reconfigured to enhance � at that frequency, quickly
confirming or rejecting it at high significance.

=1 if  
QCD axion

3-year runtime:

P / g2a��⇢DMB2
0A�2

Excellent prospects 
in high-frequency regime

Z
�(⌫a)

2 d⌫a = Ndisks ⇥ const.

From: Yoni Kahn



Axion-SM interactions
[Graham and Rajendran, Phys. Rev. D88 (2013)]

L � �1

4
ga��aFµ⌫

eFµ⌫ � i

2
gdaN�µ⌫�5NFµ⌫ + gaNN (@µa)N�µ�5N + gaee(@µa)e�

µ�5e

Axion- 
photon 

conversion

Nucleon 
EDM

Nuclear 
axial moment

Electron 
axial moment

(

/ ra

From: Yoni Kahn

There are other couplings, they are 
more model dependent.



CASPEr: NMR with axion DM

SQUID
pickup
loop

�Bext

�M

�E�,�v

Figure 6

CASPEr setup. The applied magnetic field ~Bext is colinear with the sample magnetization, ~M . In
CASPEr-Wind the nuclear spins precess around the local velocity of the dark matter, ~v, while in
CASPEr-Electric the nuclear EDM causes the spins to precess around an e↵ective electric field in
the crystal ~E⇤, perpendicular to ~Bext. The SQUID pickup loop is arranged to measure the
transverse magnetization of the sample.

The CASPEr-Wind experiment is in fact a search for any light particle that couples to

nuclear spin (a generic coupling), not just the axion. For example, any pseudo-Goldstone

boson is expected to possess a coupling that would be detectable in the CASPEr-Wind

experiment. It can also detect other types of dark matter, for example hidden photon dark

matter (87, 26) is detectable through a nuclear dipole moment coupling.

Existing experiments may already be able to set limits on axion-like particles. Data

from experiments searching for nuclear EDMs or looking at nucleon spin precession in a

low background environment may be reanalyzed to search for a time-varying signal, a sign

of the axion. While not ultimately as sensitive as CASPEr where the signal is resonantly

enhanced, such searches may be able to probe beyond the current astrophysical limits in

Figures 7 and 8.

CASPEr is a novel and highly sensitive search for a broad class of dark matter candidates

in two new parameter spaces, the ‘axion wind’ and nuclear EDM, of which the QCD axion is

the most well-known example. In particular, CASPEr has the sensitivity to detect the QCD

axion over a wide range of masses from ⇠ 10�9 eV to 10�12 eV which are well-motivated

by fundamental physics (24) and where no other experiment can detect it.

Construction is just beginning on the CASPEr experiment. Work on CASPEr is cur-

rently being carried out in several places including Stanford, Berkeley, and Mainz.

70), and is also well-motivated theoretically (24).
3Note that the Wind coupling leads to a spin-dependent force which could be probed using NMR

techniques as well e.g. (80, 81, 82, 83, 84, 85, 86).

www.annualreviews.org
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Experimental Axion Searches 15

[Budker et al., Phys. Rev. X4 (2014); Graham and Rajendran, Phys. Rev. D88 (2013)]

Polarize some spins, watch them precess around:

dn = gd

p
2⇢DM

ma
cos(mat)

Nuclei immersed in axion DM can have:
Oscillating EDM Spin-dependent force

HN � gaNN

p
2⇢DM cos(mat)~v · ~�N

External E field Axion field velocity

Resonance in transverse magnetization when 2µB
ext

= ma

and/or

and/or

Axion DM 
is like 

NMR pulse

From: Yoni Kahn



CASPEr reach
4

ADMX QCD Axion

SN 1987A
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FIG. 2: Estimated constraints in the ALP parameter space in the EDM coupling gd (where the nucleon EDM is dn = gda and
a is the local value of the ALP field) vs. the ALP mass [17]. The green region is excluded by the constraints on excess cooling
of supernova 1987A [17]. The blue region is excluded by existing, static nuclear EDM searches [17]. The QCD axion is in the
purple region, whose width shows the theoretical uncertainty [17]. The solid red and orange regions show sensitivity estimates
for our phase 1 and 2 proposals, set by magnetometer noise. The red dashed line shows the limit from magnetization noise of
the sample for phase 2. The ADMX region shows what region of the QCD axion has been covered (darker blue) [34] or will
be covered (lighter blue) [59, 60]. Phase 1 is a modification of current solid state static EDM techniques that is optimized to
search for a time varying signal and can immediately begin probing the allowed region of ALP dark matter. To calculate limits
from previous (static) EDM searches as well as our sensitivity curves, we assume the ALP is all of the dark matter.

III. SENSITIVITY

The experimental sensitivity is likely to be limited by the magnetometer, rather than by the backgrounds discussed
below. We assume a SQUID magnetometer with sensitivity 10�16 Tp

Hz
as calculated from [38] for a ⇠ 10 cm diameter

sample and pickup loop (see Supplemental Materials). The sensitivity could be improved with better SQUIDs, a
larger sample/pickup loop (see Supplemental Materials), or other types of magnetometers. For example, atomic
SERF magnetometers could potentially improve this by another order of magnitude [56, 57].

Figure 2 shows the ALP parameter space of the EDM coupling gd versus ALP mass. This coupling is defined such
that the oscillating nucleon EDM is dn = gda where a is the local value of the classical ALP field (see [17] for a
detailed formula). This is di↵erent from the usual ALP-photon coupling parameter. The purple region of Fig. 2 shows
where the QCD axion lies in this parameter space. The dark purple is where the QCD axion may be the dark matter.
This parameter space is described in detail in [17].

The solid (orange and red) regions in Fig. 2 show estimates for the sensitivities for two phases of our proposed
experiments. Phase 1 (upper, orange region) is a more conservative version relying on demonstrated technology.
Phase 2 (lower, red region) relies on technological improvements which have been demonstrated individually but have
not been combined in a single experiment. Thus the phase 2 proposal may be taken as an estimate of one way to
achieve the sensitivity necessary to see the QCD axion with this technique. Since this is a resonant experiment and
the frequency must be scanned, realistically it would likely take several experiments to cover either region.

The dashed (red) line in Fig. 2 shows the ultimate limit on the sensitivity of the phase 2 experiment from sample

CASPEr-Electric

SN 1987A

New Force

QCD Axion

ALP DM ADMX
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Figure 7

Sensitivity of the CASPEr-Wind proposal. ALP parameter space in pseudoscalar coupling of axion
to nucleons Eqn. 20 vs mass of ALP. The purple line is the region in which the QCD axion may
lie. The width of the purple band gives an approximation to the axion model-dependence in this
coupling. The darker purple portion of the line shows the region in which the QCD axion could be
all of the dark matter and have f

a

< Mpl as in Figure 8. The green region is excluded by SN1987A
from (35). The blue region is excluded by searches for new spin dependent forces between nuclei.
The red line is the projected sensitivity of an NMR style experiment using Xe, the blue line is the
sensitivity using 3He. The dashed lines show the limit from magnetization noise for each sample.
The ADMX region shows the part of QCD axion parameter space which has been covered (darker
blue) (52) or will be covered in the near future (lighter blue) by ADMX. For full details see (68).

4. Searches for Solar Axions

4.1. Solar Axions

Axions can be produced in the solar interior by the Primako↵ conversion of plasma photons

into axions in the Coulomb field of charged particles via the generic a�� vertex (88), giving

rise to a solar axion flux at the Earth surface (89) of �a = g210 3.75 ⇥ 1011 cm�2 s�1

(where g10 = g
a��

/10�10 GeV�1), which corresponds to a fraction of the solar luminosity of

La/L� = g2101.85⇥10�3. These axions have a broad spectral distribution around 1�10 keV,

determined by the solar core’s temperature, and usefully parameterized by the following

expression (89):

d�a

dE
= 6.02⇥ 1010 cm�2 s�1 keV�1 g210 E

2.481e�E/1.205 (E in keV) (22)

that is plotted in Fig. 9. This is a robust prediction involving well-known solar physics and

16 Peter W. Graham, Igor G. Irastorza, Steven K. Lamoreaux, Axel Lindner, and Karl A. van Bibber

magnetization noise

CASPEr-Wind
20 T max B-field

[Budker et al., Phys. Rev. Phys. Rev. X4 (2014)]

non-decoupling signal!

[Graham and Rajendran, Phys. Rev. D88 (2013)]

velocity suppression: 
can’t quite reach QCD axion

fine-tuned…
[Blum et al.,  

Phys. Lett. B 2014]

(Also similar idea using electron spins: QUAX)  
[Barbieri et al. Phys. Dark. Univ. 15 (2017)]

From: Yoni Kahn



The Classics



CAST - A Helioscope

The magnet is pointed directly at the sun to force 
solar axions to convert to x-rays that can be 

detected, next generation is IAXO.



Light Shining Through Walls Experiment

A magnetic field forces photons to 
convert to axions that can shine 

through the wall!

The current best limits come from OSQAR 
(Optical Search for QED Vacuum Birefringence, 

Axions, and Photon Regeneration).

The next generation experiment is ALPS.



Astrophysical Limits



Karsten Heeger, LBNL LBNL, February 23,  2006

High Energy Cosmic Neutrinos

Geo Neutrinos

Atmospheric 
Neutrinos

Accelerator&Reactor
Neutrinos

Supernova Neutrinos

Solar Neutrinos

Big-Bang neutrinos are approximately as

numerous as the Big-Bang photons.

~330 neutrinos per cm3

0.5 proton per cm3

Neutrinos from the Big Bang

67

Red Giant

Nebula from SN1987

The interactions that we use to detect axions will also effect the cooling of stars and 
the physics of supernova. Their interactions could also be observed with gamma-ray 

telescopes like NuSTAR and FERMI, although more model dependent.

Astrophysical Limits:



68

Blackhole Superradiance

When ultralight particles form clouds around a blackhole, like axions with Compton 
wavelengths comparable to the size of the blackhole, they change the angular 
momentum of the system spinning down the blackhole and make gravitational wave 
radiation. This is can be searched for in blackhole observations including LIGO.

There was a whole workshop on this general topic: 
https://www.perimeterinstitute.ca/conferences/searching-new-particles-black-hole-superradiance



So I think we have covered everything in this plot!

PDG - Axion Review 2018



PDG - Axion Review 2018

And this one!



Axions are a well-motivated dark matter 
candidate (QCD or ALPs) and improved 
understanding of the cosmological theory has 
opened up the parameter space.



A lot of new ideas and look for new results!



So if there is time…my experiment!



ABRACADABRA:  
A New Approach to the Search for Axion Dark Matter 



A Broadband / Resonant Approach to 
Cosmic Axion Detection with an  

Amplifying B-field Ring Apparatus



Why use a B-field Ring Apparatus?



Axions modify Maxwell’s Equations!

Modified Source-free Maxwell’s Equations



Axions modify Maxwell’s Equations!

These terms are assumed to be small.



Axions modify Maxwell’s Equations!

What is left is an axion current that couples to the original B-field!



The cartoon experiment

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



 axion current 

The cartoon experiment



Jeff

Real Magnetic Field!

The cartoon experiment



Jeff

A real magnetic field induced in a zero field region.

The cartoon experiment



f = ma/2⇡

�f ⇡ 1/�v2a ⇠ 10�6

Noise Floor

An Example Signal



ΔΦ

a

�f/f ⇡ 10�6

Standard Halo Model

▸ The coherence time for an axion signal 
is given by 

▸ And leads to a spread in the peak of 

An Example Signal
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Sensitive to mA between 10-14 to 10-6 eV, ~Hz to~GHz 
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Note: This is also very good parameter space for ALPs.



GUT scale axion

nano-eV mass

Why nano-eV Axions?



Full Assembly Vertical Cut

toroidal magnet

signal leads

calibration loop

pickup loop or 
cylinder

magnet and calibration 
power leads

12 cm

ABRACADABRA-10cm Conceptual Design 
Drawings by D. Winklehner
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PICKUP GEOMETRY
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SIGNAL READOUT 
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A new approach, so a lot of questions...
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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

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

egy to us.
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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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(t) = ga�� Bmax

p
2⇢

DM

cos(mat)VB . (7)

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

VB =
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R
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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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SQUID
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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

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

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



We will start with a broadband readout.
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Magnet construction at Superconducting Systems Inc. 
It was wrapped in 3 sections.

 
          
 
 

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 

MAGNET DESIGN



Thick wire 
pickup loop

Thermalization 
Straps

G10 Support 
Structure

Tin Coated Copper 
Shield  

(SC @ 3.2K)

NOISE 
MITIGATION

CRYOGENICS
Magnet and pickup loop installed in superconducting shield.



ABRACADABRA-10cm installed in our Oxford Triton400 last Fall.



Some improvements to the geometry were completed in January.



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

NOISE MITIGATION



700 mK

150 mK

SQUIDs 
700 mK Thermalizations

CRYOGENICS



SQUID Current Sensors

▸ Off the shelf SQUIDs from Magnicon 

▸ Two stage current sensor + series array 
amplifier 

▸ Optimal temperature: ~700 mK 

▸ Input inductance: 150 nH 

▸ Noise floor: ~1.2 μΦ0/Hz1/2 

▸ 1/f corner: ~50 Hz 

▸ Bandwidth Limit: ~6MHz 

▸ Additional filters limit bandwidth to 
2kHz-2MHz

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.

Broadband Configuration

SIGNAL READOUT 
(BROADBAND/RESONATOR)



Magnetic Shielding

▸ Two layers of mu-metal shielding 

▸ Possibility of third layer later 

▸ (Still need to measure the attenuation)

NOISE MITIGATION



Superconducting 
crimps

Solder wire 
shielding

Wiring and Shielding



The comparison with accelerometer data tells us that we are 
strongly influenced by vibrational noise, mostly due to the pulse 
tubes which cool the fridge. This will be the focus of future work.



Calibration Data

~50 Hz

(Expected signal width ~17 mHz)

Calibration Signal

CALIBRATION

< 25 mHz

(Expected signal width ~75 mHz)



VIBRATION ISOLATION

Next Steps… NOISE REDUCTION

COLLECT 1 MONTH OF DATA

HALF-FIELD / BACKGROUND 
DATA

NEW DETECTOR 
CONFIGURATIONS

SOMETHING ELSE?

CALIBRATION

We are here. 

This has been the 
focus of the last year.

CALIBRATION

DATA 
PRODUCTION AND 

ANALYSIS



The future is a bigger magnet.
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ABRA-10cm’s goal is to reach 
sensitivity in this range. 
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The next magnet should be on 
the scale of ~1m.
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The readout/scan strategy 
determines the ultimate 
sensitivity.

The next magnet should be on 
the scale of ~1m.



But before readout/scan strategy… 
We need to demonstrate that the environmental 
noise is negligible relative to the SQUID noise.



▸ Physics Results from ABRA-10cm 

▸ Future engineering runs 

▸ Detailed simulation of the magnet 
▸ Detailed simulation of the 

shielding 

▸ Future time dependent analyses 
▸ Proposal for 1m-scale experiment 

▸ Can we achieve the desired 
environmental background levels?

The Plan



Thank you!


