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We measured the surface resistance of titanium, amorphous carbon, and nonevaporable getter (NEG)
coatings on copper samples, representative of surface treatments of beam-facing components in the High-
Luminosity Large Hadron Collider at CERN. Measurements were done at room temperature as well as at
liquid nitrogen temperature (77 K) by means of a novel large dielectric resonator operating at 3.4 GHz. The
impact of a 100 to 400 nm titanium layer or a 50-nm amorphous carbon layer was negligible both at room
temperature and down to 77 K in comparison to copper, while a thick (1140 nm) NEG layer showed a
measurable increase in the surface resistance, being more significant at low temperature. The dielectric
resonator proved to be a useful tool to characterize the surface resistance of flat samples with different
surface treatments and sizes up to 10 cm for accelerator applications. Furthermore, its construction and
operation are much simpler compared to other test devices currently in use, and it can provide accurate
experimental data for the evaluation of the beam coupling impedance.
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I. INTRODUCTION

In this study, we discuss the surface resistance meas-
urement method of using a large (d ¼ 105 mm,
h ¼ 20 mm) rf dielectric resonator (from now DR) of
Hakki-Coleman type [1] as well as presenting the first
measurement results on several samples. The motivation for
the research was to prove the usefulness of such a large DR
in the measurement of the surface resistance of materials,
coatings, and surface treatments for accelerator compo-
nents in the frequency range between 1 and 4 GHz.
Measuring the surface resistance of a given coated sample

allows for the estimation of the heating effect of the image
currents running on the surfaces exposed to the beam and is
also related to the beam coupling impedance ([2,3]). Even
though a multiple-frequency measurement would provide
even more information, at this stage, we only aimed at
using a single mode of the cavity to demonstrate the
principle, resulting in a single-frequency measurement.
The samples tested are disk shaped, forming the top of a
cylindrical cavity, while the lateral wall and the bottom of
the cavity are made out of copper (as seen in Figs. 1 and 2).
The first advantage of dielectric loading is that it lowers the
measured resonant frequency to 3.41 GHz so that it is
closer to the region of interest, which for LHC and HL-
LHC beam screen components is between 0 and 3 GHz [2].
In the past, similarly sized measurement devices were
tested, for example, the three-choked pillbox cavity ([4])
can also measure flat samples with diameters of 100 mm,
but its frequency (7.8 GHz) is twice as high as the
frequency of the DR. Other groups have successfully used
small tapered cavities using the TE011 mode (same as what
we use in the DR) but without a dielectric loading ([5,6]),
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their resonant frequencies thus are significantly higher than
ours, but the method used is very similar. In upcoming
measurements with the use of other dielectric materials
such as TiO2 (rutile) or TiSrO3, the frequency of the DR
could be reduced even further. The second advantage of
dielectric loading is that it concentrates the electric field and
thus the currents running in the cavity walls to the center of
the sample disk. This way if the edge of the sample is not
coated homogeneously, it does not influence the outcome
of the measurement.
The samples tested were copper plates covered by

different thin film coatings, commonly used as the surface
coating of accelerator components. First, we measured a
simple copper plate to have a baseline measurement to
compare our results. Then we tested amorphous carbon-
coated copper plates. Amorphous carbon (a-C) coating with
an underlayer of titanium is planned to be used in the High-
Luminosity LHC (HL-LHC) in order to reduce the secon-
dary electron yield of the beam screen surface, thus
mitigating the electron cloud effect [7–9]. Finally, we
tested four plates coated with TiZrV nonevaporable getter
(NEG) such as used at CERN [10].

Further samples planned for being tested are for example
ones that have undergone laser surface structuring in order
to reduce their secondary electron yield [11,12]. Other
accelerator components made out of different materials can
be tested as well with some simple modifications to our
setup. One such example is a special collimator of HL-LHC
that has molybdenum coating on molybdenum graphite
jaws to reduce the impact of the impedance on beam
stability [13].

II. MEASUREMENT TECHNIQUE

The base of the cavity was machined out of a single
block of copper. The inside diameter is 105 mm, with a
height of 20 mm. The measured sample closes this cavity as
the top plate (as seen in Fig. 1). In the center of the cavity,
we place a single crystal sapphire (α − Al2O3) with a
crystal orientation (0001), a diameter of 40 mm and a
height of 19.5 mm, 0.5 mm lower than the internal height of
the cavity to ensure that we do not touch and scratch the
surface of the sample. It had to be verified using CST

simulations that this gap does not change the field patterns
significantly [14]. The crystal orientation was chosen to
ensure that the electric field is perpendicular to the c axis
(the axis perpendicular to the hexagonal base of the
sapphire crystal structure) in any TE mode. This way,
the dielectric can be modeled as having a homogeneous
dielectric constant (note that this is not true for TMmodes).
A candidate mode for the measurement is the TM010

mode with a frequency of 1.5 GHz. In this mode, the
surface currents run from the center of the circular disk
outwards radially and across the contact point between the
top plate and the cavity wall. Therefore, losses in this mode
are extremely sensitive to the contact resistance and the
force pushing the sample plate onto the cavity. Because of
this, the measurement using this mode was not well
reproducible at room temperature so we discarded the
use of TM010 altogether for this test.
More reproducible measurements are obtained with the

TE011 mode, seen in Fig. 3. The frequency of this mode
with our cavity dimensions is 3.41 GHz, which is still
representative of the high-frequency part of the HL-LHC
beam spectrum [2]. In this mode, surface currents run in a
circular path (seen in Fig. 4), so they do not traverse from
the sample plate to the sidewall of the cavity. This means
that contact resistance does not play any role in the quality
factor measurement. The electric field and the surface
currents in the TE011 mode can be seen in Figs. 3 and
4, respectively.
At room temperature, the measured frequency of the

mode of interest corresponds to a simulation with a
dielectric factor of 9.39 which is in agreement with the
literature value ϵ⊥ ¼ 9.33.
The schematic of the measurement setup at the bottom of

a cryostat can be seen in Fig. 1. The cooling is done using
liquid nitrogen. A large supporting piece of copper is

FIG. 1. Schematic of the measurement setup. The base, the
bottom, and the side walls of the cavity (all copper) are orange.
The sample measured is green, with a temperature sensor on
the top and side. The single crystal sapphire dielectric is gray. The
dashed line shows the level of the liquid nitrogen during the
cooldown. The whole setup is sitting on the bottom of a 100 L
cryostat.

FIG. 2. Image of the open DR. The top plate is fixed via eight
screws on the circumference of the cavity.
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cooled directly by the liquid which indirectly cools the
cavity via heat conduction. This is done to avoid liquid
getting into the cavity and potentially moving the sapphire
from the center. To measure the temperature dependence of
the quality factor, we collected data points continuously
while letting the setup slowly warm up during the night.
The Python Automatized Night-time Data Acquisition
(PANDA) tool was developed to monitor the measurement.
The different S-parameters of the cavity were measured

by a Rhode and Schwarz ZNB 4, while the temperature
measurement was done using two different PT100 sensors
connected to a current source and voltage readout accord-
ing to a simple four-cable measurement method. One of the
temperature sensors was installed in the center of the 2-mm
thick sample plate, the other one on the side wall of the
cavity (both outside the cavity), as seen in Fig. 1. Both of
them had cryogenic grease (Apiezon N) under them to
ensure good thermal contact and Kapton tape was used to

hold them down during cooldown. Since the cavity and
sample plate are both constructed out of copper, which has
very high heat conductivity, the two measured temperatures
were never further than 1 to 2 K from each other, so the
temperature of the entire DR can be considered to be
uniform.
The touchstone (S2P) files of the measurements were

saved containing the magnitude and phase of S11, S12,
S21, and S22, then postprocessing of the signals was done
using the tool called algorithm for resonator parameter
extraction (ARPE) [15].
In a symmetrical transmission response, the loaded

quality factor would be calculated as QL ¼ f0=Δf, where
f0 is the resonant frequency of the mode, andΔf is the full-
width at half maximum. Due to parasitic effects, this simple
method would not give an accurate unloaded quality factor.
What ARPE does instead is first find the resonant peak in
the transmission response data and fit the data with a partial
circle in the complex plane. The raw S21 data of meas-
urement being filtered and fit via ARPE can be seen in
Fig. 5. This way it is able to remove contributions such as
cross-talk between the resonator ports (leading to the
asymmetry of the peak). From this least-squares circle
fit, the algorithm determines the loaded quality factor and
resonance frequency of the mode. This method is much
more resilient against any disturbances or noise in the
signal. To get the unloaded quality factor from the loaded
one, ARPE uses the equation Q0 ¼ ð1þ β1 þ β2ÞQL
where β1 and β2 are the coupling factors. Two circles
are fit to the reflection responses (S11, S22) in the complex
plane using the least-squares method. From the fitting
parameters, ARPE calculates the coupling factors.
In our DR, the electrical losses can be separated into four

contributions, the resistive losses in the top, bottom, and
side walls, respectively, and the dielectric losses in the
sapphire. The unloaded quality factor of the resonator can
then be written as [16]:

FIG. 3. Electric field in the TE011 mode.

FIG. 4. Surface currents in the TE011 mode.

FIG. 5. The raw data fit with a circle in the complex plane by
ARPE. For more information on the process of data analysis of
ARPE, see [15].
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where RS;top and RS;Cu are the surface resistance of the top
plate and the surface resistance of copper, Γtop;bot;side are the
corresponding geometry factors. The quantity p represents
the filling factor regarding the dielectric. All geometry
factors and the filling factor were determined using an
eigenmode simulation of the setup built in CST Studio Suite.
The uncertainty of these values contributes to the overall
uncertainty of our errors, but we estimate them to influence
the results by less than 1%, while measurement uncertain-
ties contribute significantly more (for example, upon
disassembling and reassembling the setup we see up to
2% change in the measured surface resistance). The
dielectric loss tangent of sapphire [tanðδÞ] is orientation
and temperature dependent and was taken from the
literature [17]. At 77 K, the dielectric losses are vanishingly
small. From Eq. (2), we can express the surface resistance
of the top plate as

Rs;top ¼ Γtop

�
1

Q0

− p tanðδÞ − Rs;Cu

Γbot
−
Rs;Cu

Γside

�
: ð3Þ

III. SAMPLE PREPARATION

We tested 11 sample plates altogether, all plates are
created using 2-mm thick Cu-OFE (UNS C10100) round
plates, with a diameter of 110 mm. Disk number 0 is a
simple copper plate used as a baseline for the other
measurements. The other ten samples have single or
multilayer coatings. The plates were cleaned and passivated
with chromic acid prior to coating.
All Ti and a-C coatings were performed using a planar

magnetron sputtering source after 8 h of bake-out at 120°C in
a vacuum system. The pressure before coating was
Plimit ¼ 1 × 10−7 mbar. The titanium and the graphite target
were placed 145mm away from the sample. Argon was used
as the discharge gas. During the application of the first
titanium layer, the pressure was 2.4 × 10−3 mbar (signaled
as Ti (1) in Table I), for every other Ti and a-C layer the argon
pressure was 9.7 × 10−3 mbar.
The NEG coatings were prepared using similar pump-

down and bake-out parameters. Instead of argon, krypton
was used as the discharge gas, at approximately
1 × 10−3 mbar pressure. Two different methods were used:
high-power impulse magnetron sputtering (HiPIMS) and
direct current magnetron sputtering (DCMS). Using both
methods, two samples were coated with different layer
thicknesses, as seen in Table I.

Together with each round plate, two witness samples
were coated: one made out of glass and the other out of
copper. The glass sample was used for dc resistivity
measurement and the copper one for the measurement of
the layer thicknesses. The dc sheet resistances of the
different NEG layers were measured separately by a
4-point probe on the coated glass witness sample. Disks
7–10 had measured dc sheet resistances of
ð1.77� 0.12Þ Ω, ð1.74� 0.04Þ Ω, ð12.79� 0.52Þ Ω, and
ð13.24� 0.84Þ Ω, respectively. From this, knowing the
thickness of the layers, we calculated the resistivity of the
different coatings. Then the theoretical surface resistances
of the copper plus NEG multilayer sheets were calculated
using the technique described in [18]. In the case of the
Ti and a-C coatings, this value is not different from the
surface resistance of copper since the thicknesses of
the coatings are significantly lower than the skin depth
at the frequency of the measurement (δTi ¼ 5.2 μm, δa−C ¼
43.2 μm). In the case of the NEG coatings, the calculated
surface resistance values are included in Table II.

TABLE I. Thickness of different layers of the ten coated
samples.

Ti (1)
(nm)

Ti (2)
(nm)

a-C
(nm)

NEG
(HiPIMS)

(nm)

NEG
(DCMS)
(nm)

1 70
2 70 70
3 70 70 50
4 140
5 140 210
6 140 210 50

7 1140
8 1170
9 240
10 250

TABLE II. Measured unloaded quality factors and the resulting
surface resistances, compared with theoretical values from
electrical resistivity.

Q0 Rs (mΩ) Rs;theory (mΩ)

0 13606� 217 15.35� 0.21 15.10� 0.08

1 13480� 272 15.50� 0.26
2 13525� 301 15.44� 0.29
3 13476� 262 15.50� 0.25
4 13522� 326 15.44� 0.31
5 13504� 261 15.47� 0.25
6 13446� 298 15.54� 0.28

7 13131� 256 15.94� 0.24 15.80� 0.10
8 13179� 306 15.88� 0.29 15.80� 0.10
9 13380� 281 15.62� 0.27 15.10� 0.08
10 13445� 281 15.54� 0.27 15.10� 0.08
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A Zeiss Crossbeam 540 Focused Ion Beam (FIB)/
scanning electron microscope (SEM) system with field
emission gun (FEG) was used to perform cross-sectional
milling. A platinum protection layer was deposited on the
samples before milling in order to preserve the surface
layers. The in-lens secondary electron detector was used for
imaging the cross sections as it provided the best electron
contrast and the layer thicknesses were then measured by
SEM imaging. The resulting cross-sectional images can be
seen in Fig. 6.

IV. RESULTS AT ROOM TEMPERATURE

The results of the room temperature measurements can
be seen in Fig. 7 and Table II. The uncertainties of these
results come from the error of the quality factor measure-
ment, the geometrical uncertainties, the uncertainty of the
dielectric losses in the sapphire, as well as the variation of
the quality factor if we disassemble and reassemble the
resonator with the same top plate. The measurement of the

plain copper plate should result in the theoretical surface
resistance of copper, with any deviation from it being
caused by the systematic error of our measurement, we can
use this to estimate the systematic error, which should also
be applicable to the measurement of the other samples.
As expected from our calculations discussed in the

previous section, we did not see a significant change in
the surface resistance of the first six samples but measured
around a 5% increase in the surface resistance of the
samples coated by a thick layer of NEG.

V. RESULTS AT 77 K AND DISCUSSION

A full temperature sweep from 77 to 300 K was done on
every sample. During the sweep, a temperature gradient of
up to 2 K was measured between the center of the top plate
and the side wall of the DR. This, however, only influenced
the results to a small extent and was impossible to avoid
during warmup or cooldown of the setup unless using a
more complicated cooling method. The cooldown usually
took around 2 h, while the warmup was done overnight.
Often some noise was visible in the signal close to room
temperature. After some investigation, it turned out that this
is caused by water condensation on the top of the cryostat,
which first freezes, but as the temperature reaches 0 °C the
ice melts and water starts dripping onto the temperature
sensor. Due to this, we had to separate the cryogenic
(<250 K) and the room temperature measurements in our
results and discussion.
From 77 to 250 K, the resonant frequency changes

approximately 20 MHz. This was mainly caused by the
change in the dielectric factor of sapphire (see [17]). The
resonant frequency measured for a few samples as a
function of temperature is visible in Fig. 8.
In Fig. 9, one can see the relative change in the

temperature dependence of the surface resistance of the
different samples normalized with the surface resistance

(a)

(b)

(c)

FIG. 6. SEM cross-sectional images of samples 3 (a), 6 (b),
and 7 (c).

FIG. 7. Results of the room temperature measurements, each
disk was measured 5 times.
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of disk 0 at the corresponding temperature. Figures 9(a)
and 9(b) show that the surface resistance of Ti and a-C
coated samples does not deviate from the surface resis-
tance of copper by more than 5% over the entire
temperature range (disks 1–6). Though in the room
temperature measurement, we consider 5% to be a
significant change (since the standard deviation measured
at room temperature was only 3%), in this one, the
temperature measurement’s uncertainty influences the
measured resistance ratio significantly. This is the reason
for the significantly higher (3%–7%) error bars on our
results. Thus we consider, that in line with our theoretical
expectations, the measured surface resistance of disks 1–6
is not significantly different from plain copper. As
discussed earlier, the layer thickness is much smaller
than the penetration depth. These results corroborate
those of [19] which were measured on similar coatings
at the fixed temperature of 4.2 K only and at a lower
frequency range. In our case, the higher frequency allows
exploring a shallower depth, still confirming the “trans-
parency” of these coatings. It should be mentioned that
the present experimental technique is of much simpler
implementation compared to that of [19] and allows
exploring a significant temperature range relevant to
the HL-LHC accelerator operations.
Finally, Fig. 9(c) shows the results of the four NEG-

coated samples. Although NEG is not commonly used in
cryogenic environments, it is nevertheless useful to assess
its surface resistance. The thin NEG coating does not
influence the surface resistance within experimental uncer-
tainty, while the thick NEG coating increases it by more
than 5%–15%. This is to be expected as the penetration
depth for our coating is around 9.3 μm at room temperature
and the coatings are more than 1.2 μm thick. Similar results
were obtained in [4], even though in that case measure-
ments were performed at a higher frequency and at room

temperature. From our measurements, the fact that the
results as a function of temperature show a negative slope
indicates a smaller temperature dependence of the surface
resistance of NEG coating compared to that of copper,
although a proper quantitative evaluation is not feasible due
to experimental uncertainties.

FIG. 8. Resonant frequency as a function of temperature for
four disks.

(a)

(b)

(c)

FIG. 9. Relative surface resistance with respect to the copper
plate (disk 0) as a function of the temperature. Disk 1–3 in (a), 4–
6 in (b), and 7–10 in (c).
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VI. CONCLUSION

A large dielectric resonator has been designed and
fabricated to measure the surface resistance of large coated
or surface-treated samples at the few-GHz range, in order to
help assess their impact in accelerator applications, such as
the HL-LHC at CERN. The measured results on a-C and
NEG-coated samples allow inferring a negligible effect on
HL-LHC beam operations of any beam-facing components
having these coatings in their corresponding environment
(NEG only above 190 K) [20]. Nevertheless, the LHC
beam frequency spectrum lies below our test frequency of
3.41 GHz. In order to reach lower frequencies, one could
design a dielectric resonator of even larger dimensions, but
the production of a large sapphire single-crystal can
significantly raise the cost, as well as being impractical
for sample production. Using a different dielectric material
with an even higher dielectric constant such as single-
crystal TiO2 (rutile) or TiSrO3 would then be a better
option, and the procurement of these materials in the
required size is being investigated.
We are planning in the future to measure samples that

have undergone laser surface structuring in order to reduce
their secondary electron yield. The current paths on the top
plate in the TE011 mode are concentric, we will thus be
able to differentiate between treatments with radial versus
concentric grooves. This setup will provide analysis similar
to [19] with different laser parameters. A possible extension
of our DR system to operate at lower temperatures in a
liquid helium cryostat is also envisaged while still keeping
a comparatively simple sample geometry and easy operat-
ing procedures.
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