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Abstract
To include 3D printed polymer-based materials in accel-

erator parts, the relative permittivity and the dielectric loss
tangent of these materials have to be well known. A quar-
ter wave cavity was built to measure these properties at a
resonance frequency of 500 MHz by inserting a cylinder of
the material under test, resulting in a frequency and quality
factor shift of the cavity. By fitting the measured data to
detailed CST simulations, the values of the relative permit-
tivity and the dielectric loss tangent can be obtained. These
results provide the necessary material parameters for further
investigations into their use in RF accelerator components
such as power couplers.

INTRODUCTION
Metal 3D printing is already under investigation in linear

accelerator components, enabling complex geometries that
are almost impossible to manufacture conventionally [1–4].
In addition, consumer desktop 3D printers are widely used
for fast prototyping, using polymer-based thermoplastic ma-
terials.The wide variety of polymer-based materials could
also allow the use of these materials in linear accelerator
components, such as RF power couplers, RF windows or in
vacuum isolators. Therefore, it is important to estimate the
dielectric properties of these materials, especially the rela-
tive permittivity 𝜀𝑟 and the dielectric loss tangent tan(𝛿) are
crucial parameters.For the common 3D printing materials
such as PLA, PETG, and ABS, measurements of the relative
permittivity were already performed at different frequen-
cies [5–9]. Unfortunately, these materials have relatively low
heat resistance compared to conventionally used materials
such as ceramics (Al2O3) for this type of application, which
motivates the investigation of advanced polymer-based ma-
terials.To estimate the values of the relative permittivity and
the dielectric loss tangent a dedicated quarter-wave (𝜆/4)
test cavity (see Fig. 1) was built from aluminum to achieve
a high quality factor. The test cavity consists of three parts
(inner conductor, tank, lid). A cylindrical test object made
of the material under test induces a shift in frequency and
quality factor of the test cavity. A comparison with detailed
CST simulations yields the values of the relative permittivity
𝜀𝑟 and dielectric loss tangent tan(𝛿) of the material under
test.

SIMULATIONS
The dedicated quarter-wave test cavity in Fig. 1 was

designed in CST Microwave Studio for a resonant fre-
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Figure 1: Final setup of the dedicated test cavity with re-
moved top lid.

quency of 500 MHz. Due to tolerances in the manufactur-
ing process, a corresponding simulation using the final di-
mensions was performed, yielding a resonance frequency
of 𝑓0 = 499.627 MHz and an unloaded quality factor of
𝑄0 ≈ 9746.In CST, the contact resistance between the three
parts was not taken into account, which is why the simulated
quality factor is too optimistic. The real quality factor was
measured and the CST simulation was adjusted to match
this real quality factor of 𝑄0 = 6127. The measured reso-
nance frequency 𝑓0,measured = 499.628 MHz of the test cavity
agrees with the simulated value within 1 kHz, indicating a
good match between measurement and simulation.

Figure 2: Cross-section of the CST model with a test object
placed on the inner conductor. The arrows visualize the
electric field inside the cavity.

Due to the quarter-wave (𝜆/4) structure of the test cavity,
the electric field between the top of the inner conductor and
the lid is approximately uniform; this region also exhibits
the maximum field amplitude. A field disturbance caused by
insertion of dielectric material in this region leads to a shift
in resonance frequency and quality factor of the test cavity.A
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comparison of the simulated frequency and quality factor
shift with the measured values yields the relative permittiv-
ity 𝜀𝑟 and the dielectric loss tangent tan(𝛿). Therefore, a
cylinder with a diameter of 40 mm and a height of 22 mm
of the polymer-based material under test is placed on top
of the inner conductor (see Fig. 2). In the simulation the
relative permittivity of this cylinder is varied in the range of
𝜀𝑟 = 1.0 - 10.0, which was the expected range for common
polymer-based filaments [5–8]. Figure 3 shows the result
of this simulation, which allows to calculate the relative
permittivity 𝜖𝑟 of the material under test, by measuring the
frequency of the test cavity.

Figure 3: Simulated frequency of the test cavity in depen-
dence of the relative permittivity 𝜀𝑟 of the test object.

To determine the dielectric loss tangent, the unloaded
Q-value 𝑄0 is required, which can be calculated as [10]

𝑄0 = 2𝜋𝑓 𝑊
𝑃𝐶 + 𝜋𝑓 𝜀0𝜀𝑟 ∫ | ⃗𝐸|2𝑑𝑉 tan(𝛿)

. (1)

Here, 𝑊 stands for the stored energy in the cavity and 𝑃𝐶
for the surface (𝑆) losses [10]:

𝑃𝐶 = 1
2

√𝜋𝜇0𝜇𝑟𝑓
𝜎 ∫ | ⃗𝐻𝑡𝑎𝑛|2𝑑𝑆. (2)

The dielectric loss tangent tan(𝛿) of the cylinder was var-
ied in the CST simulation yielding a shift in quality factor of
the cavity. With equation (1) the fit function for the dielectric
loss tangent can be determined to

tan(𝛿) =
𝑎

𝑄0
− 𝑏
𝑐 . (3)

Due to the relative permittivity dependency of the dielec-
tric loss tangent in equation (1) the fit parameters have to be
determined for each value of the relative permittivity.

EXPERIMENTAL SETUP
Test Cavity

The test cavity is made of aluminum to achieve a high
quality factor. For repeatable measurements the inner con-
ductor has a small ring to center the test cylinders. The final
setup of the dedicated test cavity is shown in Fig. 1.

RF Coupling and Measurement
Coupling was achieved using small SMA sockets. There-

fore, a thin copper wire is soldered to the inner conductor
and through a hole in the SMA socket, also soldered to the
outer conductor, forming a small coupling loop for inductive
coupling. With small bends in the loop and rotation in the
magnetic field, a weak coupling can be achieved, resulting
in equality between the measured loaded and the unloaded
Q-value (𝑄0 = 𝑄𝐿). An example of a coupling loop can be
seen in Fig. 4.

Figure 4: Example of a coupling loop connected to an SMA
socket.

Test Objects
The different materials used in this study are polymer-

based filaments which can be printed on modern desktop
3D printers. The printers used for this study were a Bambu-
Lab X1E and a H2C with maximum hotend temperatures of
320 °C and 350 °C respectively. Both printers have active
chamber heaters up to 60 °C, which is also recommended for
some of the materials. For commonly used standard materi-
als in 3D-printing such as PLA, PETG, and ABS the default
BambuLab printing profiles were used. For advanced ma-
terials such as PP, PA6-CF, and many others, the printing
profiles of the manufacturer were used. If necessary, small
adjustments were made to parameters such as printing tem-
perature and printing speed. To ensure homogeneous parts
with a good surface the BambuLab “Smooth PEI” plate was
used on the X1E and the “Engineering” plate on the H2C.
Figure 5 shows some of the 3D-printed test objects.

Figure 5: Some of the 3D-printed test objects which were
used in the measurement.

MEASURED DATA
For the measurement itself a Rhode und Schwarz ZNB4

Network analyzer (NWA) was used. The measured reso-
nance frequency and quality factor of the dedicated test
cavity were averaged over ten measurements, which was set
directly on the NWA. To improve the statistics, five test ob-
jects were measured for each data point and the results were
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Figure 6: Measured relative permittivities 𝜀𝑟 and dielectric loss tangents tan(𝛿) of the investigated polymer-based materials.

averaged. For the base materials, such as PLA, PETG, and
ABS, only a single cylinder was used, due to their low heat
resistance and the limited relevance of these materials for ac-
celerator applications. The measured relative permittivities
𝜀𝑟 and the dielectric loss tangents tan(𝛿) of a wide range of
3D printable polymer-based materials are plotted in Fig. 6.
The measured data show that most common materials, such
as PLA, PETG, and ABS have relative permittivities 𝜀𝑟 in
the range of 2.5 - 3.0. However, the different PA types exhibit
comparatively high relative permittivities, while their dielec-
tric loss tangents are in the same order of magnitude as those
of PLA, PETG, and ABS (tan(𝛿) ∼ 10−3 - 10−2), which is
comparatively high for applications in RF-accelerators. In-
terestingly, PP which has an 𝜀𝑟 of around 2.1, has a dielectric
loss tangent tan(𝛿) in the order of 10−4, which is compara-
ble or even lower than Al2O3 (tan(𝛿) ∼ 10−4) [11], which
is a commonly used ceramics in RF power couplers. The
main drawback of PP is its relatively low heat resistance,
only allowing applications up to 41° [12], while Al2O3 can
be used up to 1950° [11] in air.Within the measurements,
different colors of PLA were used to investigate the influ-
ence of color on the relative permittivity and dielectric loss
tangent. The results in Fig. 6 show, that the different colors
slightly change the dielectric properties. The addition of
carbon fibers (CF) or glass fibers (GF) alters the dielectric
properties compared to the raw material.

CONCLUSION
The relative permittivity 𝜀𝑟 and dielectric loss tangent

tan(𝛿) of polymer-based materials used in desktop 3D print-

ers were measured using a dedicated quarter-wave (𝜆/4) test
cavity into which the material under test can be inserted.
The presence of the sample results in frequency and qual-
ity factor shifts of this test cavity. A comparison of these
shifts with detailed CST simulations yields the values of rel-
ative permittivity 𝜀𝑟 and dielectric loss tangent tan(𝛿) of the
tested materials. PP exhibited a comparatively low dielectric
loss tangent (tan(𝛿) ∼ 10−4), but has low heat resistance,
which restricts its use to low-power applications. The Fib-
erthree PP-GF 25 seems like a good candidate for further
investigations. Due to the glass fiber reinforcement, the ma-
terial exhibits significantly improved temperature resistance,
allowing potential use in high-power applications.
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