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Abstract

The Future Circular electron-positron Collider (FCC-
ee) is a proposed new storage ring of 91 km circumference,
which has been designed to carry out a precision study of
Z, W, H, and ttbar with an extremely high-luminosity and
unprecedented energy resolution. Given the high-energies,
ranging from 45.6 to 183 GeV, the Synchrotron Radiation
(SR) power is assumed to be limited to 50 MW per beam in
all operation modes. A high-performance RF system based
on Superconducting Cavities (SC) is supposed to compen-
sate for SR losses. Different SC technologies are currently
under study for such a system, the Slotted Waveguide EL-
Liptical (SWELL) being one of the possible solutions. In
this paper, we numerically compute the position of the mul-
tipacting barriers of a SWELL cavity prototype, resonating
at 1.3 GHz. We benchmark it against the TESLA cavity bar-
riers, which are well documented. First results show that the
SWELL cavity is less prone to multipacting in its operation
range than the equivalent TESLA one.

INTRODUCTION

The Slotted ELLiptical Waveguide (SWELL) is a promis-
ing superconducting radio-frequency (SRF) cavity design,
based on the conceptual designs presented in [1, 2]. It op-
erates in the TMy;, mode; it is composed of four open-
structure quadrants, as shown in Fig. 1. It comprises four
slots, which allow for an excellent Higher-Order Mode
(HOM) transverse damping. It can operate both at high
beam-current and at high accelerating gradient. Hence, it is
a good candidate to have a single cavity type for the Z, W
and H operating modes of FCC—ee; they are listed in Table 1
[3].

Table 1: RF voltage, beam current and accelerating field
for the different operation modes of FCC—ee for a 600 MHz
SWELL cavity [4].

Mode Z W H ttbar
RF voltage [GV] 0.120 1 2.08 11.3
Beam current [mA] 1280 135 26.7 5
E,.. [MVm™] 2.67 10 125

The SWELL cavity proposed for FCC—ee consists of two
cells as shown in Fig. 1a, and works at 600 MHz [5, 6]. Un-
der the framework of the FCC Feasibility Study, the CERN
RF group designed a SWELL version of the middle-cell of
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the TESLA elliptical cavity [3, 7]. It resonates at 1.3 GHz,
has a single cell and its slots are closed; it is represented
in Fig. 1b. A Cu prototype of the 1.3 GHz cavity has been
fabricated, assembled and tested with success at CERN [8].
The LPSC and the IJCLab laboratories are contributing to
this effort by studying the multipacting in the SWELL cavity.

g

(a) SWELL 600 MHz two-cells.

(b) SWELL 1.3 GHz mono-cell
prototype, that we study in this

paper.
Figure 1: Representations of the SWELL cavities. Three
quadrants over four are shown. Notice the different scales
between the cartoons (a) and (b).

The multipacting is a parasitic resonant effect that can
occur in RF systems under vacuum. It prevents the cavity
from reaching its nominal field, creates a heat load on the
walls of the cavity and degrades its quality factor. Even if
multipacting was a significant issue in early cavities [9], it
is generally considered that it can be mitigated in elliptical
cavity shapes [10]. Nonetheless, it is important to quantify
the apparition of this phenomenon in every new cavity de-
sign. Furthermore, the SWELL's HOM damping slots are a
feature that could favor the multipacting apparition.

In this paper, we study the multipacting in the SWELL
1.3 GHz prototype. We use the TESLA elliptical cavity
as a benchmark, where multipacting was experimentally
observed for accelerating fields in the 17—-22 MV m™' range
[10-13].

NUMERICAL TOOLS SET UP AND INPUTS

We computed the field maps in the SWELL prototype
and in the TESLA cavity with the eigenmode solver of CST
Microwave Studio [14]; the geometry was imported in the
form of a STEP file. Then, we used the Particle-in-Cell (PIC)
solver of CST to compute the evolution of the electron pop-
ulation with time n(t). For every simulation, we computed
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the exponential growth factor a, defined as:

i(t) = nltg)e?’ t e [ty 1] (1)
where 7(t) is the number of electrons averaged over an RF
period. 7 is the time at the beginning of the multipactor
exponential growth. #; is the simulation end time. We stud-
ied accelerating fields ranging from 1 to 30 MV m~!, which
covers the SWELL operating range as well as the TESLA
multipacting zone.

Electron emission is the phenomenon at the origin of
the electron population growth. It takes place in the first
nanometres of the material, and it is hereby extremely sensi-
tive to the presence of contaminants [15]. Its main figure of
merit is the Total Electron Emission Yield (TEEY, o), which
corresponds to the number of emitted electrons per incident
electron. Emitted electrons can be secondary electrons, elas-
tically backscattered electrons or inelastically backscattered
electrons; they are not discriminated from each other in this
study.

The SRF SWELL cavity is made of copper, with a very
thin layer of pure niobium deposited on the inner wall by
sputtering. Due to the thickness of the Nb layer, the Cu
substrate does not influence the electron emission properties.
Here, we take the TEEY of three different bulk Nb sam-
ples as input for the simulation. They went under different
treatments and show different surface states. “Degreased”
sample was simply degreased, and thus still holds its con-
tamination layer [16]. “Baked out” sample was baked out
at 300 °C, which removed most of its contaminants [17, 18].
“Sputtered” was electropolished and shows very little con-
tamination [16]. We represented in Fig. 2 the TEEY as a
function of the energy of incident electrons, at normal in-
cidence, for this three materials. In our simulations, we
modelled the TEEY with modified Vaughan model [19, 20].
We used a mean electron emission energy of 7.5 V.

1.5 |

TEEY
I

—o— Degreased |

0.5 -
—=— Baked out
—a— Sputtered
O | | | | | |
0 200 400 600 800 1000

Energy of incident electrons [eV]

Figure 2: TEEY used for simulations. Degreased and sput-
tered data are taken from Ref. [16], and baked out from
Ref. [17, 18].
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EXPONENTIAL GROWTH FACTORS

CST Microwave Studio Eigenmode Simulations

We computed the electromagnetic field in the cavities
under study with the CST eigenmode solver, after exten-
sive convergence studies. We used a tetrahedral mesh; we
observed that calculating the field map with a hexahedral
mesh ultimately led to higher variations of a from one PIC
simulation to another. We observed that the angle between
two sectors was a critical parameter; we set it to 1°, which is
the lowest possible. It reaches a conclusion from Ref. [21],
where the electromagnetic fields were calculated with HFSS.
We also observed that introducing symmetry planes was
necessary. Omitting them led to important and unphysi-
cal electric field peaks and thus to unreasonable values of
E/Eyc and Hyy /E, ., which also favored the apparition of
the multipacting. It is perhaps because the geometry files
are created with another software and imported into CST.

CST Microwave Studio PIC Simulations

a [ns7!]

. - ----TESLA, degreased Nb |
MEWY W —— SWELL, degreased Nb

' ----TESLA, baked Nb
—— SWELL, baked Nb

-1 | | \ \ \
5 10 15 20 25 30

Eyee [MVm™!]

Figure 3: Exponential growth factor as a function of the ac-
celerating field calculated with CST Microwave Studio. The
cavities are the TESLA mono-cell 1.3 GHz and the SWELL
mono-cell 1.3 GHz. Results for the sputtered Nb are not
represented as no multipacting was detected.

‘We used a hexahedral mesh for the PIC simulations; tetra-
hedral meshes are not supported for this solver. We repre-
sented in Fig. 3 the exponential growth factors calculated
with CST Microwave Studio data, as a function of the ac-
celerating field. As expected, the multipacting is the most
marked with the degreased Nb, which has the highest TEEY.
For some simulations, all electrons were rapidly collected
and values of ¢ were not consistent. It is the case for all
sputtered Nb simulations (not represented in Fig. 3) and for
SWELL baked Nb at E,.. < 10MV m~!. From a general
point of view, the baked Nb a curves are more noisy. As a
matter of a fact, with this material, the multipacting almost
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does not exist and even a small decrease in TEEY led to the
disappearance of the phenomenon.

For the TESLA cavity, we observe with baked and
degreased Nb a first small multipactor barrier around
6 MV m™!, and a second one at 8 MV m™! and onwards. As
multipacting is expected to appear around 17 -22 MV m™!
[10-13], either our simulations overestimate the multipact-
ing, or none of the TEEY that we used is representative of the
cavities properties. It is also possible that both explanations
are correct. The a curves for the SWELL follow the same
tendency than the TESLA. Under 22 MV m~!, multipacting
is less marked in the SWELL than in the TESLA. In the
contrary, it is more pronounced in the SWELL prototype for
Epe >22MVm~1,

DISCUSSION

Preliminary results would show that although the TEEY
influences the amplitude of the multipacting, it does not
seem to modify the shape of the a(E,..) curves. Firstly,
the electron emission data available from literature is not
valid in the very low impact energy range. We represented
in Fig. 4 a histogram of the electrons impact energies dur-
ing a CST PIC simulation, in the SWELL cavity and for
E,. = 20MVm~!. Material is baked Nb; we also repre-
sented the range of energies for which the electron emission
data of this material is valid. There is a significant propor-
tion of low-energy electrons, which fall out of this range.
For degreased Nb, the first cross-over energy is even lower
than the first measure point. Secondly, we did not use ex-
perimental data for the electron emission energy, nor for
the TEEY at non-normal incidence. Both have a significant
influence on the multipactor apparition [10, 22]. Thirdly,
we did not discriminate backscattered electrons from sec-
ondaries which may influence the multipacting apparition
dynamics [23, 24].

The material of the SWELL cavity is not bulk niobium,
but Cu with sputtered Nb. They are not created through
the same processes, and their surface state as well as their
contaminations may be very different, and so will be their
emission properties. Electron emission measurements on
Nb/Cu samples will take place at ONERA Toulouse, France
and [JCLab at Orsay, France by the end of the year. They will
include measurements of TEEY at low energy, at different
impact angles and of emission energy distribution.

We observed that the TESLA and SWELL prototype had
similar & (E,..) curve shapes. For E,.. < 22MVm™!, the
electron avalanche occurs on the whole equatorial plane, as
represented in Fig. 5a. It is a two-point multipactor and is
well documented in elliptical cavities. For a given value of
accelerating field, the electric field is lower on the SWELL
equator than on the TESLA equator; hence multipacting is
more pronounced in the latter cavity. After 22 MV m~!, the
multipactor in the SWELL cavity appears around its slots; it
is represented in Fig. 5b, and is a two-point multipactor as
well. In contrary to what we first thought, multipacting does
not appear inside the slots. Instead, all electrons that enter it
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Figure 4: Histogram of the impact energies of electrons
in the SWELL prototype, according to CST. Simulation
realized at E,.,, = 20MV m~! with baked Nb.

go out of resonance and do not participate to the multipactor
anymore. This type of multipacting does not concern the
TESLA cavity and explain why SWELL is the most prone
to multipactor at the highest values of E,...

K, s
l’- % . p .
‘{ ,"?i-".' 4 - +
» E"- - '.':. '5 “'
_:.\- T ..
-~ S

(@ E, = 17TMVm: (b) E,. = 22MVm™':
multipactor on the equato- multipactor at the slots en-
rial plane. trance.

Figure 5: Position of the electrons at the end of the CST
simulations, for the SWELL cavity and degreased Nb.

CONCLUSION

In this paper, we studied the multipacting in the SWELL
1.3 GHz prototype and in the benchmark TESLA cavity. We
used the numerical simulation tool CST Microwave Stu-
dio. We observed that multipacting was less marked in the
SWELL prototype than in the TESLA at accelerating fields
lower than 22 MV m~!, where SWELL will be exploited.

In order to consolidate this study, a similar set of simula-
tions with SPARK3D is ongoing. Electron emission mea-
surements on Nb/Cu samples will be led at the ONERA
Toulouse and at IJCLab; it will allow us to realize a new
set of simulations, with a more realistic electron emission
model. We will also perform multipacting measurements on
the SWELL prototype at the CERN by the end of the year —
fabrication of the Cu prototype is finished, and deposition
of the Nb film is about to start [8]. Finally, we plan to real-
ize multipacting studies for the two-cell 600 MHz SWELL
cavity as well.
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