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The Compact Linear Collider is one of the two main European options for a collider in a post Large
Hadron Collider era. This is a linear e*e™ collider with three center-of-mass energy stages: 380 GeV,
1.5 TeV, and 3 TeV. The luminosity performance of the first stage at 380 GeV is presented including the
impact of static and dynamic imperfections. These calculations are performed with fully realistic tracking
simulations from the exit of the damping rings to the interaction point and including beam-beam effects in
the collisions. A luminosity of 4.3 x 10** cm™2 s~! can be achieved with a perfect collider, which is almost
three times the nominal luminosity target of 1.5 x 10** cm™2s~!. In simulations with static imperfections, a
luminosity of 2.35 x 10** cm™2s~! or greater is achieved by 90% of randomly misaligned colliders.
Expressed as a percentage of the nominal luminosity target, this is a surplus of approximately 57%.

Including the impact of ground motion, a luminosity surplus of 53% or greater can be expected for 90%

of colliders. The average expected luminosity is 2.8 x 103 cm

luminosity target.

DOI: 10.1103/PhysRevAccelBeams.23.101001

I. INTRODUCTION

One of the top priorities of the 2013 European Strategy
for Particle Physics Update [1] was to perform R&D for a
high-energy e*e™ collider in Europe. The Compact Linear
Collider (CLIC) is one of the two main options for an e™e™
collider in Europe. Recently, several reports were submitted
to the 2018 European Strategy for Particle Physics Update,
describing the accelerator complex [2] and physics poten-
tial [3,4] of this collider. This paper reports on the
luminosity performance of this collider.

A. CLIC

CLIC [2,5,6] is a TeV-scale linear e*e~ collider under
development by the CLIC Collaboration. CLIC incorpo-
rates a staged approach with three center-of-mass energies:
380 GeV, 1.5 TeV, and 3 TeV. The first stage at 380 GeV,
which is the focus of this paper, has been optimized for
studies of the Higgs boson and top-quark physics [7,8].

The integrated luminosity goal for the 380 GeV stage
of CLIC is 180 fb~! per year [5]. Assuming 185 days of
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~25~!_which is almost twice the nominal

operation and 75% availability [5], this corresponds to a
nominal luminosity of

L=15x10*cm™2s7!. (1)

The 380 GeV stage of CLIC is described in detail in [5].
A schematic of the beamline is shown in Fig. 1. The
baseline is the drive-beam-based design with the beam
delivery system (BDS) described in [9].

CLIC utilizes a novel two-beam acceleration scheme [6].
This scheme involves using the power from a high-current,
low-energy drive beam to accelerate a low-current main
beam to high energies. Each beam has its own accelerator
complex. In this paper, we study the main beam.

The main beam is transported from the damping ring
(DR) to the interaction point (IP) through three sections: the
ring to main linac (RTML), main linac (ML) and BDS. The
RTML contains all the sub-systems between the DR and
ML shown in Fig. 1. The geometry of the electron beamline
is shown in Fig. 2. The beam is generated on the surface
and is transported 100 m underground in the RTML.

B. Previous studies

Imperfections in beamline elements degrade the lumi-
nosity of a collider. Simulation studies are performed to
determine the impact of imperfections. The ability of CLIC
to reach its luminosity target in the 3 TeV stage has been

Published by the American Physical Society
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FIG. 1.

studied in detail in [6]. In this paper, we study the
luminosity performance of the 380 GeV stage.

Beam dynamics studies for CLIC at 380 GeV are
summarized in [5]. Most efforts have focused on tuning
studies of individual sections with static imperfections,
namely the RTML [10], ML [11] and BDS [12]. Previous
studies of dynamic imperfections in CLIC at 380 GeV are
limited to ground motion in individual sections. The impact
of ATL motion in the ML and BDS is studied in [13] and
[12] respectively. Intra-train IP feedback simulations with
ground motion in the BDS are presented in [14].

== RTML
=== ML

FIG. 2. Geometry of the electron beamline of CLIC at 380 GeV.
Main and perpendicular axis vs depth: RTML (dashed blue), ML
(solid orange) and BDS (dotted red). The black arrows show the
direction of the beam. The IP is at (0,0,-100).
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Schematic diagram of CLIC at 380 GeV.

C. Contributions of this paper

Beam-beam interactions in a linear collider can be
strongly modified by correlations in the colliding beams.
A well known example of this is the banana effect [15]. This
motivates the need for start-to-end simulations that inte-
grate each section of a linear collider. In this paper, we
present for the first time integrated simulations of the
RTML, ML, and BDS of CLIC at 380 GeV. We report a
comprehensive study of the impact of static and dynamic
imperfections on this collider. The following improvements
have been made to the studies of static imperfections
referenced in the previous section: (i) We simulate a more
complete list of static imperfections. Specifically in the
ML, we now include magnet strength errors and beam
position monitor (BPM) rolls. (ii) We use the latest lattice,
which is that submitted to the 2018 European Strategy for
Particle Physics Update. Changes include a reoptimization
of the rf systems in the RTML [5] and an updated ML
lattice [5]. (iii) Simulation of the BDS collimation section.
Most tuning simulations of the BDS focused on the final-
focus system. In this work, we also simulate static
imperfections in the collimation section. (iv) Updated
tuning procedures, in particular for the RTML and BDS.
These are discussed further in Sec. IV B. We also study the
impact of dynamic imperfections on this collider. For the
first time, we perform integrated simulations including
ground motion and stray magnetic fields from natural
sources. Additional details of these simulations can be
found in [16]. Tolerances for dynamic errors such as beam
jitter, rf errors, and magnet strength ripples are also
calculated.
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D. Outline

Details of the simulations performed in this work are
given in Sec. II. A perfect beamline is simulated in Sec. III.
Following this, the impact of different imperfections is
studied. Sec. IV looks at integrated simulations with static
imperfections and the effectiveness of tuning procedures in
recovering luminosity. Section V looks at dynamic imper-
fections. Here, tolerances for dynamic errors are presented
along with integrated simulations of ground motion and
stray magnetic fields. Future work is discussed in Sec. VI
and the luminosity performance of CLIC at 380 GeV is
summarized in Sec. VIIL.

II. INTEGRATED SIMULATIONS

In an integrated simulation, the beam is tracked from the
exit of the DR to the IP. The simulation codes used in this work
and the beam extracted from the DR are described below.

A. Simulation codes

The particle tracking code PLACET [17] was used to
transport each beam from the DR to the IP. The tracking
simulations include the emission of synchrotron radiation
and short-range wakefields in the accelerating cavities.

A single bunch-crossing luminosity was calculated with
a full simulation of the collision with the beam-beam
effects code GUINEA-PIG [18]. This was multiplied by the
repetition frequency and number of bunches per train to
calculate the total luminosity.

The luminosity calculated with GUINEA-PIG is sensitive to
the particle distribution of the colliding bunches. A small
number of macroparticles leads to a high variance in the
calculated luminosity. It was found that using 100,000
macroparticles leads to a standard deviation of approx-
imately 3% of the mean value. In this paper, the luminosity
is calculated with several hundred different beam distribu-
tions at the IP. The mean luminosity will be given. Each IP
distribution was calculated with a tracking simulation in
PLACET by sampling a new beam from the DR.

B. DR beam

In simulations, a Gaussian beam with 100,000 macro-
particles is extracted from the DR. The simulated beam
parameters at the exit of the DR are summarized in Table 1.

III. PERFECT BEAMLINE PERFORMANCE

The maximum luminosity obtainable with this design of
CLIC can be calculated by simulating a perfect collider.
The luminosity achieved with a perfect collider is

L£=43x10% cm~2s7". (2)
This is almost three times the nominal luminosity tar-
get [Eq. (1)].

TABLE I. Parameters of the beam extracted from the DR.
Parameter Symbol  Value  Unit
Horizontal/vertical emittance €./€y 700/5 nm
Horizontal/vertical beam size o./oy, 50/2.1  um
Horizontal/vertical beam divergence o,/c, 2.5/0.4  prad
Bunch length o, 1800 um
Energy E 286  GeV
Energy spread og 0.11 %

TABLE II. Simulated beam parameters at the end of each
section for a perfect beamline. Projected emittances are given in
this table.

€, €y oy oy o, E oE
Section [nm] [nm] [um] [pm] [um] [GeV] [%]
RTML 785 5.82 189 0.63 70 9.00 1.0
ML 791 5.85 8.05 0.29 70 190  0.35
BDS 2,220 636 0.13 0.0013 70 190  0.35

The beam parameters at the end of each section are
shown in Table II. There is an emittance growth of
approximately 85 nm in the horizontal direction and
0.8 nm in the vertical direction that occurs in the
RTML. This is from coherent and incoherent synchrotron
radiation in the bends [19]. A very small amount of
emittance growth occurs in the ML due to imperfect
matching to the RTML. The horizontal emittance growth
in the BDS is due to a contribution from angular dispersion
at the IP, which arises from the chromaticity correction
scheme used [20]. Because the horizontal emittance growth
is from the angular distribution, it does not significantly
impact the IP beam size and luminosity. The vertical
emittance growth in the BDS is predominantly due to
second-order chromatic effects from sextupoles.

Figure 3 shows the IP beam distribution generated by
tracking a beam through a perfect beamline. There are two
correlations in the IP beam distribution: between the z-E
and x'-E coordinates. All other coordinates are uncorre-
lated. The z-E and x'-E correlations are shown in Figs. 4
and 5 respectively. The z-E correlation arises from short-
range wakefields in the ML cavities and from off-crest
acceleration, which is optimized to minimize the energy
spread at the end of the ML without compromising beam
stability. In the BDS, sextupoles are placed in dispersive
regions to correct chromaticity [20]. This results in a
correlation between the energy and horizontal angle.
This can be seen in Figs. 3 and 5.

IV. STATIC IMPERFECTIONS

Static imperfections include errors in the alignment of
accelerator elements, which are illustrated in Fig. 6, and
static errors in the attributes of elements.
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FIG. 3. Histogram of the horizontal position x (top left), vertical position y (top center), longitudinal position z (top right), horizontal
angle x’ (bottom left), vertical angle y’ (bottom center), and energy E (bottom right) of a beam tracked through a perfect beamline.
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are applied to the beam based on BPM readings. Therefore, a
good resolution is desired to minimize the introduction of
noise from the BPM readings to the beam.

2. Accelerating cavities

The misalignment of accelerating cavities is another
important static imperfection. A cavity offset with respect
to the beam excites wakefields, which lead to emittance
growth. Novel wakefield monitors [21] are used to measure
the wakefield in CLIC cavities.

Additionally, tilts are an important alignment error for
cavities. If a cavity is tilted, a component of the accelerating
voltage is applied in the transverse plane with respect to the
beam. This results in the beam being kicked. Cavity tilts
with respect to the horizontal and vertical axis of the
element were simulated.

3. Magnets

Important static imperfections for magnets are strength
errors and misalignments with respect to the ideal beam.
Offset quadrupole and sextupole magnets kick the beam
and lead to emittance growth. Additionally, magnet rolls
lead to an xy-coupling, which results in emittance growth.

4. Girders

CLIC will utilize the prealignment procedure described
in [6]. Elements are placed on girders, which are attached to
movers equipped with sensors. A system of stretched wires
is used as a reference to align elements to a root-mean-
square (RMS) offset of 10 um over distances of 200 m.
Girders can be misaligned with respect to the reference
wires and articulation points. The system of wires is an
additional source of misalignment error. However, in [22] it
was shown that the system of wires has a small impact in
the ML, so we have omitted it here.

5. Summary

All errors are assumed to have a Gaussian distribution.
A summary of the errors simulated in each section of CLIC
is given in Table III. In PLACET, misalignments in the
RTML and BDS were simulated with respect to a perfect
straight-line trajectory, which in reality corresponds to the
system of stretched wires. In the ML, girders are misaligned
with respect to a perfect straight-line trajectory and ele-
ments are misaligned with respect to the girders.

The imperfections listed in Table III are based on
previous tuning studies and have been defined in discussion
with instrumentation, magnet and rf experts [5]. The RMS
errors listed for the RTML have been achieved in existing
accelerator facilities [5]. The errors in the ML have been
deemed achievable by experts [5]. The requirements in the
ML and BDS are the same for the 380 GeV and 3 TeV
stages of CLIC to avoid system upgrades in later
stages [5,6].

TABLE III. RMS values for static imperfections implemented
in integrated simulations. CA is the central arc and TA is the turn
around (see Fig. 1).

Section  Imperfection Value
RTML
Magnet and BPM offset 30 ym
Magnet and BPM roll 100 prad
BPM resolution 1 ym
CA and TA quadrupole strength errors 0.01%
All other magnet strength errors 0.1%
ML
Magnet and BPM offset 14 ym
Magnet and BPM roll 100 prad
BPM resolution 0.1 ym
Magnet strength errors 0.01%
Girder end point with respect 12 ym
to reference wire
Girder end point with respect 5 pym
to articulation point
Accelerating structure offset 14 ym
Accelerating structure tilt 141 prad
Wakefield monitor offset 3.5 um
BDS
Magnet and BPM offset 10 ym
Magnet and BPM roll 100 prad
BPM resolution 20 nm
Magnet strength errors 0.01%

B. Tuning procedure

Following prealignment, several well known beam-
based alignment methods are used to tune the beamline.
These are described below.

1. One-to-One (121) Steering

This is the first tuning step. The beam is electrically
centered in each BPM using the nearest upstream corrector.
In the RTML, dipoles are used to apply the correction. In
the ML and BDS, quadrupoles mounted on movers are
displaced to apply the correction.

The corrector settings @ are found by minimizing the
objective function [12,23]

7= (Au—RO)? + 562, (3)
where Au = u —u(, u is a vector containing the BPM
readings of a beam tracked through an imperfect beamline,
u is a vector containing the BPM readings of an ideal beam
and R is the response matrix. ff, is a free parameter that is
included to avoid large corrector strengths.

2. Dispersion-free steering (DFS)

Following 121 steering, DFS is performed. Here, the
correctors are used to minimize the difference in the
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trajectory of two beams of differing energy, further details
can be found in [24]. The corrector settings are found by
minimizing the objective function [12,23]

7 = (Au—RO? +*(n—DOP + 6>, (4)

where 71 =upp —ug, Upp is a vector containing the
BPM readings of an off-energy beam, ug is a vector
containing the BPM reading of an on-energy beam,
D = R,y — R is the difference between the response matrix
for the off-energy beam R 5 ;; and the response matrix for the
ideal beam R. f, is another free parameter to avoid large
corrector settings and w is a weight factor, which can be
calculated as [12,23]

2 2
0-.. + Ofe
wZ_ mis - res’ (5)
2070

where o, is the RMS BPM offset and o, is the BPM
resolution. Usually, the optimum value for @ is slightly
different to Eq. (5) due to effects such as wakefields and
synchrotron radiation. As part of the tuning procedure, a
scan is performed to find the optimum value for w. Values
of w, By and B, from [11,12,23] were used in this work.

3. Section-specific tuning

Following 121 steering and DFS, specific tuning pro-
cedures are performed that depend on the section.

Rf realignment is performed in the ML. This involves
offsetting a cavity to minimize the reading from a wakefield
monitor [11].

Sextupole tuning for chromaticity correction is per-
formed in the RTML and BDS. In the RTML, a simplex
algorithm [25] is used to minimize the emittance at the
end of the section by moving the last five sextupoles in
the central arc and the last five sextupoles in the turn-
around loop.

Previous tuning studies for the RTML simultaneously
minimized the horizontal and vertical emittance at the end
of the section (see [23]). This procedure would often find a
solution that minimized the vertical emittance only. Here,
the horizontal and vertical emittances were minimized
separately. This produced beams with a lower horizontal
and vertical emittance compared to the previous procedure.

The BDS collimation section uses a simplex algorithm
that displaces sextupoles in order to minimize the emittance
at the start of the final-focus system.

For the final-focus system, the tuning signal used is
the luminosity instead of the emittance. Two beams are
required to calculate a luminosity. Ideally, each beam
would be tracked through its own beamline. However, at
the time of these studies the latest tuning procedures for
the final-focus system simulated a single beam and mir-
rored it at the IP to calculate a luminosity. This method
of calculating the luminosity was only used for tuning.

To estimate the luminosity of the collider two beams were
tracked through different tuned beamlines, this is discussed
further in Sec. IV B 4.

A combination of a random walk of sextupole offsets and
sextupole knobs is used to tune the final-focus system after
121 steering and DFS. These procedures are described in
[12]. When tuning the final-focus system a small number of
cases get trapped in a local optimum, which prevents them
from reaching the maximum possible luminosity. A new
step is introduced for these beamlines: a random walk of
quadrupole and sextupole offsets [12]. This puts the
beamlines into a new configuration, which can make
the sextupole tuning knobs more effective. Reapplying
the tuning knobs further increases the luminosity of these
beamlines.

In both the RTML and BDS, a Gaussian error was added
to the horizontal and vertical emittance measurement.
1% of the true emittance value was used for the standard
deviation of the Gaussian. The luminosity measurement
also had an error associated with it. As discussed in
Sec. I A, GUINEA-PIG calculations have an error of approx-
imately 3% when 100,000 macroparticles are used. No
additional error was added to the luminosity measurement.

4. Luminosity optimization

The beam-based tuning procedures described above
were applied to 100 beamlines containing static imperfec-
tions. We use each of these beamlines to track the electron
beam. We then randomly select a beamline from the
remaining 99 beamlines to track the positron beam.
Therefore, we have 100 unique beamline pairs, which
we will refer to as colliders.

Each beamline in a collider has been tuned independ-
ently. Therefore, the achieved luminosity is not necessarily
the optimum. Furthermore, for colliders that have a high
disruption, correlations in the beam can influence the
luminosity and result in the maximum luminosity occurring
with a beam-beam offset. To optimize the luminosity, we
perform a vertical beam-beam offset scan, a vertical cross-
ing angle scan and waist scan. Optimizing the horizontal
beam-beam offset and crossing angle had a small effect
(Iess than 1% luminosity gain) so was not included in the
tuning procedure.

C. Luminosity

Fig. 7 shows the luminosity of 100 colliders after the full
tuning procedure. The mean luminosity and its standard
deviation is

L= (30+04)x10* cm™2s7. (6)

90% of colliders achieve a luminosity greater than
2.35 x 10 cm™2s~!, which expressed as a percentage
of the nominal luminosity target is 157%. This means
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ascending luminosity.

there is a surplus of 57%, providing a margin for the impact
of dynamic imperfections.

V. DYNAMIC IMPERFECTIONS

This section reviews short-term dynamic imperfections.
These are processes that impact the beam on a train-to-train
basis, which are difficult to correct because of their fast
temporal variation. The most important dynamic imper-
fections for CLIC are beam jitter, rf errors, magnetic field
ripples, ground motion and stray magnetic fields.

A. Tolerances

For beam jitter, rf errors and magnetic field ripples,
tolerances to limit luminosity loss are calculated. These are
presented below.

1. Beam-beam offset and IP beam jitter

The luminosity with a vertical beam-beam offset is
influenced by beam-beam interactions, which themselves
depend on many factors, such as correlations in the beam
and the IP emittance. Each collider has its own sensitivity to
luminosity loss due to a beam-beam offset. A vertical
position jitter ¢, ; was simulated at the IP for each beam.
Figure 8 shows the vertical position jitter that corresponds
to a luminosity loss of 3 x 10°? cm™2s™' (2% of the
nominal luminosity target) for 100 tuned colliders, which
contain all the static imperfections discussed in Sec. IV.
The mean vertical position jitter tolerance and its standard
deviation is

oy, = (0.2240.01) nm. (7)

90% of colliders have a tolerance greater than 0.20 nm.
The IP beam jitter is largely determined by the stability of

0 20 10 60 80
Collider Number

FIG. 8. Vertical position jitter at the IP o, ; that corresponds
to a luminosity loss of 3 x 1032 cm™2s~! for 100 tuned colliders
with static imperfections. Colliders are ordered in ascending
position jitter.

the final doublet, which measurements have shown can be
stabilized to an RMS jitter of less than 0.2 nm [6]. It is also
possible to relax this tolerance by including an intra-train IP
feedback, such as the FONT system [26,27].

2. Rf errors

This section examines the impact of coherent rf phase
and amplitude errors. For incoherent rf errors, there is an
averaging effect that generally leads to much larger
tolerances, which means they are less important [28].

Coherent 1f errors in the ML cavities are equivalent to a
global error in the accelerating gradient. This leads to an
off-energy beam at the end of the ML. Due to chromaticity,
an off-energy beam in the BDS has a larger beam size and
yields a lower luminosity. Additionally, energy errors along
the ML can lead to emittance growth, however the main
effect is from the energy error in the BDS. Coherent rf
errors were simulated on 100 tuned colliders, which contain
all the static imperfections discussed in Sec. IV. This
includes cavity tilts, which deflect the beam and can lead
to a relative offset at the IP. Orbit changes due to kicks from
tilted cavities were included in these simulation.

The energy of the beam was varied by changing the
effective gradient of the ML cavities. The gradient errors
were only applied to one of the beamlines. Figure 9 shows
the energy error at the end of the ML that corresponds to a
luminosity loss of 1.5 x 10°2 cm™2 s™! (1% of the nominal
luminosity target). The mean tolerance and its standard
deviation is

|AEpy| = (0.19 +0.01) GeV. (8)

Assuming all the gradient errors arise from a global rf phase
error, this corresponds to an error of +0.29° in the ML
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FIG. 9. ML beam energy error |AEy; | that corresponds to a
luminosity loss of 1.5 x 1032 cm™2s~! vs collider number for
100 tuned colliders with static imperfections. Colliders are
ordered in ascending energy error.

cavities, which have an rf frequency of 12 GHz.
Alternatively, assuming all the gradient errors arise from
a global rf amplitude error, this corresponds to an error of
+0.1% in the ML cavities. 90% of colliders have an energy
error tolerance greater than £0.17 GeV, which is equiv-
alent to an rf phase error of +0.26° or rf amplitude error of
+0.09% in the ML cavities.

In CLIC, the rf phase stability is determined by the
arrival time of the drive beam, which has a demonstrated
stability of (0.20 £ 0.01)° [29]. The rf amplitude stability
is determined by the drive beam current, which has a
demonstrated stability of 0.1% [30].

3. Quadrupole ripples

Magnetic field ripples arise from power supply ripples.
In simulations, a relative RMS error 65/B was applied to
the strength of every quadrupole. A tolerance was chosen
for each section as the relative RMS error that results in a
luminosity loss of less than 1.5 x 10*? cm™2s7! (1% of
the nominal luminosity target). These tolerances are
presented in Table IV. The BDS, particularly the final
doublet, has the tightest requirements. The tightest
tolerances for CLIC are similar to those found in the
Large Hadron Collider [31].

TABLE IV. Quadrupole ripple tolerances o5/B for specific
sections. FD is the final doublet.

Section op/B
RTML 10~
ML 10~
BDS (Excluding FD) 1073
FD 1076

B. Ground motion

This section describes models used to simulate ground
motion and the mitigation systems used in CLIC to limit
luminosity loss.

1. Models

Ground motion is modeled as a set of traveling waves
with differing wavelength and frequency. The amplitude of
these waves is determined by a 2D power spectral density
(PSD) [32]. There are several models which specify a 2D
PSD [6,32]. Ground motion model D! is studied in this
work. Model D represents a higher level of ground motion
than CLIC is expected to experience. It is based on
measurements at SLAC [33], Fermilab [34] and in the
CMS detector cavern [35].

The 1D PSD of model D is shown in Fig. 10. There are
two broadband peaks in this PSD. One at 0.14 Hz, which
arises from ocean waves, and another at approximately
20 Hz, which arises from technical equipment in the
accelerator tunnel. The correlation of ground motion at
different locations is shown in Fig. 11. Low frequencies
have a high correlation across large distances, whereas high
frequencies are only correlated over short distances.

2. Mitigation systems

There are two systems that are essential to mitigate
the impact of ground motion: a beam-based feedback
system and a quadrupole stabilization system. These are
described below.

The beam-based feedback system aims to correct the
beam offset. As described in [32], the average impact of a
beam-based feedback system can be estimated by applying
a transfer function 7'(f) to the ground motion PSD to give
an effective PSD,

Per(f) = |T(f)PP(f). ©)

which is then used in simulations to generate the ground
displacement. This approach assumes that a perfect
correction is applied by the feedback system and that
the transfer function depends only on the frequency,
i.e., the feedback system has the same effect across the
entire accelerator. This is a simplification, however if
the feedback control is designed well, this is a good
approximation [36-38].

The transfer function of the beam-based feedback system
used in CLIC is shown in Fig. 12. The feedback system is
effective for mitigating low frequencies, below 1 Hz. It
amplifies frequencies in the range 4-25 Hz. The repetition
frequency of the CLIC beam is 50 Hz. Therefore, dynamic
imperfections at harmonics of 50 Hz appear static to the

'Also known as model B10.
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FIG. 10. PSD P(f) vs frequency f of ground motion model D.
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FIG. 11. Correlation C(f) vs frequency f of ground motion

model D for different separations L.

beam and the transfer function for the beam-based feedback
system is zero.

The quadrupole stabilization system is described in [39].
This is an active system which reduces the quadrupole
motion. The impact of the quadrupole stabilization system
is included with the transfer function shown in Fig. 13. The
quadrupole stabilization system is effective for suppressing
high-frequency ground motion, above 10 Hz. Low fre-
quency, long wavelength motion is not harmful to the
beam. Therefore, the quadrupole stabilization system was
designed to have a transfer function of unity for low
frequencies.

3. Luminosity loss

Ground motion model D was simulated with 100 tuned
colliders with static imperfections. The impact of the beam-
based feedback system and quadrupole stabilization system

1750
150}
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S 1.00}
0.75}

0.50

0.251

0.00F
107! 10° 10! 10?

f [H2

FIG. 12. Transfer function T(f) vs frequency f for the beam-
based feedback system used in CLIC.
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=
=
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FIG. 13. Transfer function T(f) vs frequency f for the quadru-

pole stabilization system [39].

was included in these simulations. Figure 14 shows the
luminosity of the 100 colliders. The mean luminosity and
its standard deviation is

L=(284+0.3)x10* cm™2s7!. (10)

This is a luminosity loss of approximately 0.2 x
10** cm™2s~! compared to the mean luminosity achieved
with static imperfections [Eq. (6)].

Figure 14 shows colliders with a higher luminosity suffer
from larger luminosity losses due to ground motion. This
reflects the fact that colliders with higher luminosities have
smaller IP beam sizes and a larger disruption, which makes
them more sensitive to luminosity loss due to a beam-beam
offset. A luminosity above 2.3 x 10** cm™2s~! is achieved
by 90% of colliders with ground motion.
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FIG. 14. Luminosity £ vs collider number for 100 tuned
colliders with static imperfections: with ground motion (orange
square) and without ground motion (blue circle). Colliders are
ordered in ascending luminosity using the colliders without
ground motion.

C. Stray magnetic fields

Stray magnetic fields are external dynamic magnetic
fields experienced by the beam. Tolerances for stray fields
in CLIC at 380 GeV are presented in [40,41]. Stray fields
can be divided into three classifications: (i) Natural: stray
fields from nonmanmade sources. E.g. the Earth’s magnetic
field. (ii) Environmental: stray fields from manmade
objects that are not elements of CLIC. E.g. the electrical
grid (power lines, subpower stations) or transport infra-
structure (trains, trams, cars, etc.). (iii) Technical: stray
fields from elements of CLIC. Measurements of each type
are described in [41-43].

Unfortunately, no realistic model exists for stray fields
from technical sources. This is because the spatial distri-
bution of technical sources is a priori unknown. However,
stray fields from natural sources exhibit a coherent varia-
tion across the length scale of CLIC. Such stray fields can
be modeled with a fixed spatial profile across the entire
beamline.

1. Geomagnetic storms

Stray fields from natural sources are discussed in [44].
One of the worst case natural stray fields is from a
geomagnetic storm, which arises from an interaction of
the Earth’s magnetic field and solar wind [44].

A representative geomagnetic storm was measured on
the 8th June, 2014 in Tihany, Hungary [45]. This location
has a similar magnetic environment to CERN. The ori-
entation of the sensor and geometry of CLIC were used to
calculate the component of the stray field in the horizontal
and vertical direction with respect to the beam. The PSD of
the stray field in each direction is shown in Fig. 15. There is
one broadband peak at a low frequency.

. —— Horizontal
10°H —-— Vertical
100
=R
= e
a, 107§
1073} A/“'\‘”‘"“""\"""'\»../. -
1071
0.0 25 50 75 100 125 150 175  20.0
[ [Hz]
FIG. 15. PSD P(f) vs frequency f of the stray field during a

geomagnetic storm in the horizontal (solid blue) and vertical (dot-
dashed orange) direction with respect to the beam.

A stray field can be impeded by a beam pipe. A
reasonable model for a CLIC beam pipe is a steel cylinder
with a 1 cm inner radius, 1 mm thickness and a 10-100 gm
inner copper coating. High-frequency stray fields can
induce eddy currents in the beam pipe, which will generate
magnetic fields that oppose the external field, thus shield-
ing the beam. However, a 10-100 gm copper coating will
only be effective at shielding frequencies in the kHz range.
As stray fields from geomagnetic storms are at much lower
frequencies, the beam pipe will not prevent the stray field
from reaching the beam.

A geomagnetic storm was simulated in 100 tuned
colliders with static imperfections. The direction of the
beam (as described by Fig. 2) was taken into account when

x10%
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FIG. 16. Luminosity £ vs collider number for 100 tuned
colliders with static imperfections: with a geomagnetic storm
(orange square) and without a geomagnetic storm (blue circle).
Collider are ordered in ascending luminosity using the colliders
without a geomagnetic storm.
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calculating the kick from the stray field. The impact of the
beam-based feedback system was included. Figure 16
shows the luminosity of the 100 colliders. The mean
luminosity and 90% threshold is virtually unaltered by
the geomagnetic storm. This is because the impact of the
geomagnetic storm can be effectively corrected with the
beam-based feedback system.

VI. NEXT STEPS

Performing integrated simulations has been a major step
forward to realistically study the beam dynamics in CLIC.
Symmetric beamlines for the electron and positron beams
were simulated in this work. This is a simplification
because the electron and positron beams have different
RTMLs. A future step is to include the correct RTML in
simulations to track the positron beam.

The simulations in Sec. IV show that there is an
effective tuning procedure that can mitigate the impact
of static imperfections. The reliability and accuracy of the
luminosity prediction with static imperfections can be
improved by simulating more realistic models with less
approximations. Furthermore, tuning studies should be
performed in the presence of dynamic errors and with
realistic signals.

In this paper, we performed single-bunch simulations
including short-range wakefields in the accelerating
cavities. The impact of resistive wall wakefields should
also be included in the simulation. The impact of long-
range wakefields leads to bunches in the train having
different offsets. The mean offset of a train is optimized
during tuning, which means a relative offset between
colliding bunches is possible. Long-range wakefields must
be simulated to examine their impact on luminosity.

In this paper, we have focused on the impact of dynamic
imperfections on the short-term luminosity stability.
However, there are also processes that impact the long-
term luminosity stability. The most important long-term
dynamic imperfection is the drift of accelerator elements
due to slow ground motion, which is usually modeled using
the ATL law [46]. Usually, luminosity loss from ATL
motion can be fully recovered by performing beam-based
alignment. The impact of ATL motion in the ML and the
final-focus system has been studied in [13] and [12]
respectively. The long-term stability of the collider should
be a future study.

VII. SUMMARY

The nominal Iluminosity target for CLIC is
1.5 x 10** cm™2s7!. In the case without imperfections,
integrated simulations show that a luminosity of
4.3 x 10** cm™2s7! can be achieved. This is almost three
times the nominal luminosity target.

Implementing static imperfections and simulating
beam-based tuning, integrated simulations of 100 colliders

show that an average luminosity of 3 x 10** cm™2s™!

can be achieved, which is twice the nominal luminosity
target. 90% of colliders achieve a luminosity above
2.35 x 10** cm™2s~!. Expressed as a percentage of the
nominal luminosity target this is 157%. Therefore, there is a
margin of up to 57% or greater for dynamic imperfections.
This surplus also gives a margin for unforeseen processes
which may impact the luminosity.

At the 90% threshold the luminosity with static imper-
fections and ground motion is 2.3 x 103 cm=2s~!, which
expressed as a percentage of the nominal luminosity target
is 153%. The luminosity loss from stray magnetic fields is
negligible. If other dynamic effects such as beam jitter, rf
errors, etc. are kept within their tolerance, their impact will
be on the percent level. Therefore, a luminosity surplus of
approximately 50% or greater can be expected for CLIC.
A Tluminosity of 2.8 x 10°** cm™2s~! is achieved by the
average collider including static imperfections and ground
motion. Expressed as a percentage of the nominal lumi-
nosity target, this is 187%, which is almost twice the target.
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