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Abstract The Future Circular Hadron Collider design studies proposed a novel dual chamber beam screen consisting of copper
and stainless steel. However, one concern about the current design is the inherent resistive wall beam impedance of the beam screen,
which may not be low enough to guarantee stable beam operation especially critical on the vertical plane. In order to reduce the
resistive wall beam impedance as much as possible while keeping the dipole field quality within specifications, a hybrid beam screen
consisting of REBCO-CC and Cu is proposed for the inner chamber of the beam screen. We performed a comprehensive position
and REBCO-CC content study, leading to an optimum configuration for a REBCO-CC-Cu hybrid design. These studies utilized
measured values of REBCO-CC surface impedance obtained under realistic FCC-hh conditions. The calculations were carried out
by combining numerical simulations and beam coupling impedance theory for general beam pipe cross sections, where we found a
substantial decrease in the vertical resistive wall beam impedance by about an order of magnitude compared to the nominal beam
screen design made of copper. Limitations of the proposed design and possible mitigation actions are also discussed.

1 Introduction

The Future Circular Hadron Collider (FCC-hh) [1] project aims to achieve a center of mass collision energy of around 100 TeV
in the search for new physics beyond the standard model. Such unprecedented energy requires the use of superconducting Nb3Sn
dipole magnets that will generate a magnetic field of 16 T in a 100 km circumference ring. At the expected injection energy level
of 3.3 TeV, these dipole magnets will produce an approximate magnetic field strength of 1 T.

The synchrotron power emitted by the circulating proton beam at the collision energy will have a linear power density of
approximately 35 W/m. To protect the cold bore of the dipole magnets against this extremely high power compared to the Large
Hadron Collider (LHC), a beam screen (BS) will be employed. The conductivity of the material of which the beam screen is made
will have a significant impact on the resistive wall impedance; this will be a common problem for any future high-energy colliders [2],
since all of them are projected to have large circumferences and large magnetic fields.

As shown in Fig. la, the nominal baseline design of the FCC-hh beam screen (as presented in the FCC Conceptual Design
Report [1]) comprises two chambers: the inner chamber and the outer chamber. In addition, features designed to effectively absorb
the intense synchrotron radiation and maintain the required vacuum conditions [3] are incorporated.

The inner chamber takes on a C-shaped configuration stacked vertically and symmetrically, featuring two slots. One of the two
slots will allow the synchrotron radiation to pass through and be absorbed in the outer chamber, where the Cu has a sawtooth
finishing for maximum photon absorption [3]. The opposite slot is there to ensure the mechanical stability of the assembly and ease
of manufacturability. The inner chamber consists of a 1.00 mm thick P506 stainless steel (SS) sheet and 300 pm thick co-laminated
oxygen-free electronic (OFE) Cu with a residual resistivity ratio of RRR = 100. The co-laminated Cu will be treated with Laser
Ablation Surface Engineering (LASE) or coated with amorphous carbon (aC) to mitigate the build-up of e-cloud by lowering the
secondary electron yield while keeping a low surface impedance [4]. The outer chamber, on the other hand, is composed of two
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Fig. 1 a Nominal FCC-hh beam screen design consisting of Cu (orange), stainless steel (gray). b Example of an FCC-hh hybrid beam screen made of
REBCO-CC (cyan), Cu (red), and covered with a thin layer of amorphous carbon (black). Figure adapted from [3]

lateral baffles constructed with a 1.00 mm thick P506 stainless steel (SS) sheet and 75 um co-laminated Cu. Attached to it are the
cooling channels to keep the temperature of the beam screen within 40-60 K for thermal efficiency. Along the outer chamber one
can find a series of holes for effective pumping.

Previous studies [5] have shown that resistive wall beam impedance due to the finite conductivity of the BS is the primary source
of impedance-induced instabilities. This is particularly critical in the vertical plane owing to the lower vertical aperture (24.44 mm)
compared to the horizontal (27.65 mm) aperture of the inner chamber, as well as to the different aspect ratio due to the presence of
the slots. While the current design of Fig. 1(a) has demonstrated [5] to exhibit sufficiently low resistive wall beam impedance, it is,
however, close to the margin for safe operation.

To address this potential problem, high-temperature superconductors (HTS) in the form of REBa;Cu3O7_, coated conductor
(REBCO-CC being RE =Y, Gd, Eu) have been proposed as an alternative to the co-laminated Cu of the inner chamber [6]. REBCO-
CC technology is already available in kilometers length from several providers and, therefore, sufficiently mature for large-scale
productions. With such a coating, one has to consider that the magnetic field generated by the persistent currents in the surface of
the REBCO-CC will affect the magnetic field quality seen by the beam. Studies [7, 8] have shown that subdividing REBCO-CC
into narrow parallel decoupled segments effectively reduces the magnetic field produced by the persistent currents and reduces the
changes in the magnetic field uniformity. Consequently, the application of REBCO-CC as coatings for the FCC-hh will involve
forming a hybrid ensemble of alternating strips of REBCO-CC and Cu. Figure 1(b) illustrates a possible example of a hybrid
REBCO-CC-Cu beam screen.

Measurements of the secondary electron yield on REBCO-CC have indicated values close to 3 [6, 9], which are too high to ensure
an operation free of e-cloud. To lower the yield, similar to the nominal beam screen, a layer of aC will have to be deposited on top
of the HTS [6].

In this paper, we perform a comprehensive investigation of a hybrid beam screen consisting of alternate stripes of REBCO-CC and
Cu building upon studies conducted [10-12]. We demonstrate, for the first time, the impact of REBCO-CC on the nominal design
of the FCC-hh beam screen at the collision and injection energies using measured values of the surface impedance of REBCO-CC
under challenging conditions, an external magnetic field of 16 T, at 50 K, and as a function of frequency, i.e., as close as possible to
the FCC-hh working conditions, and samples prepared mimicking a possible extensive production process.

This paper is organized as follows. In Sect. 2, we formulate a numerical procedure for the computation of resistive wall beam
impedance in the FCC-hh. In Sect. 3, we introduce the surface impedance of REBCO-CC, copper, and stainless steel used in this
study. In Sect. 4, we present a systematic study of the effect of REBCO-CC depending on its position on the beam screen and the
percentage of coverage. The manufacturability of the hybrid beam screen is also studied, in view of resistive wall beam impedance.
In Sect. 5, we demonstrate the impact of REBCO-CC at injection and collision energies of the FCC-hh, wherein we employ measured
surface impedance values at 1 T and 16 T. The conclusions of the paper are given in Sect. 6.

2 Resistive wall beam impedance evaluation in the FCC-hh beam screen

Consider a proton beam with total charge Q circulating with a velocity equal to the speed of light (v = ¢) inside the beam pipe with
drive current expressed in the frequency domain as

Jz = Q8(x —x1)8(y — y1) exp(—jk2), ey

@ Springer



Eur. Phys. J. Plus (2024) 139:1073 Page 3 of 14 1073

where x, y, and z refers to Cartesian coordinates in three dimensions. x1, yi, refer to the beam offsets along x and y coordinate with
respect to the origin, and k is the wave number k = w/c , where w is the angular frequency.

Generally, the longitudinal beam coupling impedance in the ultra-relativistic limit of a beam pipe with length L can be computed
through [13]

L *
Z0 = -15m 7{ E.Hjds, )

where the integral is taken over the beam pipe contour denoted by coordinate s. H{ refers to the tangential component of the
magnetic field H along a perfectly electrical conducting beam pipe wall; whereas, E is the longitudinal component of the electric
field E for the case of a conducting beam pipe wall. The electromagnetic fields in Eq. (2) are computed at x; = y; = 0.

On the other hand, the transverse beam coupling impedance can be obtained assuming an axial dipole drive current of

Jz = Q8(0)[8(y — y1) — 8(y + y1)]exp(—jkz), 3)
which leads to a vertical beam coupling impedance

L 1

Zyk) = ——=—
y® |QI? 4ky?

% E Hjds, 4)

when y; # 0. The horizontal beam coupling impedance can be calculated by replacing y with x in Eqs. (3) and (4).
The longitudinal component of the electric field, E;, can be approximated using the Leontovich boundary condition or the surface
impedance boundary condition (SIBC) [14, 15] through:

nx E=ZmnxnxH, ©)

valid for a smooth beam pipe wall with surface impedance Z;, where n is the vector normal to the wall surface. Following Eq. (5),

E, = —Z;Hy;. (6)
Substituting Eq. (6) into Egs. (2) and (4) gives
L
@wz—jfmmﬁw ™
10|
Zy@) =155 § 2P ®)
W) =——— —— o o S.
y |Q|2 4ky12 K 1s

Note that Z; is a function of the tangential coordinate s, and being a material property it is also a function of frequency, w, of
magnetic field, B, and of temperature, 7', while | His| is material independent and is only a function of s.

For simple geometrical structures, e.g., round, elliptical, and rectangular structures, there exist analytical solutions to the tangential
magnetic field |His| [16, 17]. However for complex structures, the calculation of |Hjg| can only be done numerically. To obtain
| His| for the FCC-hh beam screen, we have used the commercially available 3D electromagnetic solver, Wakefield Solver of Particle
Studio, available in Computer Simulation Technology (CST) [18].

CST’s Wakefield Solver uses a finite integration technique to calculate the wake potential in the time domain and subsequently,
the beam coupling impedance through Fast Fourier Transform (FFT). For smooth beam pipe structures of invariable geometry, the
beam coupling impedance only consists of resistive wall beam impedance. The calculations of wakes are carried out from the source
to a distance defined by the user which is called wake length. To ensure precise FFT implementation, it is crucial to select a wake
length that is long enough to demonstrate vanishing wakes but not so long that it significantly increases computational time [19].
Thus, apart from the numerical noise level per length, the wake length is one of the defining parameters of the accuracy in the
simulations, especially at low frequencies. Using the conventional approach of calculating resistive wall beam impedance, high
inaccuracies can be found for highly conducting materials where the wakes tend to decay over very long distances. To circumvent
this, we developed an approach combining CST and beam coupling impedance theory through Eqs. (7) and (8), although other
computational approaches can also be used for the same purpose [15, 20-22]. This approach avoids the complete discretization of
structures made up of thin material layers and repetitive discretization of the same structures with varying material compositions
which require time-consuming computations. Another option of using CST was introduced by [19] employing a scaling technique.
This method, however, leads to more computational effort since it requires separate simulations to account for beam coupling
impedance at low frequencies.

The calculations using the aforementioned approach were carried out as follows. First, we calculated the tangential magnetic
field |Hy,| of a perfectly electrical conducting (PEC) pipe in CST. For the longitudinal beam coupling impedance calculation,
the source and test beam were both situated at (x = 0, y = 0), e.g., at the center of the BS. For the vertical beam coupling
impedance, the calculations were performed twice at opposing offsets, which corresponds to transverse offsets (x = 0, y = y;)
and (x = 0, y = —y). This allows computations with dipole drive current J, = J.(y = y1) — J;(y = —y1) [23, 24] giving
|His|= ||H1s(y = y1)|—|H15(y = —y1)||.- The horizontal beam coupling impedance was done in the same manner with offsets
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Fig. 2 Close integration path for
the calculations of the resistive
wall beam impedance

along the x plane. In this study, we used offsets of 1 mm, which are about 8% of the vertical aperture to minimize as much as possible
nonlinear components without compromising accuracy from the need to mesh the setup sufficiently. Throughout our simulations, we
utilized a wake length of 1000 mm for a beam screen length of 50 mm. Subsequently, we conducted the resistive wall beam impedance
calculations in MATLAB [25]. The software structure follows by defining the tangential magnetic field and surface impedance at
the boundary. Thereafter, we performed numerical integration utilizing Eqs. (7) and (8) using the trapezoidal integration function
available in MATLAB.

In our calculations of the resistive wall beam impedance for the FCC-hh, analogous to [26] we have adopted the following
simplifications to the nominal FCC-hh beam screen structure. The contribution of the pumping holes present in the outer chamber
has been neglected since it has been shown to represent only a minor contribution to the resistive wall impedance [5]. The sawtooth
pattern imprinted on the 75 um Cu of the outer chamber has been simplified as a smooth surface since previous measurements [27]
have shown that it does not significantly alter the surface impedance. The 75 pum thick Cu layer on the outer chamber has been
reduced to an effective thickness of 50 pum, to take into consideration that during the manufacturing process there might be an
effective mixture with stainless steel resulting in a heterogeneous layer [26, 28]. In addition, as suggested by [26] and [3], the
exposed stainless steel at the open edges of the C-shaped inner chamber susceptible to increase the resistive wall beam impedance
has been coated with 100 xm thick Cu.

Following the aforementioned considerations, we have calculated the resistive wall beam impedances using Egs. (7) and (8)
employing a simplified two-dimensional closed structure of the FCC-hh beam screen as illustrated in Fig. 2, for which we obtained
| Hy|. We have assumed a temperature of 50 K, where we consider that the thick wall approximation is valid for Cu at all frequency
ranges of interest, except at the outer chamber where the Z; function in Egs. (7) and (8) is extended to a bilayer problem and
evaluated using the generalized multilayer surface impedance theory [29]. For REBCO-CC, the London penetration depth Ay,
which is frequency independent, is lower than 200 nm; thus, it is smaller than the REBCO-CC thickness of about 2.5 pum.

3 Evaluation of surface impedance at FCC-hh conditions

The electromagnetic response of a surface with finite conductivity can be described by its surface impedance Z; = R, + i Xj,
where R; is the surface resistance and X is the surface reactance. As expressed in Eq. (7) and (8) surface impedance is one of
the determining parameters for the calculation of the resistive wall beam impedance. Therefore, knowledge of REBCO-CC surface
impedance is crucial when applied as coatings for the FCC-hh beam screen.

The surface impedance of REBCO-CC has to be determined under the extremely challenging operating conditions of the FCC-hh:
at 50 K, under external magnetic fields of up to 16 T for frequencies extending from &~ 2 kHz to &~ 3 GHz, and azimuthal magnetic
field strength between 130-230 A/m [30].

Several REBCO-CC, that differ in their architecture and superconducting properties have been studied [6, 30, 31] within the
framework of the FCC-hh design studies. In those studies, it was shown that Fujikura tapes with artificial pinning centers (Fujikura
APC) [32] are good representatives of REBCO-CC with one of the lowest surface impedance measured. Results in this paper have
been obtained from data measured in Fujikura APC sample.

The proposal of utilizing REBCO-CC requires specialized technological advancements in the way of preparation. The REBCO-
CC (shown in the top of Fig. 3) undergoes a delamination procedure to expose the REBCO (made of 2.5 um thick EuBaCuO),
directly to the beam (in the FCC-hh). Specific details of the procedure can be found in [33]. The result of the delamination procedure

@ Springer



Eur. Phys. J. Plus (2024) 139:1073 Page 5 of 14 1073

Fig. 3 Top: Fujikura APC
structure adapted from [32]. .
Bottom: end result of de-laminated Silver
Fujikura APC on a metal carrier.
Schematic of de-laminated

REBCO-CC on metal carriers
Buffer layer —-I:

Hastelloy

\ 4

Metal carrier

Solder <—_

Silver

is schematically shown in the bottom of Fig. 3. In this figure, the REBCO-CC is attached to a metal carrier, such as the beam screen,
using a solder specifically chosen to ensure adequate thermal contact and mechanical stability during a magnetic quench.
The surface resistance R; of superconductors can be phenomenologically expressed as

Rs = RS,O + Rs,B’ (9)

where Ry, ( represents the surface resistance at O T which, according to the BCS model, may depend on the intrinsic properties of the
superconductors. It may additionally contain residual surface resistance from external effects arising from weak links, defects, or
twin boundaries of the material. R p denotes the field-dependent surface resistance mainly attributed to the creation and movement
of quantized vortices or fluxons in the case of high-temperature superconductors.

The surface impedance data of de-laminated Fujikura APC used in this paper has been obtained in the frequency range from
6.5 to 13.6 GHz, at a temperature of 50 K, with magnetic fields up to 16 T, and very low VNA output power of —10 dBm to be in
the linear regime [34]. The measurement was performed using a multimodal dielectric resonator [34] to achieve variable frequency
measurement. Magnetic field dependence of the surface impedance was achieved using a ICEoxford High performance Cryogenic
system®(HPCS).

At zero magnetic field, we have measured R, o = 170(£78) 2 at 8 GHz and 50 K. The frequency dependence of Ry ¢ has been
taken to follow a f? dependence commonly observed in REBCO theoretically and experimentally [35]. Moreover, we measured
at different frequencies under an applied magnetic field and obtained the following relation: Ry g o f 1.28(20.05) p1.01(£0.02) wyith
Ry, p = 2.80(£0.26) mQ2 at 16 T, 50 K, and 8 GHz. To our knowledge, these are the first results ever of surface resistance measured
in high-temperature superconductors at 16 T in the GHz range.

Additionally, we measured the change of surface reactance with respect to the applied magnetic field through measurements at
8 GHz and 10 GHz and up to 9 T. Analogous to Eq. (9), the surface reactance X, can be described as Xy = AX; o + X, where
X5,0 = 2 f oA . In this equation, 1 is the permeability of free space, and A, is the London penetration depth that can be written as
AL = Ao/+/1 —(T/T.)*, where Ay = 150 nm is the standard penetration depth at 0 K of REBCO and T, is the critical temperature.
We measured AX; oc f104E0.05) p0.86(£0.02),

On the other hand, for Cu, we used measured R, values of the FCC-hh Cu taken from [30]. For stainless steel, we used the
resistivity of P506 SS grade obtained in [36]. Thus, we employed surface resistance values of Cu and stainless steel at 50 K of
RE" = 7.80(£0.40) mQ and R3S = 137.6 mR, respectively. Additionally, we assumed R; = X; o< 4/ as for normal metals.
The magneto-resistance of Cu has been shown to be negligible [30]. The magneto-resistance of SS stainless steel can also be
neglected [36]. Therefore, we consider a magnetic field-independent surface impedance for these materials.

Using the measured data for Z;, between 6 and 14 GHz, the results have been extrapolated to the range of interest, between
1 kHz and 100 GHz. In the extrapolation to low frequencies, we did not take into account extra effects that may arise at the foreseen
operating temperature from flux creep phenomena, and which cannot be evaluated in our experiments. Furthermore, of specific
interest for the FCC-hh are the values of the surface impedance at 1 T and at 16 T, which are the dipole magnetic fields at injection
and collision energies. The extrapolated Z; is shown in Fig. 4, where markers depict the measurements, solid lines present the
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Fig. 4 Surface impedance used in 103
the evaluation of resistive wall 10"
beam impedance obtained at 50 K. R 10" ;;
Markers depict measured Ry and S 103 —eeeer i -
X. Solid lines depict Ry. Dashed g‘ 105" /
lines illustrate Xj. Black, red, N 107 /
green, purple, and light green 107
colors represent stainless steel, 10" i e
copper, REBCO-CC at 16 T, 1013 . .
REBCO-CC at 1 T, and 10° 107 10° 10"
REBCO-CC at 0 T, respectively. Frequency (Hz)
The inset zoomed the area close to
the markers
1 1 2 3 4

(a) (b)

Fig. 5 Cross sectional view of the FCC-hh Cu with REBCO-CC in cyan and Cu in red. a Position 1. b All positions. The systematic position-dependent
study is performed by varying the position of a 2-mm wide strip REBCO-CC from position 1 in (a) toward the edge of the inner chamber indicated by
position 7 in (b), where (b) illustrates the positions being studied

surface resistance, and dashed lines describe the surface reactance. It is worth noting that the magnetic field in the measurements
is always applied perpendicular to the surface of the REBCO-CC samples, which is the orientation that gives the highest surface
impedance [37]. This implies that we have used a rather conservative value of surface impedance in our calculations.

4 Impact of REBCO-CC position, content, and manufacturability on the resistive wall beam impedance

In this section, we present a systematic study of the effect on the resistive wall beam impedance when placing REBCO-CC at
various BS sections and also with varying REBCO-CC content. In these calculations, we have used a beam screen configuration
with 100-um thick Cu open edges and have neglected the potential effects of an aC coating in this simplified model. Moreover,
we investigate the effect of open edges with exposed stainless steel and the effect of manufacturability by investigating the solder
residues after fabrication. It is important to note that in this section, we used the surface impedance of REBCO-CC at 0 T. While
we only show the inner chamber in the figures, the calculations were performed over the entire sections of the BS that is, including
the outer chamber as shown in Fig. 2.

4.1 Effect of REBCO-CC position

We examine the impact of the position of REBCO-CC on the resistive wall beam impedance while keeping REBCO-CC content
constant, by employing a 2-mm wide strip of REBCO-CC on the inner chamber of the beam screen. This 2-mm strip is placed
symmetrically; and therefore, we only illustrate it for one quadrant of the FCC-hh beam screen see Fig. 5. The rest of the inner
chamber is made of Cu.

Firstly, we define positions from 1 to 7, with position 1 starting at the top center of the inner chamber as depicted in Fig. 5a. The
2-mm strip is then positioned following the direction of the arrow until the last position, position 7, as shown in Fig. 5b. Positions
1 to 4 are located at the top section of the inner chamber; whereas, positions 5 to 7 are situated at the diagonal section of the inner
chamber. The curved sections of the inner chamber are not foreseen to be coated with REBCO-CC, since curving the REBCO-CC
potentially alters their microwave properties.

To demonstrate the impact of the REBCO-CC position, the relative percentage difference is calculated at each position compared
Zi, position *Zi. Cu

7 c , where i = x, y, z at a representative
1, Cu

to a full Cu beam screen. The calculation is performed through Z; geipifs =
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Fig. 6 Relative percentage == = ==
difference of resistive wall beam l L L I .
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Fig. 7 Models of various configurations taken from CST with a 0% REBCO-CC (Full Cu), b 53% REBCO-CC, ¢ 63% REBCO-CC, d 73% REBCO-CC,
and e 100% REBCO-CC (Full REBCO-CC). Red colored surfaces depict Cu. Cyan colored surfaces illustrate REBCO-CC

frequency which is at 1 GHz. With a 2-mm strip, we find that a 10% reduction (indicated by the black horizontal dashed line) is
large enough to describe which are the significant positions.

Figure 6 presents the Z; gepify in all planes for the different positions of the 2-mm strip. In general, reductions can be observed
in all planes. Multiple positions demonstrate a reduction above 10% in the real part, owing to its lower surface resistance, compared
to the imaginary part. Maximum reductions can be observed in both Zy and Z; when the 2-mm strip is positioned at position 1.
Whereas, a maximum reduction can be seen in Z, at position 7. Reductions above 10% in the real part of Z, can be observed at
positions 1-3, while positions 6-7 for Z,. As for the real part of Z,, reductions above 10% can be seen in positions 1-3 and 7.

In summary, the positions relevant for reductions of Zy, Zy, and Z; are positions 1-3 and 6-7. These are the positions at the top
section of the inner chamber closest to the center (i.e., x = 0), and the diagonal section closest to the open edge of Fig. 2.

4.2 Effect of REBCO-CC content
Following the position-dependent studies performed in Sect. 4.1, we define several configurations. Firstly, 0% REBCO-CC content

(full Cu) and 100% REBCO-CC content (full REBCO-CC) beam screen are included, which provides the upper and lower bound of
the resistive wall beam impedance. The next configuration consists of 53% of REBCO-CC with REBCO-CC placed at significant

@ Springer



1073  Page 8 of 14 Eur. Phys. J. Plus (2024) 139:1073

Fig. 8 Resistive wall beam
impedances for various
REBCO-CC content described in
Fig. 7. Solid lines present the real
part. Dashed lines depict the
imaginary part

Z (Qm?)

10" i i — 10
103 10° 10’ 10° 103 10° 10’ 10°
Frequency (Hz) Frequency (Hz)
0. .
10 —Full Cu

—53 % REBCO-CC
7 —63 % REBCO-CC

102 73 % REBCO-CC
£ —Full REBCO-CC
<3
NN

107

10"

103 10° 107 10°
Frequency (Hz)

positions emphasized in Sect. 4.1. It has a 6-mm wide REBCO-CC strip at the top section of the inner chamber and a 4-mm
wide REBCO-CC strip at the diagonal section. We then increased the REBCO-CC content to 63 and 73% REBCO-CC. The five
configurations are illustrated in Figs. 7a—e. We note that subdividing the REBCO-CC into narrow strips has been shown to overcome
shortcomings on the magnetic field quality that will be seen by the beam [7, 8]. Hence, 63% and 73% REBCO-CC configurations in
Figs. 7c, d use 2- and 4-mm wide REBCO-CC. In order to fully decouple the REBCO-CC strips, a 200-um wide Cu gap at the top
section of the inner chamber and 600-um wide Cu gap at the diagonal section are introduced in configuration (c). In configuration
(d), two 200-um wide Cu at the top section of the inner chamber and a 600-um wide Cu gap at the diagonal section are introduced
in 73% REBCO-CC between the REBCO-CC strips. One of the 200-«m wide Cu has its center aligned at x = 0. 200- and 600-xm
wide Cu gap have been taken as possible typical values of the gap left after assembling the hybrid beam screen.

Figure 8 depicts the calculated resistive wall beam impedance Zy, Zy, and Z; for the different beam screen configurations
considered. It can be seen that the resistive wall beam impedance, both the real and the imaginary parts, decreases gradually in all
three planes with increasing REBCO-CC content. A notable reduction is observed in Zy, followed by Z,, and then Z,. It can be
noticed in Fig. 8 that contrary to the full Cu beam screen where the difference between Z, and Z, is small, the hybrid beam screens
(53% - 73% REBCO-CC) present large differences between the two transversal planes. As the REBCO-CC content increases, this
difference is further enhanced. It turns out that this outcome is attributed mainly to the contribution of Cu at the outer chamber
evident from the results of the full REBCO-CC coated beam screen in Fig. 8. Even with this full REBCO-CC coating in the inner
chamber, the real part of Z, can only be reduced at most by a factor of 5 at 5x 10° Hz. The contribution of Cu in the outer chamber
also limits Z,, wherein one can find a factor of 10 reductions for the full REBCO-CC beam screen also at 5x 10° Hz.

Although there are large differences in the magnitude of Z, and Z, for the studied hybrid beam screens, in general, for the real
part, their frequency dependence behaves the same; all lines being parallel to the full Cu beam screen resistive wall beam impedance.
This trend is also evident in the full REBCO-CC beam screen at low frequencies, except above 1 GHz where one can notice an
increase in slope. This shift is understood to be due to the frequency dependence of REBCO-CC surface impedance. As for the
imaginary part, Zy and Z, tend to converge toward the frequency dependence of the full Cu beam screen at low frequencies; whereas,
they converge toward the full REBCO-CC beam screen at high frequencies. This can also be observed in Z,. These findings are
consistent with studies performed in the hybrid elliptical beam screen [12], wherein there is a crossover from a regime dominated
by the frequency behavior of Cu at lower frequencies to a regime dominated by the behavior of the REBCO-CC at high frequencies.
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Fig. 9 Effect of exposed stainless
steel on the horizontal resistive
wall beam impedance. a 73%
REBCO-CC BS with exposed
stainless steel in gray. b Effect of
exposed SS through comparison
of Cu configuration coated with
Cu at the open edges in red, 73%
REBCO-CC with exposed SS in
purple, and 73% REBCO-CC with
Cu-coated open edges in cyan.
Solid lines present the real part.
Dashed lines depict the imaginary
part

Z_(Qm?)

% 10" —cu (Cu-coated)
—73% REBCO-CC w/ exposed SS
o 73% REBCO-CC (Cu-coated)
10° 10° 107 10°
Frequency (Hz)

(b)

From the point of view of reducing the resistive wall beam impedance, a 100% REBCO-CC coating would be desirable. However,
it has been shown [38] that this coating will not fulfill the specifications on the magnetic field quality. The highest REBCO-CC
content that meets the magnetic field quality and lowers the resistive wall impedance the most is the 73% REBCO-CC beam screen,
presented in Fig. 7d. We expand the study of this configuration by investigating potential risks due to fabrication and exposed
stainless steel, and evaluating its impact on the FCC-hh operation conditions.

4.3 Effect of open edges with exposed stainless steel

Although exposed stainless steel (SS) has previously [26] been shown to increase the resistive wall beam impedance horizontally
in a full Cu beam screen, we studied its effect on the resistive wall beam impedance of a hybrid beam screen. We have taken a 73%
REBCO-CC beam screen and used stainless steel on the open edges, as shown in Fig. 9a. Figure 9b displays the horizontal resistive
wall beam impedance as it is the beam impedance most affected by this change. It can be observed that the impedance of the 73%
REBCO-CC beam screen with exposed stainless steel is higher, by a factor 3, compared to the 73% REBCO-CC beam screen coated
with Cu at the open edges. This increase is significant, resulting in a value comparable to the one of a full Cu beam screen. The
longitudinal resistive wall beam impedance, is also affected, increasing by a factor of 3, while the vertical resistive wall impedance
only increases by a factor 1.1. These results imply that exposed stainless steel degrades the beam impedance to the point where the
use of REBCO-CC is meaningless to reduce the horizontal resistive wall beam impedance.

We strongly recommend that any further development of the beam screen, considers coating any open edges with highly conducting
material, such as Cu or REBCO-CC.

4.4 Effect of manufacturability

The hybrid beam screen configuration shown in Fig. 7d with Cu open edges has been used to study the potential effect of solder
residues after fabricating the hybrid beam screen. We assume that a 100-um wide gap of solder may leak on each side of the
REBCO-CC. For simplicity, we demonstrate the effect of solder residues by increasing the surface resistance of these 100-yum wide
gaps to thrice [38] the surface resistance of Cu and subsequently compute the relative difference in percentage of the resistive wall
beam impedance due to this change. We want to emphasize at this point that the effect of soldering residues on the manufacturability
have only been considered in relation to the changes introduced in the resistive wall impedance. We acknowledge that the presence
of such residues would also have an important contribution to the geometrical impedance [39] which has not been considered here
as our conclusions are primarily based on resistive wall impedance.

Figure 10 shows the vertical resistive wall beam impedance of 73% REBCO-CC beam screen with solder residues compared to
Cu and 73% REBCO-CC beam screen without solder residues. It can be observed that the presence of solder increases the vertical
resistive wall beam. The maximum increase in the real part, approximately by 105% is found at 6x 103 Hz and an increase of 101%
is found at 2.1 x 103 Hz for the imaginary part. The horizontal and longitudinal resistive wall beam impedances, on the other hand,
increase less than 50%. Nonetheless, all resistive wall impedances remain lower than that of a full Cu beam screen.
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Fig. 10 Effect of solder residues 105

through comparison of Cu

configuration in red, 73% \
REBCO-CC with solder residues

in black, and 73% REBCO-CC 102 ——

without solder residues in cyan. Y kx
—Cu ~_|

Dashed lines depict the imaginary
. —739 N i
part. All the configurations have 73% REBCO-CC with solder

Z (Q/m?)

Cu-coated open edges. Solid lines 10" T9% REAcOSe WIthoTt solder
present the real part 108 108 10°
Frequency (Hz)
Lorem ipsum
Table 1 Summary of the ratio of Plane Ratio Injection, 1 T Collision, 16 T
growth rates between a full Cu
beam screen and a 73% 1
REBCO-CC beam screen at X _1}7(:“ 11.2 11.2
coupled-bunch frequency for Ty, 73%REBCO—-CC
injection and collision energies T ::H
y —_— 2.8 2.8

T
Tx,73%REBCO—~CC

5 Impact of the resistive wall beam impedance at the operating conditions of the FCC-hh

We have calculated the resistive wall beam impedance for a beam screen with 73% of REBCO-CC in the inner chamber and any
exposed open edge is coated with Cu, at injection and collision energies, which correspond to dipolar magnetic fields of 1 T and
16 T, respectively. We adopt here the correspondence between the beam energy (injection and collision) and the magnetic field (1 T
and 16 T) since this is the parameter that changes the surface impedance at these operating conditions.

The vertical resistive wall beam impedance, Zy, identified as the most critical one for the FCC-hh [5], contributing significantly
to the transverse coupled-bunch impedance budget at both injection and collision energies, while the transverse mode coupling
instability, that can cause a single bunch effect, contributes mainly at injection limiting the maximum bunch current attainable.

The most unstable mode of the couple bunch instability at zero chromaticity, can be proven to be roughly proportional [36] to
the real part of the beam coupling impedance evaluated at the lowest betatron sideband f. = (1 — Q) fo where fj is the revolution
frequency and Q is the fractional part of the betatron tune, which results in f. = 2.1 kHz. In the following, we compare the growth
rate of the coupled-bunch instability of a 73% REBCO-CC beam screen with a 100% Cu beam screen using,

-1
ty,Cu m(Zy,Cu)

T aresco—cc  NZy13%REBCO-CC)

(10)

We note that Eq. (10) is an oversimplification, and it only reflects the ratio between two beam screen configurations with different
surface impedance while neglecting all other parameters that might also contribute to the impedance growth rate. Nonetheless, since
the beam screen’s resistive wall beam impedance is the main contributor to the beam impedance budget [5], we believe that the
expression in Eq. (10) might allow an adequate comparison between a hybrid and a pure Cu beam screen.

Table 1 summarizes the ratio of coupled-bunch instabilities growth rates between a full Cu and a 73% REBCO-CC beam screens
at injection and collision energies.

The analysis reveals that the growth rate ratio of the coupled-bunch instability is independent of the magnetic field, and thus,
of the beam energy. In the vertical plane we observe one order of magnitude reduction in the growth rate compared to that of the
full Cu beam screen. In the horizontal plane, a three-fold reduction in the growth rate is observed. The Cu contribution from the
outer chamber limits the resistive wall beam impedance of a hybrid beam screen and therefore even if the surface impedance of
REBCO-CC is orders of magnitude lower compared to Cu (Fig. 4) at low frequencies, the beam impedance does not decrease
accordingly. Nonetheless, these results show a reduction in the growth rate compared to Cu independent of the magnetic field. This
would mean that there could be a potential margin for an increase in the dipole magnetic field, hence, the collision energy (e.g., as
the FCC-hh 20 T magnetic field scenario [40]).

On the other hand, the single bunch instability, and therefore the maximum achievable bunch current, is governed by the imaginary
part of the transverse resistive wall beam impedance. To achieve optimal bunch intensity threshold, it is desirable to minimize the
imaginary part of the impedance as possible. Although the FCC-hh beam screen’s effect on the bunch intensity threshold is small
compared to other accelerator components, it is still considerable [5, 36]. In Fig. 11, we compare the imaginary parts of Z, and
Z, between full Cu and 73% REBCO-CC beam screens at injection and collision energies. It is evident that the imaginary parts of
73% REBCO-CC beam screen remain lower compared to Cu across nearly all frequencies of interest. These findings suggest that
REBCO-CC coating enhances the bunch intensity threshold, potentially increasing the collision rate in the FCC-hh.
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Fig. 11 Resistive wall beam
impedances at injection (1 T) and
collision (16 T) energies for a 73%
REBCO-CC beam screen
compared to 100% Cu beam
screen. Solid lines present the real
part. Dashed lines depict the
imaginary part. The orange
vertical dashed line highlights the
coupled-bunch frequency

10 10° 10" 10° 10° 10° 10" 10°
Frequency (Hz) Frequency (Hz)
100 . .
—1Tand 16 T (Full Cu)

~—16 T (73% REBCO-CC)
—1T (73% REBCO-CC)

-6
10
10  10° 10"  10°
Frequency (Hz)
Table 2 Energy loss ratio between Ener AEcy,
full Cu- and 73% REBCO-CC & AE73%REBCO—CC
beam screen
Injection energy 53
Collision energy 5.1

The real part of the longitudinal resistive wall beam impedance, R(Z;), can be used to determine the energy loss in the FCC-hh
due to the image current. The energy loss for a Gaussian bunch per revolution turn can be described by,

AE /oo R(Z (e 117 4 f (11)
0

where the value of the bunch length (o) is 1.07 ns for the FCC-hh and f is the frequency. The ratio of the energy loss between a
73% REBCO-CC beam screen and a 100% Cu beam screen can be computed as the ratio of the real part of the longitudinal beam
impedance as given in Fig. 11. Since R(Z;) is independent of the magnetic field below 100 MHz, and only shows a small dependency
above 1 GHz, the ratio of energy loss at injection and collision energies is almost the same, as shown in Table 2. The heat load due
to the image currents reduces by a factor of five when using a 73% REBCO-CC beam screen compared to a full Cu beam screen.

For completeness, we include the effect of coating the beam screen with a thin layer of amorphous carbon. To calculate the impact
of such an aC layer on the resistive wall beam impedance, we coat the top and bottom sections of the inner chamber, including its
curved corners, with Ti-aC layers. These are the sections of the inner chamber critical for electron cloud build-up and have been
suggested to be coated by [3]. In our calculations, we use aC thickness of 100 nm and Ti thickness of 150 nm, although thinner
coatings can also be produced [6]. The surface impedances of aC and Ti are derived from the knowledge of their skin depths, which
are experimentally estimated in [6] at 50 K and 8 GHz to be about 23 um and 1 pwm, respectively.

Figure 12 shows the resistive wall beam impedances in the three planes for the beam screens with and without Ti-aC coating
comparing the results of a fully coated Cu BS with a 73% REBCO-CC content BS. On the real part, it can be observed that Ti-aC
beam screens do not significantly alter the resistive wall beam impedance in the three planes. On the imaginary part, it can be
observed that below 107 Hz, there are no changes in the resistive wall beam impedance. However, above 107 Hz, the difference
between with and without Ti-aC coating increases with increasing frequency. The largest difference can be observed in the imaginary
part of Z, at injection energy amounting to a factor of 2.2 at 3 GHz. We emphasize that the baseline design made of Cu also requires
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Fig. 12 Resistive wall beam
impedances at injection (1 T) in
purple and collision (16 T)
energies in green for a 73%
REBCO-CC beam screen
compared to a full Cu beam screen
in red. Solid lines show those
without Ti-aC coating. Dashed
lines depict those with Ti-aC
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the aC coating, which increases its resistive wall beam impedance by a factor of 2; and therefore, REBCO-CC beam screen remains
lower than Cu beam screen.

6 Conclusion

We have investigated the impact of hybrid REBCO-CC-Cu on the resistive wall beam impedance of the FCC-hh nominal beam
screen design, employing values of REBCO-CC obtained at experimental conditions as close as possible to the working conditions
of the FCC-hh. We have combined CST and the generalized beam coupling impedance theory to calculate the resistive wall beam
impedance of the complex FCC-hh beam screen structure.

We have optimized the hybrid REBCO-CC-Cu content distribution by performing a position and REBCO-CC content study,
identifying the significant positions where REBCO-CC significantly reduces the resistive wall beam impedances. In addition, by
studying a full REBCO-CC inner chamber, we found that the resistive wall beam impedance is still limited by the contribution of
Cu from the outer chamber. The analysis of results demonstrated that a 73% REBCO-CC content is the maximum one that reduces
resistive wall beam impedance the most and, at the same time, satisfies the magnetic field quality criteria. By employing this content,
the resistive wall beam impedance presents reduced growth rates, increased bunched intensity, and low heat load compared to that
of a full Cu beam screen. It has also been observed that the resistive wall beam impedance for all three planes is nearly independent
of the magnitude of the dipole magnetic field, which may suggest there is still potential room for an increase in the collision energy.
This remains true even when the beam screen is coated with titanium and amorphous carbon layers.

Besides the limitation in the resistive wall beam impedance due to the presence of Cu in the outer chamber, we have investigated
the impact of the surface resistance of exposed stainless steel and of the possible solder residues after fabrication. In the case of
the exposed stainless steel open edges, the simulations show a significant increase in resistive wall beam impedance to the point
that it renders the coating with REBCO-CC meaningless, at least in the horizontal plane. These open edges will have to be covered
with highly conducting materials to ensure beam stability. On the other hand, when the solder residues are present, large increase in
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the vertical resistive wall beam impedance can be observed to about 105% in both real and imaginary parts. These results suggest
avoiding solder residue as much as possible.

Our conclusions are based on resistive wall impedance and on the potential beneficial impact of using REBCO-C as beam screen,
which has not yet been implemented in any accelerator. We acknowledge that other forms of impedance could influence the results
presented here and further studies will be required in the future.

We have demonstrated in this study that by using REBCO-CC, the resistive wall beam impedance in a 73% REBCO-CC beam
screen outperforms the behavior of the Cu beam screen.
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