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Abstract
Resistive wall wakefields are an important issue to study

for future linear colliders. Wakefields in the Beam Deliv-
ery System (BDS) might cause severe multi-bunch effects,
leading to beam quality and luminosity losses. The resistive
wall effects depend on the beam pipe apertures and mate-
rials, which are optimised to limit the impact on the beam.
This paper presents a study of this issue for the 380 GeV
and 3 TeV beam parameters and optics of the Compact Lin-
ear Collider’s BDS. First, the resistive wall effect and the
calculation of the beampipe apertures is shown, then the lu-
minosity and its quality are presented. Finally, the proposed
design parameters discussed.

INTRODUCTION
The Compact Linear Collider (CLIC) is a proposed future

electron–positron collider with the potential to reach centre-
of-mass energies in the TeV scale. The construction and
physics programme is assumed to be carried out in three
stages: at 380 GeV, 1.5 TeV, and 3 TeV [1].

The Beam Delivery System (BDS) transports electron and
positron beams from the linacs to the Interaction Point (IP).
First, the beam is cleaned in the energy and betatron colli-
mation sections and then it is focused with the Final Focus
System (FFS). The FFS is made of dipoles, quadrupoles and
sextupoles that have been optimized to match the desired
beam parameters at the IP. The total FFS length is 770 m
at all energy stages [2]. An intra-pulse feedback system is
installed on both sides of the CLIC detector, each consists of
a Beam Position Monitor (BPM) and a kicker. It is designed
to iteratively correct the incoming beam position within a
single bunch train, with a goal to increase the luminosity
with each iteration [3].

To achieve the desired high luminosity nanometre-scale
bunch size with a population in the order of 109 particles,
as well as bunch trains with a large number of bunches, are
required. These intense charges give rise to resistive wall
wakefields, which may cause significant multi-bunch effects
leading to beam quality and luminosity losses.

The resistive wall wakefields pose a limitation on how
small the vacuum chamber apertures can be. Larger aper-
tures are not desired due to the increased costs of magnets
and the increased complexity of assuring their field unifor-
mity. In the CLIC BDS the use of room-temperature magnets
is envisaged. This imposes a limit on the magnetic field in
the magnet poles of around 1.5 T, which provides an upper
limit on the allowable radii of the apertures. Any design of
the apertures to minimise the resistive wall wakefield effect
must fall between these two limits on radii.
∗ dominik.arominski@cern.ch

RESISTIVE WALL EFFECT
The resistive wall effect is a result of finite vacuum

chamber conductivity. The surface current induced on the
beampipe wall is delayed with respect to the source and can
interact with the following charged particles over short- and
long ranges.

In this study, the classical treatment of resistive wall wake
was used, and only the fundamental transverse mode is con-
sidered, where thick walls, circular aperture shapes, and
ultra-relativistic particles are assumed. The formula for the
wake potential [4]:

𝑊(𝑧) = −𝐿 𝑐
𝜋𝑏3

√ 𝑍0
𝜋𝜎𝑟𝑧

[ 𝑉
𝐶𝑚] , (1)

where: 𝑍0 - impedance of the vacuum: 1/𝜀0𝑐, z - longitudi-
nal distance between the source and the impacted particle,
𝜎𝑟 - conductivity of the wall material, 𝑏 - aperture radius, 𝐿
- length of the considered accelerator element in which the
wake propagates.

RESULTS
The bunch trains were created at the beginning of the

BDS with a uniform offset of half of the RMS bunch size in
both the horizontal and vertical directions for all bunches.
Then PyHEADTAIL [5] was used to perform linear track-
ing through the BDS up to the interaction point (IP), taking
into account the multi-bunch and resistive wall effects. The
sensitivities to the effect was checked by calculating the
luminosity in Guinea-Pig [6]. The scenario used assumed
duplicating the beam that was transported through the BDS
by PyHEADTAIL and centring one of the copies at (0,0)
while leaving the other to remain fully impacted by the resis-
tive wall wake. The statistics used in this study was 30 bunch
trains. The conductivity numbers used were 5.96 ⋅ 107 S/m
and 1.45 ⋅ 106 S/m for copper and stainless steel respectively.

The nominal apertures were calculated for each element
along the BDS using the following formula:

𝑅 = 𝑚𝑎𝑥{𝑟𝑚𝑖𝑛, 1.1 + 𝑚𝑎𝑥{15𝜎𝑥, 55𝜎𝑦}}, (2)

where the minimal radius 𝑟𝑚𝑖𝑛 was based on a previous study,
and was equal to 6 mm at 3 TeV and 15 mm at centre-of-mass
energy of 380 GeV, which was scaled from the 500 GeV
design [7]. The beam sizes were calculated using:

𝜎𝑥,𝑦 = √𝜀𝑥,𝑦𝛽𝑥,𝑦 + (𝐷𝑥,𝑦𝛿)2, (3)

where: 𝜀𝑥,𝑦 - geometrical emittance, 𝛽𝑥,𝑦 - beta function,
𝐷𝑥,𝑦 - dispersion, 𝛿 - relative energy spread. The collima-
tion depth of 15𝜎𝑥 and 55𝜎𝑦 was taken from a collimation
study [8].
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The goal of this study is to have a comparable sensitivity
to the resistive wall wakefield at both energy stages with a
maximal luminosity loss in the order of 1%.

380 GeV CLIC
The aperture distribution along the BDS is shown in Fig. 1.

The luminosity distributions along the bunch train where
two materials: steel and copper are used for the vacuum
chamber walls and compared to the case where there were no
wakefields present are shown in Fig. 2. The luminosity loss
when stainless steel is used shows a quickly decaying pattern
and reaches 13% at the end of the bunch train. Therefore
this material is not advised to be used for the inner walls
of the vacuum chamber without any additional mitigation
method. The luminosity distribution when a copper coating
is used is less steep than for steel, and the loss reaches 2.5%
in comparison to the no-wakefield hypothesis. These results
suggest that there is a significant sensitivity present to the
resistive wall effect in the current design of the BDS, which
needs to be mitigated (see below).
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Figure 1: Apertures distribution in the CLIC Beam Delivery
System at 380 GeV.
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Figure 2: Luminosity distribution along the bunch train with
copper and steel beampipes in CLIC BDS at 380 GeV.

3 TeV CLIC

The aperture distribution along the BDS is shown in Fig. 3.
The simulated luminosity when copper and steel beam pipes
are used and compared to the distribution when the wake-
field does not impact the beams are shown in Fig. 4. The
luminosity distribution along the bunch train when the cop-
per coating is used shows a slowly decreasing trend. In this
case, the luminosity loss reaches 1.2%. This suggests that
the assumed minimum aperture radius of 6 mm is optimised
and further mitigation of the effect is not required. The re-
maining loss can be restored using the intra-train feedback.

The use of a steel beampipe leads to a significant luminos-
ity degradation, with a maximum luminosity loss of over 6%,
and the emergence of a non-monotinic pattern where there
is initially a trough, then the luminosity increases above the
nominal value at the assumed offset, that is followed by a
steep decrease. The higher rate of change in the luminosity
distribution in comparison to when copper is used makes
the luminosity more difficult to regain using the IP feedback
system.
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Figure 3: Apertures distribution in the CLIC Beam Delivery
System at 3 TeV.
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Figure 4: Luminosity distribution along the bunch train with
copper and steel beampipes in CLIC BDS at 3 TeV.
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Mitigation
The found sensitivity to the resistive wall effect at 380 GeV

can be addressed either by using a material with a higher con-
ductivity or by increasing the aperture radii. The former does
not offer a significant improvement in the already assumed
simulation conditions, as the only metal more conductive
than copper at room temperature is silver. The reduction
in the wakefield amplitude, using Eq. (1), would be 2.7%,
which would be insufficient mitigation.

Thus an increase in the aperture radii needs to be intro-
duced. Using the formula from Eq. (1), one can calculate
that an increase in the radius of 44% should lead to a de-
crease in the sensitivity by 66%, and limit the luminosity loss
to 1%. The luminosity sensitivity to the wakefield impact
concentrates in the FFS [9], and thus the aperture increase
is proposed to be implemented between the beginning of the
FFS and the final doublet. The extended apertures in the
FFS are shown in Fig. 5.

The result of the luminosity performance simulation with
the extended apertures is shown in Fig. 6. The 44% increase
in aperture allows limiting the luminosity loss down to 1%.
The 44% extension provides a satisfactory limitation of the
lumininosity loss due to the resistive wall effect. The aver-
age vertical offset distributions at IP with both the nominal
apertures design and the extended radii option for the FFS
are shown in Fig. 7. The difference in offset between the
first and last bunch for the nominal design is equal to 16% of
the vertical bunch size of 2.9 nm and this number is reduced
to 7% for the extended radius option.
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Figure 5: Extended apertures distribution in the Final Focus
System at 380 GeV.

CONCLUSIONS
The impact of resistive wall wakes had been checked in

the CLIC BDS. The beams at 380 GeV are sensitive to the
resistive wall effect when the minimum aperture in the BDS
are assumed at 15 mm. Using iron for the vacuum chamber
walls leads to a significant luminosity loss and its use in the
FFS is discouraged. With copper coating, the luminosity
loss can be limited to 2.5%. This can be further reduced by
increasing the aperture in FFS. An increase in radii by 44%
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Figure 6: Luminosity distribution along the bunch train with
increased apertures options.
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Figure 7: Average vertical offset at the interaction point
along the bunch train, with two aperture options, the nomi-
nal apertures and the 44% extended option in Final Focus
System.

limits the loss to below 1%. The offset distribution with
the increased radii is in order of 10% beam size and could
be mitigated by intra-train feedback allowing for further
improvement.

The resistive wall effect at 3 TeV with a minimum aper-
ture radius of 6 mm and copper beam pipe does not have a
significant impact on the beam quality, with the luminosity
loss within 1.2%. The remaining loss can be restored using
intra-train feedback, and no further optimisation is required.
The significant luminosity loss and its non-monotonic distri-
bution makes the use of steel for vacuum chamber walls in
the BDS at 3 TeV strongly discouraged.

ACKNOWLEDGEMENTS
Special thanks to Jani Paavo Olavi Komppula, who has

introduced us to the use of PyHEADTAIL for CLIC.

REFERENCES
[1] CLICdp Collaboration, CLIC Collaboration, “The Compact

Linear Collider (CLIC) - 2018 Summary Report”, CERN

10th Int. Particle Accelerator Conf. IPAC2019, Melbourne, Australia JACoW Publishing
ISBN: 978-3-95450-208-0 doi:10.18429/JACoW-IPAC2019-MOPGW071

MOPGW071
260

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I

MC5: Beam Dynamics and EM Fields
D04 Beam Coupling Impedance - Theory, Simulations, Measurements, Code Developments



Yellow Reports: Monographs, 2018. http://cds.cern.ch/
record/2652188

[2] CLIC Accelerator Collaboration, “The Compact Linear Col-
lider (CLIC) – Project Implementation Plan”, CERN Yellow
Reports: Monographs, 2018.

[3] R. M. Bodenstein, P. Burrows, J. Snuverink, and F. Plassard,
“Intra-beam IP Feedback Studies for the 380 GeV CLIC Beam
Delivery System”, in Proc. 7th Int. Particle Accelerator Conf.
(IPAC’16), Busan, Korea, May 2016, pp. 2683–2686. doi:
10.18429/JACoW-IPAC2016-WEPOR009

[4] A.W. Chao, K.H. Mess, M. Tigner, F. Zimmermann, Hand-
book of Accelerator Physics and Engineering, World Scientific,
Hackensack, USA, 2013. doi:10.1142/8543

[5] PyHEADTAIL code, https://github.com/PyCOMPLETE/
PyHEADTAIL

[6] D. Schulte,“Study of Electromagnetic and Hadronic Back-
ground in the Interaction Region of the TESLA Collider”,

TESLA-97-08, Ph.D. thesis, Hamburg University, Hamburg,
1997. http://cdsweb.cern.ch/record/331845/files/
shulte.pdf

[7] R. Mutzner, G. Rumolo, T. Pieloni, L. Rivkin, “Multi-Bunch
effect of resistive wall in the beam delivery system of the Com-
pact Linear Collider”, CERN, Geneva, Switzerland, CLIC-
Note-818, 2010. http://cds.cern.ch/record/1266868

[8] J. Resta-Lopez, D. Angal-Kalinin, J. Fernandez-Hernando, B.
Dalena, D. Schulte, T. Rogelio, A. Seryi,“Optimization of the
CLIC Baseline Collimation System”, in Proc. 1st Int. Particle
Accelerator Conf. (IPAC’10), Kyoto, Japan, May 2010, paper
WEPEB046, pp. 2794–2796.

[9] D. Arominski, “Beam-induced backgrounds at the Compact
Linear Collider”, Ph.D. thesis in preparation.

10th Int. Particle Accelerator Conf. IPAC2019, Melbourne, Australia JACoW Publishing
ISBN: 978-3-95450-208-0 doi:10.18429/JACoW-IPAC2019-MOPGW071

MC5: Beam Dynamics and EM Fields
D04 Beam Coupling Impedance - Theory, Simulations, Measurements, Code Developments

MOPGW071
261

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I


