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Abstract: The shielded pair resonator method is a useful tool in the measurement of accelerator
components, such as the beam screens used in the Large Hadron Collider (LHC), the High-Luminosity
(HL) LHC, or future accelerators. It can measure the resistive losses at several frequency points by
separating the resistive losses on the sample from other sources of losses. We built a new resonator
to be inserted into a superconducting dipole magnet (peak magnetic field of 9.5 T) and to measure
the surface resistance of beam screens, such as LHC beam screens coated with amorphous carbon
(a-C). The device can measure surface resistance at any temperature between 4.2 K and 300K, in the
frequency range of 400 MHz to 1600 MHz. We conducted the first surface resistance measurements
of two a-C coated beam screens at 4.2 K and showed that the 200 nm to 400 nm titanium underlayer
plus 50 nm a-C only has a limited effect on the surface resistance. This first result supports the choice
of this coating as baseline for the HL-LHC triplets magnets upgrade. The resonator will have an
important role in the characterization of next-generation beam screens, such as a beam screen with
laser-engineered surface structure (LESS). Further measurements of the LHC beam screen in the
presence of magnetic fields up to 9.5 T and throughout the full temperature range are going to be
reported separately.

Keywords: resonator; beam screen; accelerator; cryogenic; surface resistance; LHC

1. Introduction

In the Large Hadron Collider at CERN, the cold bore of the cryogenic magnets (1.9K) is
shielded from the beam by the intermediate temperature (4.2-15K) tube called the beam
screen [1]. The LHC beam screen is made out of a colaminated stainless steel-copper sheet,
with two cooling channels attached on the top and the bottom, as seen in Figure 1. The inner
surface resistance of the beam screen plays an important role in both the beam stability and
the beam-induced resistive wall heating. Furthermore, requirements on secondary electron
yield (SEY) of the beam screen arise to minimize the electron cloud effect [2,3]. Novel surface
treatments with low SEY (such as amorphous carbon coating or laser-engineered surface
structures) are studied for use in HL-LHC and also the Electron-Ion Collider (EIC) [4]. For
the Future Circular Collider (FCC) for hadron-hadron collisions, also high-temperature
superconductor (HTS) coatings are being considered [5]. The aim of this project is to
develop a measurement setup that can be adapted to different geometries of beam screens
and is able to measure surface resistance in the frequency range of 400-1600 MHz, inside
a superconducting dipole magnet (9.5 T) (the so-called FRESCA facility at CERN [6]), at
temperatures ranging from 4.2 K up to room temperature. Methods previously used to
characterize impedances, such as the wire technique [7] or waveguide measurements [8],
which perform well at room temperature, have not been deemed ideal for this specific
cryogenic setup in vertical position.
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Figure 1. Picture of the LHC beam screen.

For this purpose, a 400 mm long shielded pair measurement setup was designed. The
length was limited by the uniform field region of the magnet. The length also determined
the fundamental frequency of the resonator. In the past, this technique was used to measure
the surface resistance of tubes made out of the same material as the LHC beam screen,
at cryogenic temperatures and inside an LHC dipole magnet [9,10]. The main difference
between the setup used and our current setup is that we have the option of cooling the
resonator with a flow of cold helium gas at a controlled temperature, thus stabilizing the
temperature at points relevant to the current and future operation of the beam screen
(currently 5K to 20K, and, in FCC-hh, 40K to 60K, as described in [11]). In this paper, we
describe the results of our first tests on an LHC beam screen and two different amorphous
carbon coated LHC beam screens at liquid helium temperature, along with the results of
the first measurement spanning the full temperature range. These results demonstrate the
validity of the proposed design of the measurement device and confirm that the baseline
choice of an amorphous carbon coating for electron cloud mitigation in the HL-LHC
quadrupole magnets (triplets) does not significantly impact beam impedance.

2. Materials and Methods

The measurement is based on the shielded-pair method, which is a method commonly
used to determine the electrical properties of two parallel conductors or cables, such as
their capacitance or impedance, by surrounding them with a grounded shield in order to
minimize external electromagnetic interference [12,13]. Similarly, two rods can be inserted
into a cylindrical outer tube to create a resonant structure with two fundamental modes
(even and odd mode). In the even mode, the two rods are excited identically (the resulting
mode is similar to a half-wavelength coaxial cavity mode), while in the odd mode, the
excitation signals of the two rods are shifted by 180°. The electric field configuration is
visualized in Figure 2. The frequencies of the two modes are almost identical, and by
measuring (and simulating) the quality factor of both modes, one can derive the surface
resistance of the inner rods and the outer tube independent of each other. This will be
covered in more detail in Section 2.3. This method works best if the resistances of the
components, i.e., rods and outer tube, are the same order of magnitude, as otherwise,
the measured result of the better conductor will be dominated by the uncertainty of the
worse one.
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Figure 2. Visualisation of the electric field configuration for the even mode (left) and odd
mode (right).

The measurement setup can be divided into two parts. The first one is the instrumen-
tation necessary to cool down the resonating cavity and stabilize it at a desired temperature.
The second part is the RF measurement tools and the cavity itself.

2.1. Cryogenic Instrumentation

The measurement setup was designed and constructed to fit within the existing Facility
for the Reception of Superconducting Cables (FRESCA) magnet at CERN [6], which was
originally developed to measure the electrical properties of LHC superconducting cables.
FRESCA consists of a cryostat containing a superconducting NbTi dipole magnet with
a maximum operating field of 9.5T. Inside the magnet cryostat, an independent inner
cryostat is housing the equipment necessary for our measurement, protruding into the
53 mm aperture of the dipole magnet. The schematic view of the developed insert for the
FRESCA magnet can be seen in Figure 3.

"— He recovery

<— Cryostat

—~5 K He gas

Heaters

— Cavity

—5-300 K He gas

Figure 3. Schematic view of the cryogenic setup.

To perform a measurement at stable temperatures other than 4.2 K, cold helium gas is
circulated through the setup at a given flow rate and temperature. First, in an insulated
chamber, the so-called phase separator, (with a diameter of 164 mm and a height of 624 mm),
liquid helium is evaporated using electric heaters, and the resulting helium passes through
a capillary pipe where another heater increases the temperature of the evaporated helium



Instruments 2024, 8, 43

4of 14

(5 to 6K) to the desired temperature. The helium then exits the capillary below the cavity
and some of it enters into the inner volume of the cavity through the small holes in the end
cap, while the rest flows outside the outer walls of the cavity. We have two temperature
sensors on the cavity itself in order to monitor the temperature difference between the top
and bottom of the setup. A few Kelvin temperature difference is expected between the rods
and the outer tube, as well as the top and the bottom of the setup, but in normal conducting
measurements they should only influence the measured surface resistance slightly. During
the three 4.2 K measurements discussed in the Results section, a simplified cooling setup
was used, with liquid helium directly cooling the cavity, whereas during the intermediate
temperature measurement, the phase separator based cooling setup was used.

2.2. Rf Equipment

A schematic view of the RF measurement setup can be seen in Figure 4. The body
of the resonator is constructed from the beam screen under study as the outer wall. For
mechanical stability, and to close the pumping slots on the top and bottom of the LHC
beam screen, we have two half profiles (or support tube halves) attached to the top and
bottom of the beam screen. These profiles are made out of stainless steel. The two rods
inserted in the center are hollow and made of stainless steel in order to protect the setup
from the possible effects of eddy currents during a magnet quench. They are both closed
by two stainless steel plugs, and copper plated after the plugs are welded in place. The
copper layer is approximately 20 pm thick, much thicker than the skin depth of copper at
frequencies higher than 400 MHz.

RF couplers

RF fingers Beam screen
L \

- | Copper plated rods | *
Teflon Teflon
| 4
SMA connector W
End cap Half profile support Teflon support

Figure 4. Schematic view of the 2 rod cavity and the RF instrumentation to which it is connected.

The two rods are aligned and secured at both ends by Teflon support elements. The
choice is based on Teflon’s low and temperature-stable dielectric constant, which minimally
affects the electromagnetic field configurations. Additionally, it exhibits a low loss tangent,
particularly in low-temperature conditions. Three Teflon pins ensure the centering of the
Teflon supports and lock them azimuthally against rotations. One of the pins is in the
center, and the other two can slide radially in grooves, as illustrated in Figure 5. This
is necessary because Teflon contracts thermally significantly more than either copper or
stainless steel, causing the relative distance between the two outside pins to change by
up to 0.4 mm between 300K and 4.2 K (calculated from the theoretical thermal expansion
coefficient of stainless steel and Teflon).
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Half profile support
Stainless steel Stainless steel Stainless Steel
with copper plating with copper plating

LHC beam screen

Teflon/copper Teflon Colaminated copperon
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Figure 5. End cap and Teflon support assembly. The three Teflon pins in the vertical midplane of the
end cap ensure centering and azimuthal fixing of the rods.

The end caps of the setup are also copper-plated stainless steel, with two holes for
the coupling pins, and six other holes for the helium gas to flow through. On the contact
surface with the beam screen, the end cap has a set of “RF fingers” to minimize the
contact resistance between the end cap and the beam screen, as the currents run through
this contact.

Four semi-rigid coaxial cables connect the ports of the cavity to the output ports of
two hybrid couplers (H-183-4, 30-2000 MHz). The hybrid couplers split the input signal
into two signals of half amplitude in power, either in phase (0°) or with opposite phases
(180°). Four other coaxial cables are used to connect the input ports of the hybrids to a
four-port vector network analyzer (R&S®ZNB4, 9 KHz to 4.5 GHz). The connections of
the setup are visible in Figure 4. This way of connecting the VNA to the cavity allows the
“selective measurement” of the even or the odd mode, instead of exciting a combination
of the two. Transmission S-parameter S represents the odd mode of the resonator, while
S43 represents the even mode. The reflection parameters for both modes can be calculated
from Sq1, Spp, S33, and Syy.

The magnitudes and phases of the S-parameters are saved, and then post-processing
of the signals is conducted using the Algorithm for Resonator Parameter Extraction
(ARPE) [14]. This tool, instead of determining the loaded quality factor of the cavity
from the full width at half maximum of the S-parameter peak, fits the data around the
peak maximum with a partial circle in the complex plane (as seen in [14]). This makes the
measurement more robust against noise, removes contributions such as cross-talk between
the resonator ports, and eliminates the need for a very precise calibration of the cables
and connectors. The calibration of the “cold part” of the setup would be impossible to
perform, considering that the electrical length and attenuation of the cables are temperature
dependent. During the development phase of the project, the so-called “port extensions”
(or “Offset and de-/embedding” ) function of the VNA [15] was used to achieve similar
measurement stability. The use of port extensions is not easy to automate; thus, when the
measurement script was developed (in Python using the PyVISA package), the decision
was made to use ARPE instead of port extensions, as this sped up the measurement process
significantly while allowing measurement of the setup without human intervention.

2.3. Data Analysis

The unloaded quality factor of a cavity describes the ratio between the energy stored
in the cavity and the energy lost in a single oscillation:

wp X stored ener
0= 0 gy (1)

~ energy lost during single oscillation’
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where wy is 27t times the resonant frequency. The losses can be separated into resistive and

dielectric losses: o ) .
1 _ resistive losses + dielectric losses

Q wy % stored energy
1 f S ‘H |2R5 ds

Q  wopo [y, [HPdv * petan(?). ©
Here, i is the vacuum permeability, H is the magnetic field strength, Rg is the (spatially
dependent) surface resistance of resistive surfaces inside the cavity, p, is the electric energy
filling factor and tan(¢) is the dielectric loss tangent. Furthermore, the integral with the
subscript “S” in the numerator represents the average power dissipated over the conducting
volume, which can be expressed as a surface integral including the surface resistance. The
integral in the denominator, with subscript “V", represents the total energy stored within
the resonating structure and is, therefore, an integration over the entire volume of the
resonator. In the case of our cavity, the first term further simplifies if we assume that
the surface resistance of the beam screen, as well as the surface resistance of the internal
rods, is homogeneous. In the midplane of the beam screen, there is a longitudinal weld
where copper is removed from the surface in a 2.1 mm thick band, exposing the stainless
steel, as discussed later. Before the RF measurements, the DC resistivity of P506 steel used
in the beam screen was measured at 4.2K to be 6.90 x 107 Qm. Due to this very high
resistivity and the fact that the surface currents are concentrated in the midplane of the
beam screen, a significant portion of the energy is lost in the welding strip. The uncertainty
in the consistent width of the stainless steel weld along the entire length of the beam screen
introduces a large uncertainty in the measured result. The resistive losses in the welding

strip are derived from the simulation. There are four terms in Equation (3):

1 R fsbs \H|2ds +R meds |H|2 ds + 1
~ — 8sp S,rod
Q Sc‘JO.MO fvc |H|2dU " SWO,”O fvc |H|2dU Qsteel

, (2)

+ petan(6), 4)

1 RS,bs RS rods 1

Q Tps * Lrods * Qsteel tre tan(é)’ ©
where F ps and I'p4; are the geometry factors of the beam screen and the rods, respectively,
and is the resistive loss term in the steel along the welding. All geometry factors
and ﬁlhng factors can be determined from the simulation of the respective modes. The
calculation of I';; excludes the slice of the beam screen where the weld is located, as losses
of this slice are included in Q:M .

In the above equations, Rg ;s and Rg ;.45 are frequency dependent, and thus are not
exactly the same for the even and odd modes of our cavity. The separation between the
modes is between 5 MHz and 30 MHz, which at the frequency of the fundamental mode
(400 MHz) leads to a change in the surface resistance of approximately 0.6%. At higher
frequencies, the relative change in surface resistance is even smaller, so we can neglect it.
Based on this, the even (X) and odd (A) mode unloaded quality factors acquired from the
measurement can be expressed in the following system of equations:

1 R R 1
L S,bs + S,rods + + Pes tan(&),
le };bs,i };rods,z Qst{el,Z (6)
_ S,bs + S,rods + + Pen tan((S).

QA Iﬁbs,A Iﬁrods,A Qsteel,A

From Equation (6), we can arrive at the equations for the surface resistance of the beam
screen and the inner rods:
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RS b = rrodsA <QA Qsteel,A Pes tan(§)> - rrodsZ ( QZ Qsteel,Z Per tan(é)) ,
’ Lrodsa o Lrodsy Lrodsa _ Lrodss
Lhsa Dy, Thsa Tpsy,
(7)
Tpsa (1 — Oy~ Pea tan(5)> Tpsx (1 - Pes tan@))
Rs rogs = Qa steel, A ’ . Qs Qstael,): '
’ Tpsa . Dpsy. Tpsa . Dpsy.
Lodsa Lrodss. Lrodsa Lrodss.

From Equation (7), it is also visible that the measurement uncertainty in the Rg mea-
surement comes partially from simulation (determination of the coefficients, the resistive
losses in the steel and dielectric losses) and partially from the measurement of the quality
factors. The uncertainty of the results is discussed in the following section. The I' and p,
factors are temperature independent (since the change in the electromagnetic field pattern
caused by the temperature change is negligible), but the dielectric loss tangent depends
strongly on the temperature. Teflon has a dielectric loss tangent of approximately 4 x 104
at 1 GHz and room temperature. At 4.2 K, the loss tangent is approximately 5.6 x 1077 at
1GHz [16,17].

2.4. Measurement Uncertainty

The relative uncertainty of the geometry factors from the simulation is estimated to
be less than 1 %. Combined with the relative uncertainty of the dielectric filling factors
and the uncertainty in the dielectric loss tangent of Teflon, this leads to a few percent of
relative uncertainty of the derived surface resistances independent of the temperature.
A much greater source of error is the weld in the midplane of the beam screen. As the
fields and the surface currents are concentrated in the midplane, the weld is responsible
for ~3 % to 6 % of all the losses at room temperature (more significant in the even mode).
As mentioned already, the resistivity of stainless steel at 4.2 K is extremely high; thus, the
weld is responsible for more than 60 % of the losses in the cryogenic measurements. The
thickness of the strip where the copper is removed from the stainless steel (the “weld
thickness”) also has an uncertainty of ~0.2 mm. This, in turn, leads to a very large (=30 %)
relative uncertainty of the derived surface resistance of the beam screen at 4.2K. The
relative uncertainty of the inner rod surface resistance does not depend strongly on the
weld thickness.

Finally, on top of the uncertainty derived from the above mentioned factors, the mea-
surement of the quality factor also contributes to the final measurement error. By repeating
the measurement several times, across multiple cooldowns, and even a complete disassem-
bly and reassembly of the setup, the standard deviation of the results was determined to be
~4 %. The combined uncertainty of the derived surface resistance is depicted on the result
plots discussed in the Results section.

2.5. Sample Preparation

A standard LHC beam screen was cut into three equal-length samples; one of them was
left unmodified to provide a baseline copper-plated measurement. Sample 2 was first coated
with two 100 nm thick layers of titanium, each with different coating parameters, then a 50 nm
thick layer of amorphous carbon. The purpose of this coating is to reduce the secondary
electron yield of the beam screen surface and thus mitigate the electron cloud effect [3]. Sample
3 is similar to sample 2; the only difference is that the thickness of the titanium sublayers was
doubled to 200 nm each. These coatings are similar to those performed on flat discs, measured
and reported in [18]. However, those measurements were limited to the temperature range
between 77 and 300 K, and the measurement frequency was 3.4 GHz, about twice as large
as the LHC beam frequency spectrum cutoff [19]. In addition, the coatings were performed
on a general-purpose coating device. In this paper, we focus on characterizing real LHC-
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type beam screens coated with the device developed for the in-situ coating of the HL-LHC
beam screens in the accelerator tunnel in an attempt at validating the full coating process
selected as baseline for the HL-LHC upgrade and assessing its impact on the beam screen
surface impedance. Details on the hardware used for the coating and on the detailed coating
procedure, performed using the process devised for the coating of the HL-LHC stand-alone
superconducting quadrupoles, are described in [20-22].

It should be noted that the width of the welding for our particular beam screen has
been measured to be 2.1 mm =+ 0.2 mm, hence, the magnitude of the uncertainty mentioned
above. This uncertainty also matches the expected variability of the width of the welding
in the fabrication process of the beam screens, expected to be within ~0.2 mm.

3. Results

A set of measurements was conducted at room temperature, one at 4.2K, and a final
one at intermediate temperatures using the standard copper-coated LHC beam screen. This
was later compared to measurements of LHC beam screen samples coated by a multilayer
of titanium and amorphous carbon.

3.1. Standard Lhc Beam Screen

At room temperature, we expect the surface resistance of the inner rods and the
beam screen to be almost identical and to scale with the square root of the frequency.
The measured surface resistance of the beam screen and of the rods, calculated with the
procedure described in the previous section, can be seen in Figure 6 alongside the theoretical
surface resistance of bulk copper. We repeated the measurement five times and used the
results to determine the standard deviation of the results. As seen in Figure 6, the measured
surface resistance of the rods is slightly higher than pure copper, which is most likely caused
by surface imperfections of the coating. The results scale correctly with the frequency, and
there is only a small difference measurable between the surface resistance of the rods and
the beam screen, which is further discussed in Section 4. Due to the coupling becoming
stronger at high frequency, the measurement becomes very noisy above 1600 MHz. Because
of this effect, we will only use the first four harmonics in the following results.

L = OFE copper (theory) - : .
-§~- Copper plated rods "
| —4— LHC beam screen | '

[
M

'—I
[

Surface resistance [mQ]

' S TR NN SR R B
0 200 400 600 800 1000 1200 1400 1600
Frequency [MHz]

Figure 6. Surface resistance as a function of frequency at room temperature using standard LHC
beam screen. For comparison purposes, the theoretically determined Rs( f) values for oxygen-free
electronic (OFE) copper are also plotted.

At 4.2K, the theoretical surface resistance depends on the residual resistivity ratio
(RRR) as well as on the surface roughness of the copper. Furthermore, in the frequency
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range between 400 MHz and 1600 MHz, the copper coating is in the anomalous skin effect
(ASE) regime. In the case when the surface resistance is dominated by ASE, the surface
resistance scales as Rg o« f2/3, instead of the usual square root scaling [23]. Figure 7
shows the experimental data of the LHC beam screen at cryogenic temperature. The
results obtained follow the expected ASE regime frequency dependency for copper with
a RRR = 80, as indicated by the theoretically determined surface resistance (green solid
curve), calculated using the Mathematica script described in [24]. The copper plated rods,
consistent with the room temperature measurements in Figure 6, have a higher surface
resistance (RRR ~ 40). The frequency dependence of the surface resistance of the rods is
also slightly different from the beam screen.

3.5 T T T T T T I I
—— Copper with RRR=80
S 3.0 -—%- Copper plated rods - —
£ L— Standard LHC beam screen
[— 2 5 = it it it T it ”-—I —
CU ’f
c "
(18] 2.0 = 1 "’ —
] i
E ” T .'
- |
0 154 - -
= e — :
@ /z’ = 3
1

v o5~ i -

0.0 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600
Frequency [MHz]

Figure 7. Result of measurement at 4.2 K using standard LHC beam screen.

Figure 8 presents the analysis results of the LHC beam screen’s performance as a
function of temperature for the first four resonances. It shall be mentioned that this test was
conducted parasitically during the cooling system’s testing phase. The setup was placed in
a larger cryostat than the planned magnet cryostat, and the measurement was conducted
without an external magnetic field. During the stabilization of the temperature at 10K,
some temperature stability issues were observed. Consequently, data were collected during
the natural heat-up of the system. A maximum temperature gradient of approximately 10K
was observed along the length of the beam screen. Thus, the temperature values shown in
Figure 8 are averaged from measurements taken at both ends of the beam screen, with no
data available for the rods” temperature. This temperature gradient should not influence
the measured surface resistance significantly below ~ 40K due to the resistivity of copper
plateauing at low temperatures.

Figure 8 shows that the surface resistance remains nearly constant between 10 K and
40K and increases monotonically with increasing temperature, as expected. The measured
values at 10K are consistent with the values presented in Figure 7. Furthermore, the
residual resistance plateau is in good agreement with a copper of RRR = 80. The trend
of increased surface resistance with increased temperature is consistent for the first three
resonances having the same slope but shows a significant deviation for the fourth resonance.
At room temperature, the results also seem to align relatively well with the results seen in
Figure 6. At intermediate temperatures, the relatively large temperature difference between
the rods and the beam screen, along with the longitudinal temperature gradient, makes the
validity of the results questionable. However, this effect can be minimized in subsequent
measurements by maintaining a constant helium flow.
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Figure 8. First test measurements of the surface resistance as a function of temperature for a stan-
dard LHC beam screen. Errorbars of the results were removed for clarity. In general the relative
uncertainty at low temperatures is approximately 35% while the uncertainty at high temperatures is
approximately 10%.

3.2. Amorphous Carbon-Coated Beam Screens

The liquid helium temperature measurements were repeated using samples 2 and
3. The results of these measurements can be seen in Figures 9 and 10. The copper-coated
rods used for the three samples were exactly the same. The fact that the measured surface
resistance of the rods is not identical for the three measurements shows the uncertainty of
the measurement with respect to exchanging the beam screen.

There is an increase of 8% to 65% in the measured surface resistance depending on
the resonant mode with the amorphous carbon coating in the case of the single-thickness
titanium sublayer, and an increase of 10% to 15% in the case of the double-thickness
titanium sublayer. The temperature-dependent measurements were not performed on the
coated beam screens.

3.5 T T T T T T I I
—— Copper with RRR=80

- —%- Copper plated rods | = .
—J— a-C coated LHC beam screen

=N N W
n o w o
| | |

Surface resistance [mQ]
e
o
|

o
w
|

1 l 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600

Frequency [MHz]

o
o

Figure 9. Result of measurement at 4.2 K using amorphous carbon coated LHC beam screen.
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Figure 10. Result of measurement at 4.2 K of the amorphous carbon coated LHC beam screen with
double thickness titanium sublayer.

4. Discussion

The results of the uncoated beam screen show the expected behaviour both at room
temperature and at 4.2 K. The surface resistance measured at room temperature for the
beam screen and for the rods corresponds, within the experimental uncertainty, to the value
expected for copper at the four resonant modes explored. The surface resistance measured
at 4.2K corresponds to the value estimated for copper of RRR of about 80. This is in line
with expectations for standard LHC beam screens [25], despite the very large error bars due
to the projected uncertainty of ~0.2 mm in the welding width. The higher surface resistance
measured for the rods at 4.2 K is also in line with the expectations for a shiny copper plating
of RRR of about 40 [26]. This confirms the validity of the measurement principle, and
the robustness of the analysis chain. The measurement device as a proof of concept also
confirmed the ability to perform measurements at intermediate temperatures between 4.2 K
and room temperature, as per design specifications and goals, with the expectation that by
stabilizing the temperature with the cold gas-based cooling system will further improve
the results.

The measurements of the two samples coated with 200nm (Figure 9) and 400 nm
(Figure 10) of titanium, and 50 nm of amorphous carbon, both show an increase in the
surface resistance of the beam screen compared to uncoated copper. The increase in surface
resistance is higher for the thinner coating, contrary to what could be expected. The
difference between the two coatings is negligible at the two lower harmonics, they both
have approximately 8 % increased surface resistance. At the fourth harmonic, the sample
with a 200 nm thick titanium layer shows a 65 % increase, while the the sample with the
400nm titanium layer a 15 % increase with respect to the uncoated sample. This was
surprising because if the titanium layer is causing the increase of the surface resistance,
then it should be higher in the case of the 400 nm layer. These results are nevertheless
within the uncertainty range of the measurement due to the cumulative effects of the
stainless steel welding size variability and the other experimental errors. This confirms
the results previously obtained on flat discs measured at a higher temperature [18], as
previously mentioned in Section 2.5. In both studies, the deviations of the results fall within
the measurement errors, i.e., a negligible effect of the coating on the surface resistance.
With this new measurement, we can conclude that the a-C coating produced in a real beam
screen using the same coating techniques that are used for the HL-LHC triplet upgrade
results in an increase of surface resistance of approximately 8 to 65 % at the LHC relevant
temperatures and frequencies. Since electron cloud multipacting has been identified as a
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significant contributor to heat load, posing limitations to the cryogenic system, the primary
purpose of the a-C coating is to mitigate electron cloud formation and address potential
issues in the HL-LHC era. The heat load generated by the electron cloud is considerably
higher than that resulting from increased surface resistance. Thus, this value is well within
the range that can be accepted for the regions to be coated in the HL-LHC [27], supporting
the technological choice that was made for the accelerator, guaranteeing a negligible impact
on the machine beam impedance [28].

5. Conclusions

We have developed a 400 mm-long shielded pair measurement setup to measure
the surface resistance of beam screens for future accelerators in the range from room
temperature down to 4.2K. The device has been qualified by characterizing a standard
copper-coated LHC beam screen. Furthermore, it has been employed for validating the
amorphous carbon coating process envisioned for the HL-LHC beam screens, confirming
that the surface resistance increase due to the coating is limited. This was already antici-
pated from flat sample measurements, thereby guaranteeing a minimal impact on beam
impedance. An improvement of the measurement setup is currently being studied. In order
to reduce the losses in the stainless steel in the midplane of the beam screen, we might tilt
the plane of the rods from the horizontal midplane of the beam screen. This change has the
potential to reduce the uncertainty of the results at 4.2 K. The angle of misalignment has
to be large enough to reduce the current running in the midplane significantly, but small
enough that the major part of the current still runs in the side walls of the beam screen. The
device is envisioned to be used for insertion in the high-magnetic-field test setup FRESCA
at CERN and will be employed eventually for the characterization of HTS-coated beam
screens for the FCC-hh study [29].
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Abbreviations

The following abbreviations are used in this manuscript:

a-C Amorphous Carbon

ARPE  Algorithm for Resonator Parameter Extraction
ASE Anomalous Skin Effect

FCC Future Circular Collider

EIC Electron Ion Collider

HL High-Luminosity

HTS High-Temperature Superconductor
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LHC  Large Hadron Collider

LESS  Laser-Engineered Surface Structure
OFE Oxygen-Free Copper

RRR Residual Resistivity Ratio

RF Radio Frequency

SEY Secondary Electron Yield
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