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ABSTRACT
We describe a newly developed polytetrafluoroethylene/copper capacitor driven by a cryogenic piezoelectric slip-stick stage and demonstrate
with the chosen layout cryogenic capacitance tuning of ≈60 pF at ≈10 pF background capacitance. Connected to a highly sensitive super-
conducting toroidal LC circuit, we demonstrate tuning of the resonant frequency between 345 and 685 kHz, at quality factors Q > 100 000.
Connected to a cryogenic ultra low noise amplifier, a frequency tuning range between 520 and 710 kHz is reached, while quality factors
Q > 86 000 are achieved. This new device can be used as a versatile image current detector in high-precision Penning-trap experiments
or as an LC-circuit-based haloscope detector to search for the conversion of axion-like dark matter to radio-frequency photons. This new
development increases the sensitive detection bandwidth of our axion haloscope by a factor of ≈1000.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0089182

Experiments at low energy with high fractional precision
using the methods of atomic, molecular, and optical physics are
an essential part of the search for physics beyond the Standard
Model.1 These include Penning-trap experiments, which provide
ultra-precise measurements of fundamental constants2–5 as well as
stringent tests of fundamental symmetries.6–10 Cryogenic Penning
traps are typically used to measure the axial or modified cyclotron
oscillation frequencies of the trapped particles using high-Q

resonant detectors.11,12 In a recent study,13 we showed that these
resonant circuits, when placed in the strong magnetic field of a
Penning-trap magnet, could also be used to constrain the coupling
between light dark matter axion-like particles (ALPs) and photons.
This allowed us to set narrow-band limits about one order of mag-
nitude lower than other laboratory haloscopes.14–17 To this end, we
used an axial detection circuit in the BASE experiment at CERN, in a
narrow range of ALP masses between 2.7906 and 2.7914 neV, limited
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by the detection bandwidth of the fixed-frequency resonator. Intro-
ducing a low-loss mechanism that provides broadband frequency
tuneability at high signal detection sensitivity would enable us to
investigate a wider range of ALP masses. Motivated by this applica-
tion and the lack of technology that provides broadband tuneability
of sensitive LC detection circuits operated in high magnetic fields, we
have developed a polytetrafluorethylene (PTFE)/copper-based tun-
able cryogenic capacitor driven by a piezoelectric movable cryogenic
stage, described in this manuscript. With this device, we can vary the
resonance frequency of a superconducting LC-circuit between 345
and 685 kHz, while keeping its Q-value above 100 000. Connected
to a cryogenic ultra-low-noise amplifier, Q > 86 000 is reached in a
frequency band between 520 and 710 kHz. This newly developed
detector will extend the bandwidth of our ALP-photon conversion
measurements by a factor of ≈1000. Moreover, the device could also
be used in a diverse range of high-precision Penning-trap studies,
such as comparisons of particles with nearly identical masses18 and
improved determinations of the proton mass in natural units.19 The
resolution of some of these experiments is limited by an interplay
of trap voltage tuning and residual magnetic field imperfections, as
described in Ref. 6. The broadband high-Q tuning of the detector
presented in this manuscript would allow measurements at constant
trapping potentials for charge-to-mass (q/m) ratio differences >2,
eliminating this systematic limitation when comparing such greatly
unequal masses. This device can also serve to extend the applica-
tion of sympathetic cooling mediated by induced image currents of
charged particles or ions through coolant ions stored in physically
separated traps, extending what has been demonstrated with protons
and beryllium ions,20 as initially proposed in Ref. 21.

A schematic of the newly developed detection device is shown
in Fig. 1. It consists of a superconducting parallel LC-circuit (the
resonator) with capacitance Cp, inductance L, and effective par-
allel resistance Rp = 2πν0QL. Here, Q and ν0 = 1/(2π

√

LCp) are
the quality factor and resonance frequency of the unloaded res-
onator, respectively. The resonance frequency can be varied via a
tunable parallel-plate-type capacitor with capacitance CT in par-
allel to the resonator. The adjusted resonance frequency is then

FIG. 1. Schematic of the superconducting LC detection system. The sensitive cir-
cuit is represented by the inductance L, capacitance Cp, and effective parallel
resistance Rp. The tunable capacitor, shown in blue, is connected in parallel to the
detector. A cryogenic amplifier is connected to the detector. The parasitic Rs and
Cc are of interest for the later data interpretation. At room temperature, the signal
is amplified by another stage, down-converted, and processed by a Fast Fourier
Transform (FFT) spectrum analyzer. The spectrum shown on the FFT screen is
representative of the measured data.

ν(CT) = 1/(2π
√

L(Cp + CT)). A fraction of the voltage across the
combined circuit is measured by an ultra-low-noise cryogenic
GaAs field-effect transistor amplifier,22 operated at T ≈ 4 K. The
amplifier’s output signal,

un =
√

(4kBTRe(Z(ν))κ2
+ e2

n), (1)

is guided to room-temperature, processed by mixing stages, and
analyzed with a Fast Fourier Transform (FFT) spectrum analyzer.
Here,

√

4kBTRe(Z(ν)) is the thermal Johnson noise voltage of the
combined impedance Z(ν) of the circuit, κ is an effective amplifier-
to-resonator coupling factor,11 and en is the equivalent input noise
of the cryogenic amplification stage.

The superconducting resonator used in this work is similar
to the device described in Ref. 11. It consists of an N ≈ 950-turn
toroidal coil, made out of PTFE insulated NbTi wire with a conduc-
tive diameter of 75 μm, placed inside a cylindrical NbTi housing with
an outer diameter of 48 mm and a length of 40 mm. Toroidal geom-
etry is used for optimal flux-confinement, reducing radio-frequency
losses induced in the housing by stray magnetic flux. We use super-
conducting NbTi wire, which is a type-II superconductor, with a
critical magnetic field strength of Bc2 ≈ 14.5 T. This choice of mate-
rial will enable us to place the detector in high magnetic fields,12

which is necessary for the Penning-trap and axion-detection exper-
iments we envision. The geometry of the toroid was optimized such
that its cross-sectional area is maximized at the shortest length of
superconducting wire, while considering the boundary conditions
defined by geometrical constraints of the experiment. To keep the
parasitic capacitance of the coil low, we use three-layer chamber
windings. The individual chambers are machined onto the PTFE
coil core, which shapes the toroid. The unloaded resonator has a
resonance frequency ν0 = 936.479(1) kHz and Q = 197 000(4000).
Using an LCR meter and by investigating the change in the circuit’s
resonance frequency ν0 with different parallel test capacitances CT ,
we determine the inductance L = 2.56(15) mH of the toroidal res-
onator. The capacitance of the unloaded system is C0 = 11.3(7) pF,
out of which 2.3(1) pF can be attributed to a sapphire feedthrough
used to thermalize the hot end of the toroidal coil.

The variable capacitance CT is realized by changing the dis-
tance between two circular oxygen-free high conductivity (OFHC)
copper plates, which are placed inside a grounded cylindrical OFHC
copper housing with an outer diameter of 50 mm, an axial length
of 51 mm, and a wall thickness of 2 mm. A sectional view of the
capacitor is shown in Fig. 2(b). The fixed ≈4.5 mm thick “hot plate”
of the capacitor is connected to one end of the resonator coil. A
PTFE spacer with an axial length of 11 mm separates the hot plate
from the closed side of the housing, reducing the parasitic capaci-
tance. The spacer and the hot plate are held in place by brass screws
with PTFE washers to prevent electrical contact. The second OFHC
copper capacitor plate is joined with a brass screw to a cylindrical
OFHC copper plunger, which can move axially inside the housing,
and is guided by a low friction PTFE support in the lid of the capac-
itor housing. A spring washer is placed between the ground plate
and plunger, which allows the two plates to align themselves when
the plunger is fully inserted and the plates are pushed against each
other. The corresponding screw was tightened enough to prevent
measurable plate movement caused by the operation of the cry-
ocooler. This movable plate is grounded by a copper braid to create
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FIG. 2. (a) Finite element method (FEM) simulation of the electric potential inside
the capacitor. (b) Sectional diagram of the cryogenic tunable capacitor. It should
be noted that the copper braids connecting the ground plate with the resonator
housing and the plunger to the ground would obscure other details and are omitted.
(c) Simulation of the capacitance CT as a function of distance.

a low-loss electrical connection. To avoid electrical contact between
the plates when the plunger is fully inserted, a 25 μm PTFE film
is placed on the movable plate, which also contributes additional
capacitance due to the permittivity ϵr,(PTFE) ≈ 2.1. The position of the
plunger is adjusted by a piezo-driven linear slip-stick stage, specified
for operation in high magnetic fields, at cryogenic temperatures, and
in ultra-high vacuum.23 The piezoelectric stage is placed on a 5 mm
thick OFHC copper plate that is directly thermally connected to the
housing to thermalize it and avoid large thermal gradients. Addi-
tional thermalization is provided by the copper braid, which ensures
that the plunger is connected to electrical ground. The stage can
perform scan movements over a range of ≈2.6 μm by varying the
voltage applied to the piezoelectric material. For the long-range slip-
stick mechanism, a saw-tooth voltage ramp is applied to the crystal.
The design allows the distance between the two plates to be varied
between 25 μm and 14.4 mm, which is limited by the thickness of
the PTFE foil and the space in the housing, respectively.

During the design of the cryogenic capacitor, careful con-
sideration was given to the parasitic capacitance since this adds
an unwanted reduction in the resonator frequency and limits the
frequency tuning range, effectively increasing the value of Cp. A
COMSOL Multiphysics simulation of the electrical field inside the
final layout is shown in Fig. 2(a). From these simulations, we expect
a total parasitic background capacitance of Cp = 11.05 pF and a max-
imum capacitance of 1001 pF for the fully inserted plunger, out
of which 90% of the tuning range lies within the last 100 μm dis-
tance between both plates. Due to manufacturing tolerances, the
actual experimental tuning range is expected to be lower. Figure 2(c)
illustrates the capacitance based on the COMSOL simulation as a
function of the distance between the respective plates, with 25 μm of
the PTFE foil.

To characterize the tunable detector, we connect the hot plate
of the capacitor (“to resonator” in Fig. 2) to the ungrounded end of
the toroidal resonator (see Fig. 1)11 and mount the assembly onto
the 4 K stage of a Sumitomo SRDK-408D2 Gifford-McMahon cry-
ocooler inside a vacuum chamber. Thermal shields connected to
the first stage of the cooler surround the detector setup and shield
the device from both 300 K thermal radiation and radio-frequency
noise. Radio-frequency signals and DC-supply lines are guided
to the detector via RF feedthroughs and low-thermal-conductivity
wires.

We first characterize the cryogenic capacitor and resonator
without the amplifier connected, as the input impedance of the
amplifier reduces the Q-value of the combined resonator/capacitor,
as discussed later in this manuscript. To this end, the input of the
cooled connected resonator–capacitor system is weakly coupled to
the active swept output port of a Rohde & Schwarz ZNC vector
network analyzer (VNA) that excites the system. The synchronously
swept input of the VNA is connected to the 1/4 decoupled tapped
end of the coil, and the forward voltage gain S21 is recorded.24

FIG. 3. The blue line shows the resonance frequency of the detector as a function
of the steps of the piezoelectric drive. The red line is a fit based on the COMSOL
simulation, assuming a step size of 2 μm. The inset shows two neighboring scan
ranges, one step with minimum amplitude apart from another, to the frequency
change by the step, confirming that there is no gap between neighboring scan
ranges.
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To ensure that analyzer and transmission line impedances do not
impose limitations, both the radio-frequency excitation and the
readout are decoupled via a <0.001 pF air capacitor network. The
recorded forward voltage gain characteristics allow us to determine
the frequency dependent resonator impedance Z(ν). Using power
units, the 3 dB width of the recorded S21 transmission reflects the
full-width at half maximum Δν of the real part of the resonator
impedance, from which the Q-value Q = ν0/Δν of the tuned cir-
cuit is determined. This Q-determination approach is confirmed by
exciting the LC circuit with radio-frequency pulses and recording
time dependent ring-down signals of the excited device. From the
recorded individual spectra, we extract the detector’s resonance fre-
quency ν(CT) as a function of steps by the piezoelectric stage. The
results are shown in Fig. 3. In the main plot, the blue line repre-
sents the measured resonance frequency, whereas the red curve is a
numerical scaling fit of the COMSOL simulation results to the data.
The abscissa gives the number of steps applied to the piezoelectric
stage, while the upper red horizontal axis shows a calculation of the
distance between the two plates, as inferred from the fit and the FEM
simulations. Assuming a step size of ≈2 μm during the measure-
ment brings data and simulation into the quantitative agreement. It
should be noted that the step size itself is a function of applied volt-
age, temperature, and mechanical resistance. For distances of more
than 0.4 mm between hot and grounded plates, the capacitance as
a function of distance varies as expected. This behavior continues
until the resonance frequency reaches 420 kHz, at which point the
plates begin to touch, and the relationship between steps performed
by the piezoelectric drive and distance moved is no longer constant,
as the measured blue points diverge from the fit based on the simu-
lation. Applying additional steps to the piezoelectric stage forces the
plates closer together, and it is possible to reduce the resonance fre-
quency to a minimum of ≈345 kHz. From this dataset, we determine
a parasitic capacitance of the tunable capacitor of Cp = 10.2(8) pF,
which is in good agreement with the FEM simulation. The capac-
itive tuning range corresponding to the 340 kHz frequency tuning
is ΔCp = 58.2(6) pF and is limited by manufacturing tolerances of
≈100 μm, which is consistent with our expectations of the current
design. The quoted capacitance uncertainties, at the level <1 pF,
are limited by small changes from cooldown to cooldown due
to manufacturing tolerances in the mechanical and electrical
assembly.

Additionally, we investigated whether the slip-stick motion
provides continuous coverage of the entire frequency tuning span.
To do this, we moved the ground plate close to the point at which
it starts to touch the hot plate and scanned the frequency range
between the frequencies corresponding to the maximum (100 V)
and minimum (0 V) voltage applied to the piezoelectric stage. This
gives the frequency tuning indicated by the green line in the inset
of Fig. 3. Considering a single step with a minimum step amplitude
of 36 V and repeating the 100 V voltage amplitude scan, we obtain
the result indicated in red. As illustrated in the figure, the two scans
overlap in frequency. Similar measurements were performed at dif-
ferent distances, confirming continuous frequency coverage over the
entire tuning span of the device. The resolution of the device’s DAC,
in principle, allows fine tuning of the detector’s resonance frequency
to better than 100 μHz, a factor of >1000 smaller than observed drifts
correlated with environmental changes such as laboratory tempera-
ture. The resolution of the frequency tuning of the detector is thus

FIG. 4. Quality factor of the frequency tunable detector (without amplifier) as a
function of the resonance frequency. Each point represents the average of 10 Q-
value measurements determined from the measured S21 transmissions. The red
area indicates the Q-value of the free resonator. Inset: Four frequency spectra for
different positions of the hot plate of the cryogenic capacitor inside the housing.

not limited by the tuning capabilities of the cryogenic capacitor we
have developed.

One of the most important measurements is the characteriza-
tion of the detection sensitivity as a function of frequency. To study
this, we measure the quality factor as a function of frequency, which
is adjusted by the tunable capacitor. Figure 4 shows a broadband
scan of the measured Q-values for different resonance frequen-
cies. The inset shows four measured S21 transmissions of the device
for resonance frequencies separated by 240 Hz intervals, a typical
scan range for the use of such a device in an axion haloscope.13

The red horizontal band indicates the Q-value of the unloaded res-
onator. We first compare the residual series resistance RS = 2πν0L/Q
of the unloaded resonator RS,u = 77(5) mΩ to the value obtained
with the resonator connected to the tunable capacitor while it is
adjusted close to its maximum separation (ν = 670 kHz), resulting
in RS,c = 58.3(3.4) mΩ. Comparing these two numbers, we see no
detectable Q-value limitation imposed by the capacitor. Indeed, con-
necting the capacitor leads to a decrease of ΔRS = 18(6)mΩ, which
could be attributed to improved thermalization of the hot end of the
resonator when connected to the thermalized copper plate of the
capacitor, as also observed in other experiments carried out in our
laboratory.

Figure 4 shows that the Q-value decreases as the frequency
decreases; however, there is also a dispersive feature visible. The
overall linear scaling of Q(ν) can be attributed to a frequency scal-
ing Q = 2πνL/RS with a residual series resistance of RS = 73(5)mΩ,
comparable to those of the high-performance resonators presented
in Ref. 11. A detailed circuit analysis suggests that the dispersive
feature is a consequence of either a predominantly capacitive cou-
pling between the cold end of the resonant coil and ground in this
particular cooldown or a result of parasitic coupling between the
tap and an inductive element. Both the systematic investigation of
these small residual series resistances and the understanding of the
dispersive feature will be the subject of future work, with the goal
to improve the quality of the superconductor-to-copper joints used
on the detection coil11 and to improve frequency matching and
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FIG. 5. Q-value of the capacitor combined with the superconducting resonator with
an amplifier as a function of the resonance frequency. Each point represents the
average of 10 Q-values determined by fitting the S12 spectra.

shielding of the rf-transmission lines. In summary, we can con-
clude that the losses imposed by the frequency tuning mechanism
presented in this work are not detectable within the measurement
uncertainties of our current setup.

To study the expected experimental performance when used
as an axion haloscope antenna,13 we connect a cryogenic low-noise
amplifier, similar to the devices used in Ref. 11, to a 1/4 tapped con-
nection on the resonator coil, as shown in Fig. 1, and measure the
voltage noise un on the output of the amplifier using a Rohde &
Schwarz FSVA spectrum analyzer. Figure 5 shows the Q-value of
the combined detector between 520 and 710 kHz. In this cooldown,
an undesired mechanical interference blocked the last 200 μm of
the tuning range; hence, in this measurement, the tuning range was
smaller than in Fig. 4. In these measurements, the Q-value is reduced
by the effective input resistance of the GaAs field-effect transistor
input stage of the amplifier, which couples to the resonator and
limits its quality factor.11 Compared to the network analyzer data,
no frequency dependent Q-value dispersion is observed, and the
scaling of the Q-value as a function of frequency is strongly sup-
pressed. This behavior is caused by the resonator/amplifier coupling.
The dominant limiting mechanism arises from an effective parasitic
capacitive coupling of the drain/source channel of the amplifier to
the resonator, depicted in Fig. 1 by the IC intrinsic coupling capaci-
tor CC and the effective series resistance RS of the drain-to-source
channel. Given a constant background RS, one would expect the
Q-value to decrease linearly with frequency; however, so too should
the Q-limiting series coupling of the resistance of the amplifier’s
drain-to-source channel. As a result, the effective system Q-value
scales as

Q(ν) = Q0(1 +
(2πν)4C2

CL2

1 + (2πν)2C2
CR2

S
)

−1

, (2)

which is the result of an algebraic analysis of the circuit shown in
Fig. 1. This effective model is represented by the red solid line shown
in Fig. 5, which is consistent with an effective capacitive-coupling-
to-resistance ratio of (CC/RS) = 80.7(6.4) × 10−6 pF/Ω. The gray
solid lines indicate the 68% confidence interval on the best fit curve.

In conclusion, the device presented in this work allows the
tuning of a high-Q resonant detection system by almost one fre-
quency octave, without a significant reduction of its Q-value for
the frequencies investigated. Connected to an ultra-low-noise ampli-
fier, we observe Q > 86 000 throughout the entire frequency range
scanned in the measurement with the connected amplifier. To our
knowledge, this is the first time that a device with such high detec-
tion sensitivity and large tuning bandwidth has been developed
and characterized in the respective frequency range, which provides
promising perspectives for its application in Penning-trap based
determinations of fundamental constants6,7 and LC-circuit based
axion haloscopes. Implemented into a dedicated axion detector and
compared to the detection system used in Ref. 13, the Q-value of
the new device would increase by a factor of ≈2, while the tunable
capacitor would extend the available frequency scan range by more
than three orders of magnitude. An even larger tuning bandwidth
at improved capacitive range linearity would be made available by
using cryogenic cylindrical rotary capacitors; the development of
such devices is currently under consideration.
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