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The μeV axion is a well-motivated extension to the standard model. The Axion Dark Matter eXperiment
(ADMX) collaboration seeks to discover this particle by looking for the resonant conversion of dark-matter
axions to microwave photons in a strong magnetic field. In this Letter, we report results from a pathfinder
experiment, the ADMX “Sidecar,” which is designed to pave the way for future, higher mass, searches.
This testbed experiment lives inside of and operates in tandem with the main ADMX experiment. The
Sidecar experiment excludes masses in three widely spaced frequency ranges (4202–4249, 5086–5799, and
7173–7203MHz). In addition, Sidecar demonstrates the successful use of a piezoelectric actuator for cavity
tuning. Finally, this publication is the first to report data measured using both the TM010 and TM020 modes.
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Axions must exist in nature if the strong CP problem, a
vexing mystery within the standard model of particle
physics, is solved by the existence of a spontaneously
broken Peccei-Quinn symmetry [1–3]. The fact that axions
are nonbaryonic, and can be made in sufficient abundance
during the big bang, makes them attractive candidates for

cold dark matter, an elusive, exotic, and weakly interacting
form of matter that is approximately five times more
prevalent than the baryonic matter in our universe [4].
At small masses, the axion could account for a large
fraction of the dark matter density [5–7]; cosmological
considerations indicate that a likely mass range for which
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axions are the bulk of dark matter is μeV < ma < meV
[8–13]. The axion has the same quantum numbers as a
neutral pion, and the standard QCD axion has a fairly
well-defined relationship between its mass and coupling.
Relaxing the requirement to solve the strong CP problem
allows for the existence of axionlike particles with poten-
tially larger couplings for a given mass [14].
Given that the dark matter density within our own

Milky Way halo is expected to be ρa ≈ 0.45 GeV=cm3

[15], dark matter axions would have a local number density
∼1014= cm3, but would remain almost impossible to detect
due to their weak coupling. To date, the most promising
detection scheme is the “axion haloscope” which exploits
the inverse Primakoff effect [16]. In this scheme, a high Q,
tunable microwave cavity is immersed in a strong magnetic
field. Dark matter axions interact with the static magnetic
field, convert to photons, and deposit energy into the
resonant mode of the cavity with a power

Pa ¼ 1.14 × 10−26 W
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where gγ is a model dependent constant [−0.97 for Kim–
Shifman–Vainshtein–Zakharov (KSVZ) [17,18] and þ0.36
for Dine–Fischler–Srednicki–Zhitnitsky (DFSZ) [19,20]
axions], B is the vertically oriented magnetic field strength,
V is the volume of the cavity, f is the resonant frequency of
the mode, QL is the loaded quality factor of the resonant
mode, and Cmnp is an axion-photon conversion efficiency,
commonly referred to as the form factor. The form factor, a
number between 0 and 1, is defined as the overlap between
the microwave electric field and the static magnetic field

Cmnp ≡ ½RV dVEmnpðx; tÞ ·BðxÞ�2
VB2

R
V dVϵrEmnp

2
; ð2Þ

where Eðx; tÞ is the electric field of the cavity mode, BðxÞ
is the externally applied magnetic field, and ϵr is the
relative permittivity within the cavity. Given an empty
cavity geometry and direction of BðxÞ, only the electric
field distribution of TM0n0 modes result in nonzero form
factors given by

C0n0 ≡ 4=χ20n; ð3Þ

where χ0n is the nth zero of the Bessel function J0ðxÞ [21].
Because the form factor decreases for increasing n,
previous haloscope searches have concentrated only on
the TM010 mode. However, analytically calculated form
factors only apply to the empty-cavity geometry. Three-
dimensional electromagnetic field simulations that capture
the complex geometry of a cavity containing a tuning rod
have been shown to have an appreciable TM020 form factor
over a part of the tuning range. The peak magnitude of the

TM020 is significantly less than the TM010 mode, which
remains the discovery channel for the search.
When the frequency of the mode matches that of the

axion, the power from the axion conversion will be given
by Eq. (1). The mode frequency, f, must be tuned to
explore the possible range of axion masses because an
axion haloscope is sensitive to axions within a narrow
bandwidth, f=Q.
Over the past two decades, the Axion Dark Matter

eXperiment (ADMX) has implemented the haloscope
method described above and has recently excluded the
mass range 2.66–2.81 μeV with DFSZ sensitivity [22].
Ultimately ADMXwill scan up to axion masses of 40 μeV.
In this Letter, we present the results of a prototype higher-
frequency axion search, the ADMX “Sidecar” [23]. This
pathfinder experiment was designed to pave the way for
future, higher-mass ADMX searches without the need for
an additional magnet or cryogenic system. In tandem with
the primary lower-frequencyADMXsearch [22], the Sidecar
cavity was operated in the 4–7GHz frequency rangewhere it
was sensitive to previously unexplored couplings of axion-
like dark matter particles. Additionally, we demonstrate the
readout from multiple modes and the use of piezoelectric
tuningwith the Sidecar search, paving theway for anADMX
search in this frequency range with DFSZ sensitivity.
The Sidecar experiment resides inside the ADMX insert,

an experimental apparatus that is lowered into a 3.4-m
cryostat housing an 8.5 T superconducting magnet. The
Sidecar cavity is placed directly above the ADMX main
cavity within the magnet bore (Fig. 1) where it is cooled to

FIG. 1. Schematic of the Sidecar cavity location in the ADMX
insert. A simulation of the vertical component of the magnetic
field in the volume of the cavity is shown overlaid. Contour lines
indicate the field strength as a percentage of the center bore field
strength.
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150 mK and experiences a field of 4.25 Twhen the magnet
is at full current. The 0.38 l oxygen-free high thermal
conductivity (OFHC) copper-plated stainless steel Sidecar
cavity was fabricated at Lawrence Livermore National
Laboratory. The cavity is formed with two end caps bolted
to a 0.121 m tall, 0.064-m inner diameter cylindrical barrel
with knife-edged ends to lower Ohmic losses which would
spoil theQ. The resonator is tuned with a 0.013-m diameter
copper-plated tuning rod, which is held parallel to the
cylinder axis with a rotatable armature. The armature holds
the rod 0.013 m from the axis of rotation, allowing the rod
to be revolved from the wall of the cavity to the center. The
cavity and rod dimensions were designed to achieve a
TM010 frequency in the range 4–6 GHz. At room temper-
ature, the Sidecar cavity has an unloadedQ of 22 000 when
empty, and 11 000 with the tuning rod present.
Achieving mechanical motion in a cryogenic space is a

challenging aspect of this type of experiment. Unlike the
main ADMX search, which communicates room temper-
ature stepper motor motion to cryogenic gearboxes via long
G-10 fiberglass shafts, the Sidecar system utilizes piezo-
electric motors to directly drive the tuning rods. The stick-
slip piezoelectric motors are made by attocube [24] and
specified to operate at 10 mK, 31 T, and high vacuum
simultaneously. The attocube ANR240/RES rotary and
ANPz101eXT12/RES linear motors are mounted to the
top end cap of the cavity and are used for tuning rod control
and antenna depth adjustment. Figure 2 shows the effect of
the rotary piezo actuation of the tuning rod on the Sidecar
TM010 mode as seen in a series of cavity swept response
measurements. The cavity frequency is shown to smoothly
tune 50 MHz by slowly revolving the rod ∼2°, over the
course of several hours.

The cavity antenna was made by stripping a section of
SubMiniature version A (SMA)-terminated, semirigid
coax. Its coupling to the cavity is measured by directing
a swept signal through a circulator toward the antenna. In
the case where the antenna is critically coupled to the
resonant mode, all power is absorbed into the cavity on
resonance. Under normal conditions, the linear piezo
motor, with a maximum travel length of 12 mm adjusts
the depth of the antenna to maintain a return loss of
less than −20 dB relative to the off-resonance reflected
baseline.
When tuning the cavity resonance, minimization of the

piezoelectric heat load is necessary to maintain milli-kelvin
temperatures. The piezo motors have three sources of
heating: dissipated power from exercising the actuator,
mechanical heating from the stick-slip motion, and Ohmic
heating from the finite resistance of the piezo element. The
latter two terms, heating from friction and leakage currents,
were found to be subdominant compared with the power
dissipated by the actuator [25]. The dominant source of
heating is expressed as

Pdissipated ¼ 2CV2
p tanðδÞfd

∼ 2ð200 nFÞð60 VÞ2ð0.02Þfd
∼ ð30 μJ per stepÞ × ðsteps per secondÞ; ð4Þ

where C is the capacitance of the actuator, Vp is the
peak voltage applied, tan(δ) is the loss tangent, and fd
is the driving frequency of the sawtooth voltage applied
to the motor. Using typical parameter values, the
theoretical heating of the rotary motor is estimated to be
∼50 mJ=degree and that of the linear antenna motor to be
∼100 mJ=mm. However, under normal operating condi-
tions, the linear motor is stationary and the rotary motor
takes approximately five steps per minute, resulting in an
average heating of less than 5 μW. Although the cavity and
piezo motors are thermally tied to the mixing chamber of a
dilution refrigerator, with 800 μW cooling capacity, motor
heating causes a negligible increase in temperature.
The cavity output is coupled to a Low Noise Factory

heterostructure field-effect transistor (HFET) amplifier
LNF-LNC1_12A which is thermally sunk to the top of
the helium reservoir. These amplifiers have a characteristic
stable broadband gain of 40 dB and a characteristic noise
temperature at or below 4 K. In situ noise calibration tests
were achieved with a cryogenic microwave switch that
toggled the input to the amplifier from the cavity to a
heatable 50 Ω termination.
The room-temperature portion of the receiver is a single

heterodyne design, mixing the 4–7 GHz cavity frequency
down to 10.7 MHz. The signal is also further amplified and
filtered before it is digitized and undergoes a secondary stage
of mixing in software. A cryogenic circulator placed directly
after the cavity antenna, a Mini-Circuits RC-8SPDT-A18

FIG. 2. The cavity resonance shifted by positioning the tuning
rod with an attocube piezoelectric actuator. The data shown were
taken at 400 mK during the data run B on August 8, 2016.
Roughly 1000 piezo motor steps were taken, resulting in a ∼2°
revolution of the rod and 50 MHz shift in the TM010 mode.
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radio frequency (rf) switch matrix, and a network analyzer
allow the signal path to be reconfigured between data
collection and measurements of cavity frequency, antenna
coupling, and noise temperature.
The data-taking cadence consists of (i) rotating the

tuning rod to shift the relevant TM0n0 mode by a fraction
of its bandwidth, (ii) obtaining the center frequency, Q and
antenna coupling from network analyzer measurements,
(iii) setting the receiver local oscillator frequency such that
the resonant frequency is mixed down to 10.7 MHz, and
(iv) digitizing for 100 seconds. This process is fully
automated and runs in parallel with the main experiment.
For each iteration, we measure the parameters needed to
calculate the expected power in Eq. (1). The frequency step
size for each tuning motion is adjusted to obtain the
integration time needed to reach a target sensitivity and
signal-to-noise ratio. During data collection, rf power is
occasionally injected into the cavity to simulate an axion
signal. Observation of these “synthetic axions” confirms
the integrity of the signal path. Frequency regions with
statistically large powers are rescanned to increase con-
fidence in a potential axion signal. In practice, all large
power regions become statistically insignificant with the
additional data.
The data run plan requires a careful study of the cavity

resonant structure to calculate the form factor [Eq. (3)]. A
map of the mode structure for a set of tuning rod locations
ranging from the center to the wall was created by using an
eigenmode solver to find the resonant frequencies over the
tuning range of the TM010 and TM020 modes. Simulations
performed in High-Frequency Structure Simulator (HFSS)
[26] are used to identify the relevant mode and calculate its
form factor as a function of rod position. Figure 3(b) shows
the form factor of the TM010 and TM020 like modes.
The axion search data used in this Letter were collected

between August 2016 and June 2017 and are composed of
three separate data sets labeled in order of increasing
frequency and summarized in Table I. Run B is a low
magnetic field commissioning run that emphasized
testing the piezoelectric tuning capabilities of the experi-
ment, rather than sensitivity. Several months later, a high
frequency run (run C) and a low frequency run (run A)
focused on achieving higher sensitivity over a narrower
frequency range. The linear piezo motor responsible for
antenna coupling failed early on, causing the loaded Q to
be suboptimal and the antenna to remain in an overcoupled
state for the duration of the run.
The full process by which many raw spectra are

combined and converted into limits on the axion-photon
coupling (gaγγ) is described in Ref. [27]. The procedure
begins by taking digitized spectra from the IF band of the
receiver, centered at 10.7 MHz, and correcting them for the
receiver response. This is done by first dividing each
spectrum by the time-independent response, achieved by
averaging all of the raw spectra in the data set. Second, each

spectrum is processed with a Savitsky-Golay filter (length
129 and polynomial order 2) to 95% of the least-deviant
power bins to characterize any slowly varying frequency-
specific receiver structure without fitting out a narrow
∼5 kHz wide axion signal. Each residual spectrum is then
divided by its fit, and the baseline of 1 was subtracted to

FIG. 3. Electric field distributions and form factor values for
different tuning rod positions. (a) The distribution of the electric
fields of the TM010- and TM020-like modes is shown for a tuning
angle of 160°. (b) Calculated form factor of the TM010 and TM020

modes as a function of mode frequency. Choppy features where
the form factor significantly decreases are caused by mode
crossings at which the mode of interest tunes into and mixes
with an interfering mode.

TABLE I. Data run summary.

Run A B C

Timeline May 24–June 11 Aug 9–Oct 4 Feb 27–April 9
2017 2016 2017

Mode TM010 TM010 TM020

Freq (MHz) 4202–4249 5086–5799 7173–7203
Mass (μeV) 17.38–17.57 21.03–23.98 29.67–29.79
Usable
spectra

11 k 32 k 24 k

B field (T) 3.11 0.78 (2.55a) 3.11
Form factor 0.49 0.44–0.61 0.04–0.046
QL 6.2 k 2.2 k 2.3 k
Tsys (K) 7.0� 0.3 7.0� 0.3 7.1� 0.3
aThe magnet was ramped to a higher field for 3 days just before
the end of the data run.
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yield unitless spectra with zero mean. Axionlike signals
were added to the data to measure the degree of sensitivity
degradation caused by the fit. A histogram of all of the
residual spectra is well fit by a Gaussian function with
μ ¼ 0.01 and σ ¼ 0.98, in agreement with the expected
probability distribution. The zero-mean, unitless spectra
are then checked for external interference and finally scaled
by the bin resolution, Boltzmann constant, and system
temperature Tsys to achieve a representation of real power
fluctuations in the cavity. The system temperature is
calculated by using the Friis amplifier noise temperature
equation [28]

Tsys ¼ Tphys þ T1 þ
T2

G1

þ T3

G1G2

þ � � � ; ð5Þ

where Tphys is the physical temperature, T1 and G1 are the
noise temperature and gain of the first amplifier, and so on.
Because of a failure with one of the cryogenic switches, the
noise temperature of the Low Noise Factory amplifier was
not measured concurrently with the axion search data. It
was measured in situwith a functioning switch in a later run
of the sidecar experiment, operating at a physical temper-
ature of 4 K. The system noise contribution from the
receiver, including the first-stage amplifier, was calibrated
by measuring the change in output rf power as the
temperature of the heated load was changed and found
to be 4.0� 0.3 K. This was consistent with, but slightly
higher than, the manufacturer specification of a 3 K
amplifier noise at a physical temperature of 10 K, and

so we use our more conservative in situ value. At the end of
the single scan correction process, spectra represent thermal
noise fluctuations that may contain a very small excess of
power from an axion signal.
Corrected spectra are then weighted according to their

sensitivity, so that data with different system noise, mag-
netic fields, loaded quality factors, and form factors could
be directly summed. Thousands of overlapping and non-
overlapping spectra are added in quadrature to form a
single “grand power spectrum.” For a typical isothermal
velocity dispersion hv2i1=2¼270 km=s, the expected axion
signal width is approximately Δf ≅ mahv2i=h, where h is
Planck’s constant. The grand power spectrum is examined
for the signs of an axion signature line shape using a
dynamic linewidth filter as predicted by an isothermal
distribution for a fixed axion density ρa ¼ 0.45 GeV=cm3.
The total signal degradation factor from receiver struc-

ture removal and axion signal frequency bin misalignment
was found to be η ¼ 0.78 by injecting hundreds of
synthetic software signals in a Monte Carlo simulation.
A 95% confidence threshold on the amount of measured
power was set, and new limits on gaγγ were obtained as
shown in Fig. 4.
In summary, the ADMX Sidecar has produced new

limits on the axion coupling factor in three frequency bands
within the range 4.2–7.2 GHz. This is the first time an axion
haloscope has been operated over much of this region and
improves on the solar bounds [42] by 2 orders of magnitude
under the assumption of 100% dark matter axion-like
particles. Although this sensitivity is not sufficient to reach
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the axion coupling predicted for QCD axions, it excludes a
meaningful gaγγ parameter space for generically motivated
axions and spearheads experimental efforts for DFSZ
sensitivity in this axion mass range.
Higher-frequency cavities are required to explore higher

axion masses. With Sidecar, it has been shown that smaller
high frequency cavities can successfully scan over multiple
modes, providing a much wider scan range without
requiring physical changes to the system. The TM020 mode
suffers from a weaker form factor, leading to a factor of ∼4
loss in expected axion power but the exclusions produced
are still significant.
Future runs of Sidecar will concentrate on covering more

of the plausible axion mass range and adopting the use of
quantum-limited amplifiers. By placing a near-quantum-
limited traveling wave parametric amplifier [43] before the
HFET, the system noise temperature for future data runs
could be reduced by a factor of 10, resulting in a 100x scan
rate improvement. Because these preamplifiers are broad-
band, unlike the Microstrip SQUID Amplifier (MSA) and
Josephson Parametric Amplifier (JPA) amplifiers used in
the AMDX experiment, future Sidecar runs may take data
on both the TM010 and TM020 modes simultaneously with a
single cryogenic signal path. The signal would be divided
at the 300 K heterodyne receiver, bandpass filtered, mixed
down separately, and digitized to achieve a dual channel
axion search. Sidecar will continue to operate in tandem
with the main ADMX search, allowing for the in situ
testing of new haloscope techniques.
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