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The Axion

● Comes from a possible resolution the Strong CP 
problem

● Weakly interacting, massive, pseudoscalar Goldstone 
Boson

● Light axions are a good cold dark matter candidate

● We should look for it!
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ADMX Microwave Cavity Search
● Sikivie Haloscope Detection 

Scheme

● Current ADMX strategy

● Hard to scale in size for 
lower frequencies
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Proposal for Axion Dark Matter Detection Using an LC Circuit

P. Sikivie, N. Sullivan, and D. B. Tanner
Department of Physics, University of Florida, Gainesville, Florida 32611, USA

(Received 31 October 2013; revised manuscript received 22 January 2014; published 31 March 2014)

We show that dark matter axions cause an oscillating electric current to flow along magnetic field lines.
The oscillating current induced in a strong magnetic field ~B0 produces a small magnetic field ~Ba. We
propose to amplify and detect ~Ba using a cooled LC circuit and a very sensitive magnetometer. This appears
to be a suitable approach to searching for axion dark matter in the 10−7 to 10−9 eV mass range.

DOI: 10.1103/PhysRevLett.112.131301 PACS numbers: 95.35.+d, 14.80.Va

Shortly after the standard model of elementary particles
was established, the axion was postulated [1] to explain
why the strong interactions conserve the discrete sym-
metries P and CP. Further motivation for the existence of
such a particle came from the realization that cold axions
are abundantly produced during the QCD phase transition
in the early universe and that they may constitute the dark
matter [2]. Moreover, it was recently claimed that axions
are the dark matter, at least in part [3–5], because axions
form a Bose-Einstein condensate and this property explains
the occurrence of caustic rings in galactic halos. The
evidence for caustic rings with the properties predicted
by axion BEC is summarized in Ref. [6]. In supersym-
metric extensions of the standard model, the dark matter
may be a mixture of axions and supersymmetric dark
matter candidates [7].
Axion properties depend mainly on a single parameter

fa, called the axion decay constant. In particular, the axion
mass (ℏ ¼ c ¼ 1)

ma ≃ 6 × 10−6 eV
1012 GeV

fa
(1)

and its coupling to two photons

Laγγ ¼ −gaðxÞ~EðxÞ · ~BðxÞ (2)

with g ¼ gγðα=πfaÞ. Here, aðxÞ is the axion field, ~EðxÞ and
~BðxÞ are the electric and magnetic fields, α is the fine
structure constant, and gγ is a model-dependent coefficient
of order 1; gγ ≃ −0.97 in the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) model [8] whereas gγ ≃ 0.36 in the
Dine-Fischler-Srednicki-Zhitnitskii (DFSZ) model [9].
Cold axions are produced during the QCD phase transition,
when the axion mass turns on and the axion field begins
to oscillate in response. The resulting axion cosmological
energy density is proportional to ðfaÞ7=6 and, in the
simplest case, reaches the critical energy density for closing
the universe when fa is of order 1012 GeV [2]. This
suggests that the most promising mass range in axion
searches is near 10−5 eV. This happens to be approximately
where the cavity axion detection technique [10] is most

feasible and where the ADMX experiment [11] is searching
at present.
However, it is desirable to search for axion dark matter

over the widest possible mass range because the axion mass
is, in reality, poorly constrained. In particular, it has been
argued that if there is no inflation after the Peccei-Quinn
phase transition, the contribution of axion strings to the
axion cosmological energy density [12] implies that the
preferred mass for dark matter axions is in the 10−3 to
10−4 eV mass range [13]. On the other hand, if there is
inflation after the Peccei-Quinn phase transition, the axion
field gets homogenized during inflation and the homog-
enized field may accidentally lie close to the minimum of
its effective potential [14], in which case axions may be the
dark matter for masses much smaller than 10−5 eV. String
theory favors values of fa near the Planck scale and, hence,
very small axion masses [15]. It also predicts a variety of
axionlike particles (ALPs) in addition to the axion that
solves the strong CP problem [16]. For such ALPs, there
is no general relationship between the coupling g to two
photons and the mass ma. ALPs produced by vacuum
realignment are a form of cold dark matter with properties
similar to axions [17]. The evidence for axion dark matter
from axion Bose-Einstein condensation and the phenom-
enology of caustic rings does not depend sharply on the
axion or ALP mass and, therefore, does not tell us anything
precise about this parameter.
Other methods aside from the cavity technique have been

proposed to search for dark matter axions. One proposed
method consists of embedding an array of superconducting
wires in a material transparent to microwave photons [18].
Dark matter axions convert to photons in the inhomo-
geneous magnetic field sourced by currents in the wires.
This method appears best suited to searches for axions in
the 10−4 eV mass range and above. Recent papers [19]
propose the application of NMR techniques to axion
detection. A sample of spin polarized material acquires a
small oscillating transverse polarization as result of the
axion dark matter background. The NMR techniques rely
on the coupling of axions to nucleons. They are best suited
to searches for axion dark matter with masses of order
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LC Circuit Idea
● Axion field alters Maxwell’s Equations

● In the presence of an external magnetic field
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LC Circuit Sketch

7Figure 1: Proposed LC Circuit diagram, 
adapted from [1] Sikivie et al.
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10−8 eV and below. In addition to axion dark matter
searches, there are searches for axions emitted by the
Sun [20] and “shining light through the wall” experiments
that attempt to produce and detect axions in the laboratory
[21]. Stimulated by Ref. [19], we propose here a new
method to search for dark matter axions. It exploits the
coupling of the axion to two photons and appears suitable
to axion dark matter searches in the 10−7 eV range and
below. With the use of a combination of the various
approaches, it may be possible to search for dark matter
axions over a wide mass range, from approximately 10−9

to 10−4 eV.
The coupling of the axion to two photons, Eq. (2),

implies that the inhomogeneous Maxwell equations are
modified [10] as follows:

~∇ · ~E ¼ g~B · ~∇aþ ρel;

~∇ × ~B −
∂ ~E
∂t ¼ g

!
~E × ~∇a − ~B

∂a
∂t

"
þ ~jel (3)

where ρel and ~jel are electric charge and current densities
associated with ordinary matter. Equation (3) shows that, in
the presence of an externally applied magnetic field ~B0,
dark matter axions produce an electric current density
~ja ¼ −g~B0 _a, where _a≡ ∂a=∂t. Assuming the magnetic
field to be static, ~ja oscillates with frequency

ω ¼ ma

!
1þ 1

2
~v · ~v

"
(4)

where ~v is the axion velocity. Let us assume that the spatial
extent of the externally applied magnetic field is much less
than m−1

a ; ~ja then produces a magnetic field ~Ba such that
~∇ × ~Ba ¼ ~ja. Our proposal is to amplify ~Ba using an LC
circuit and detect the amplified field using a superconduct-
ing quantum interference device (SQUID) or spin exchange
relaxation free magnetometer.
Figure 1 shows a schematic drawing in case the magnet

producing ~B0 is a solenoid. The field ~Ba has flux Φa
through a LC circuit, made of superconducting wire.
Because the wire is superconducting, the total magnetic
flux through the circuit is constant. In the limit where the
capacitance of the LC circuit is infinite (or the capacitor
is removed), the current in the wire is I ¼ −Φa=L where
L is the inductance of the circuit in its environment, i.e.,
including the effect of mutual inductances with neighboring
circuits. The magnetic field seen by the magnetometer
is (μ0 ¼ 1)

Bd ≃ Nd

2rd
I ¼ −

Nd

2rdL
Φa (5)

where Nd is the number of turns and rd is the radius of the
small coil facing the magnetometer. Ignoring for the

moment mutual inductances with neighboring circuits, L
is a sum

L≃ Lm þ Lc þ Ld (6)

of contributions Lm from the large pickup loop inside the
externally applied magnetic field, Ld from the small coil
facing the magnetometer, and Lc from the coaxial cable in
between. We have

Ld ¼ rdN2
dcd (7)

with

cd ≃ ln
!
8rd
ad

"
− 2 (8)

where ad is the radius of the wire in the small coil. If mutual
inductances are important, their effect upon L must be
included and Eq. (6) modified. For example, if there is a
single neighboring circuit with self-inductance L22 and
mutual inductance L12 with the LC circuit, and if ~Ba has no
flux through this second circuit, then

L≃ Lm þ Lc þ Ld − ðL12Þ2=L22: (9)

We note that the currents in the coil sourcing the ~B0 field
are generally perpendicular to the currents flowing in the
pickup loop so that the mutual inductance between the coil
and pickup loop is suppressed. Also, when Eq. (9) is valid,
L is smaller than in the L12 ¼ 0 case, and hence, Bd is
increased. When discussing the LC circuit’s optimization
and estimating the detector’s sensitivity below, we will
ignore mutual inductances. Mutual inductances should be
measured in any actual setup, and the optimization and
sensitivity estimates should be adjusted accordingly.
For finite C, the LC circuit resonates at frequency

ω ¼ 1=
ffiffiffiffiffiffiffi
LC

p
. When ω equals the axion rest mass, the

SQUID

FIG. 1. Schematic drawing of the proposed axion dark matter
detector, in the case where the magnet is a solenoid. The two
crossed rectangles indicate cross sections of the solenoid’s
windings. The direction of the magnetic field (~B0) produced
by the solenoid is indicated by an arrow.
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ADMX Magnet

CMS 
Magnet

Figure 2: ADMX past and present search results and 
future LC circuit exclusion, adapted from [1] Sikivie et al.



Overall Design Strategy
● For a significantly sensitive search:

● need a high Q 

● need tunability

● Build loops and measure performance metrics

● Understand losses limiting these metrics
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Prototype Testing

Spectrum  
Analyzer

Loop

Tuning 

Pick-Up Loop

White Noise

Frequency 

Spectral 
Density

Spectral 
Density

Frequency 



First Loop: Room Temperature

● Dimensions
● 11 cm x 36 cm 
● L = 1.23 μH 
● C = 1–30 pF (Piston Trimmer)

● Tuning Range
• 22 MHz – 50 MHz
• Looks like limiting stray capacitance ≤ 8 pF

● Q = 339@22MHz 

● Q = 357@22MHz  with Indium-Filled Junctions

● Q = 600@25MHz  in Dewar
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First Loop: 77K
● Initial cooling attempt failed….

● Shimmed indium in all junctions

● Did see improvements from cooling!
● Q = 934 @21.3 MHz
● Q = 1092 @21.3 MHz (weaker coupling)
● Q = 1213 (1 hr settling)
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Varactor Tuning
● Voltage-tuned variable capacitor

● Advantages over mechanical tuning

● MACOM MA46H202-1056
● 0.6pF-10pF (20V-0V)
● Q~2000 (50MHz, 4V)
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4K Dunk Setup
● Same resonant response 

measurements

● Electrically floated top plate

● Dunk results from:

● copper loop with plate capacitor

● copper loop with varactor tuning

● NbTi loop with plate capacitor
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Copper Loop Parallel Plate 
Capacitor

● Q~600 warm in dewar

● Max Q ~1150 immersed
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Copper Loop with Varactor
● Q up to 300 warm

● Q reduced with cooling to 
<100

● varactor tuning tabled for 
now
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NbTi Loop with Parallel Plate 
Capacitor

● Copper Clad NbTi wire

● PEEK form

● OFHC copper parallel plate

● Highest Q ever attained of 1300

● Not a significant improvement over 
copper with LN2
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NbTi Loop with Parallel Plate 
Capacitor and Aluminum 

● Aluminum 6061 shields 
installed and cooled

● No significant Q change

● Shields to be made 
superconducting, by lining 
with lead foil
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HFSS Simulation Work
● Mark Jones (PNNL) has begun simulation work

● HFSS also estimates Q’s larger than have been 
observed

● Trends that match

● increased Q in dewar

● frequency shift up in dewar

● We will explore HFSS as an additional tool to 
understand environment losses
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Plans Forward
● Incorporate a Superconducting Shield with the existing 

NbTi loop

● If a Q of 104 is hit, try mechanical tuning

● In the existing loop, insertion of sapphire would give a 
tuning range of ~18Mhz - 38Mhz

● Complete LC circuit design to be deployed in a pilot 
axion search
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Final Prototype 3He System 
and Magnet

● Proof of Concept Pilot Run

● 3He System 

● T = 0.4 K, ~1 mW cooling power

● Magnet

● NbTi, 8.6 T field, 17.1 cm bore, 

● 70 cm long
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LC Pilot 
Projection

ADMX 
magnet

CMS Magnet

Hagman 
Pilot Cavity



Status Summary
● Varactor tuned loops worsened with cooling to 4K

● Loop performance is not being limited by conductivity

● Radiation losses need to be controlled

● Will incorporate superconducting shields

● Simulation studies are in progress

● Explore low-mass axions
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Understanding Losses 
● Surface Impedance of OFHC

● skin depth ~ 10 μm. 

● possible Q at 50 MHz of 18,500

● Radiation Resistance

● Circular Loop at 50 MHz Limit Estimate

● Q < 1700 at room temperature
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Resistivity and Temperature

Figure 2: Silver resistivity for T=4−300K, taken 
from [4] Tanner, DB. 



Coax Cavity Geometry

● Good magnetic field coupling

● Low self-inductance

● Already self-shielding

● Difficult to make superconducting 33

Spectrum 
Analyzer
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