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Baseline Parameters at 380 GeV
• The baseline design for CLIC at 380 GeV is described in detail in the 

Project Implementation Plan.


• The key beam parameters are:

2.2 Projects 16

Figure 2.6: Map of the three CLIC stages [25].

Parameter Symbol Unit Stage 1 Stage 2 Stage 3

Centre-of-mass energy ECM GeV 380 1500 3000
Particles per bunch N 109 5.2 3.7 3.7
Train repetition frequency frep Hz 50 50 50
Bunches per train nb 352 312 312
Bunch spacing �tb ns 0.5 0.5 0.5

Accelerating gradient G MV/m 72 100 100
Site length km 11.4 29.0 50.1

Horizontal/vertical IP beam size �
⇤
x
/�⇤

y
nm 150/3 60/1.5 40/1

Luminosity L 1034 cm�2s�1 1.5 3.7 5.9

Table 2.2: Key parameters of the three stages of CLIC [25].

72 MV/m, which was chosen from an optimisation of cost [25]. The high-energy stages

at ECM = 1.5 TeV and ECM = 3 TeV utilise cavities with 100 MV/m accelerating gradients.

The centre-of-mass energy of 380 GeV for the first stage was chosen to maximise the

physics reach in terms of Higgs and top-quark physics [26]. The first stage will also include

a run at ECM = 350 GeV to perform a threshold scan for the top quark [26]. The two high-

energy stages at ECM = 1.5 TeV and ECM = 3 TeV will focus on direct and indirect searches

for BSM physics, as well as rare SM processes [26].

3

https://cds.cern.ch/record/2652600?ln=en


Beam Parameter Choices and Luminosity

•
Luminosity of a linear  collider: .


• Most of these factors are fixed by various constraints:


•  is proportional to the number of beamstrahlung photons.


•  is limited by emittance growth due to short-range wakefields.


•  is limited by long-range wakefields and RF pulse length.


•  is limited by power consumption.


•  must be greater than the bunch length to avoid luminosity loss from the 
hourglass effect.


• We make  as small as possible.
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Options for Increasing Luminosity
• In this talk we will look at two options for increasing the luminosity above the 

baseline:


• Lowering the vertical emittance:


• The baseline normalised vertical emittance at the interaction point is  
nm. Can we do better?


• Increasing the repetition frequency:


• Can we double the luminosity by doubling the repetition frequency?


• These options are discussed in: CLIC Note 1143.

30
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https://cds.cern.ch/record/2687090/files/CERN-ACC-2019-0051.pdf


Lower Vertical Emittance
• The beam is transported from the source to the interaction point through four systems:


• The Damping Ring

• The Ring to Main Linac (RTML)

• Main Linac (ML)

• Beam Delivery System (BDS)


• Emittance preservation is important in the RTML, ML and BDS.

• Strict emittance growth budgets have been defined to ensure we reach the baseline luminosity:
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Emittance Growth Budgets

In order to realise the targeted IP beam size, the preservation of emittance is key. Strict

emittance growth budgets have been defined for each section of CLIC. The emittance growth

budgets for static and dynamic imperfections are presented in Table 3.1.

In the RTML, some emittance growth will occur even in the absence of imperfections

due to SR in the bends. This is accounted for in the design budget. The budgets are the

same for the electron and positron beams.

Section ✏x [nm] �✏x [nm] ✏y [nm] �✏y [nm]
Design Static Dynamic Design Static Dynamic

DR 700 - - - 5 - - -
RTML 850 100 20 30 10 1 2 2
ML 900 0 25 25 20 0 5 5
BDS 950 0 25 25 30 0 5 5

Table 3.1: Targeted horizontal and vertical emittance at the end of each section and the
horizontal and vertical emittance growth budgets (�✏x and �✏y respectively): design values
and contributions from static and dynamic imperfections.

3.3 Perfect Machine Performance

Typically, elements have imperfections, such as alignment or attribute errors. A perfect

machine is one that contains no imperfections. The maximum attainable luminosity can be

calculated by simulating a perfect machine. This luminosity is

L0 = (4.325 ± 0.004) ⇥ 1034 cm�2s�1
. (3.2)

Although the machine is perfect, there is an error in the luminosity calculation due to random

processes in the simulation (see Section 3.1). The beam parameters at the end of each section

are shown in Table 3.2.

Sextupoles in the FFS are used to correct chromatic aberrations. In regions where there is

horizontal dispersion, the energy of a particle determines its position. Sextupoles are placed



Integrated Simulations with

Static and Dynamic Imperfections

• Comprehensive simulation studies were recently published:


• Phys. Rev. Accl. Beams 23, 101001 (2020).


• The RTML, ML and BDS were combined into a single tracking simulation.


• Static and dynamics imperfections were simulated.


• The effectiveness of different tuning procedures was evaluated.


• Simulating a perfect collider (no imperfections) a luminosity of 
 would be achieved.4.3 × 1034 cm−2s−1
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.23.101001


Integrated Simulations with Static Imperfections
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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 μm 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].

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 θ are found by minimizing the

objective function [12,23]

χ2 ¼ ðΔu − RθÞ2 þ β20θ
2; ð3Þ

where Δu ¼ u − u0, u is a vector containing the BPM
readings of a beam tracked through an imperfect beamline,
u0 is a vector containing the BPM readings of an ideal beam
and R is the response matrix. β0 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

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 μm
Magnet and BPM roll 100 μrad
BPM resolution 1 μm
CA and TA quadrupole strength errors 0.01%
All other magnet strength errors 0.1%

ML
Magnet and BPM offset 14 μm
Magnet and BPM roll 100 μrad
BPM resolution 0.1 μm
Magnet strength errors 0.01%
Girder end point with respect
to reference wire

12 μm

Girder end point with respect
to articulation point

5 μm

Accelerating structure offset 14 μm
Accelerating structure tilt 141 μrad
Wakefield monitor offset 3.5 μm

BDS
Magnet and BPM offset 10 μm
Magnet and BPM roll 100 μrad
BPM resolution 20 nm
Magnet strength errors 0.01%

LUMINOSITY PERFORMANCE OF THE COMPACT … PHYS. REV. ACCEL. BEAMS 23, 101001 (2020)

101001-5

• The following tuning procedures were 
also simulated:


• 121 steering


• DFS


• RF realignment / Sextupole tuning




Integrated Simulations with Static Imperfections
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• Luminosity of 100 tuned colliders with 
static imperfections:


• 90% of colliders have a luminosity 
above .


• The average collider achieves a 
luminosity of .
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Integrated Simulations with Static Imperfections 
and Ground Motion
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• Including ground motion:

• Using model D.

• This is a pessimistic assumption.

10°1 100 101 102

f [Hz]

10°26

10°24

10°22

10°20

10°18

10°16

10°14

10°12

10°10

P
(f

)
[m

2

H
z
]

• Including mitigation systems:

• A beam feedback system.

• A quadrupole stabilisation system.
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Integrated Simulations with Static Imperfections 
and Ground Motion
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• Luminosity 100 tuned colliders with ground 
motion model D:


• 90% of colliders achieve a luminosity 
above .


• The average collider achieves a luminosity 
of .


• We have a large reserve for other dynamic 
imperfections and/or other unforeseen 
imperfections.
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Higher Repetition Frequency
• Technologically, we can double the repetition frequency with are a relatively small 

increase in overall power consumption.


• The cost increase is expected to be at the ~5% level.


• The choice of  Hz was driven by the presence of external dynamic 
magnetic fields, termed ‘stray fields’.


• The electrical grid in Europe operates at 50 Hz.


• There will be large amplitude stray fields at 50 Hz that will be seen by the beam.


• Operating at  Hz reduces our sensitivity to these stray fields.


• Operating at  Hz, the beam is able to resolve these stray fields.

frep = 50

frep = 50

frep = 100
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Stray Magnetic Fields
• CLIC has a sensitivity to O(0.1) nT stray fields in a worst-case scenario.


• An extensive measurement campaign was undertaken at CERN to characterise stray 
magnetic fields.


• c.f. DPhil Thesis, Dynamic Imperfections in the Compact Linear Collider.


• Stray fields were measured in the LHC tunnel:
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Without mitigation, 
we are an order of 
magnitude above the 
tolerance.

11.2 The LHC 182

of coherence scattered along the beamline. Outside of the range 10-100 Hz the magnetic field

is completely incoherent.

Impact of Mitigation

Figure 11.17 shows the e↵ect of di↵erent mitigation techniques on the average total PSD of

the magnetic field in the LHC tunnel. The average total PSD was calculated with Equa-

tion (11.1). Table 11.3 summarises the standard deviation of the magnetic field with each

mitigation technique.
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Figure 11.17: Average total PSD and standard deviation of the magnetic field vs frequency
measured in the LHC tunnel: without mitigation (blue); including a beam trajectory feed-
back system with a gain of m = 2.5 (orange); including a 1 mm mu-metal shield (green) and
with the feedback system and mu-metal shield combined (red).

Mitigation Standard Deviation, �B,M [nT]

None 54
Feedback System 3.0
Mu-Metal Shield 4.6 ⇥ 10�3

Feedback System
0.6 ⇥ 10�3

+ Mu-Metal Shield

Table 11.3: Standard deviation of the magnetic field in the LHC tunnel with di↵erent miti-
gation techniques.

Without mitigation there is a standard deviation of 54 nT. The beam trajectory feedback

system reduces the SF to a standard deviation of 3 nT. The feedback system alone is not

enough to mitigate the SF. The mu-metal shield is an extremely e↵ective mitigation tech-

https://cds.cern.ch/record/2724824?ln=en


Mitigation of Stray Magnetic Fields with Mu-Metal
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Even with the 
amplification the mu-
metal shield is 
effective at mitigating 
the stray fields.

12.3 Final Stage 196
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Figure 12.3: Average total PSD and standard deviation of the magnetic field vs frequency
measured in the LHC tunnel: without mitigation (blue); including a beam trajectory feed-
back system operating at 100 Hz with a gain of m = 2.5; including a 1 mm mu-metal shield
(green) and with the feedback system and mu-metal shield combined (red).

With the beam trajectory feedback system, the standard deviation is e↵ectively amplified

to 62 nT. The required level for SFs is 0.1 nT. Including a 1 mm mu-metal shield with the

feedback system, the standard deviation is reduced to 5.3 pT, which is within the tolerance.

The e↵ective amplification due to the beam trajectory feedback system can be avoided

by implementing two independent feedback loops for alternating trains. In such a system,

the position of a train is used to correct the train that is two periods behind it. This requires

the correctors to alternate between the corrections for odd and even-numbered trains.

The high-luminosity upgrade is feasible if a mu-metal shield is included. Implementing

two feedback loops is not necessary, but can be held in reserve.

12.3 Final Stage

The design of the final high-energy stage is described in the CLIC conceptual design re-

port [42]. The only update in the design is that the L
⇤ = 6 m BDS is now used instead of

the L
⇤ = 3.5 m BDS described in the report. With the new BDS, the final quadrupole is

moved outside of the detector into the tunnel.

• Shielding the beam pipe with mu-metal is an effective strategy for mitigating stray 
magnetic fields.


• At  Hz, the feedback system will amplify perturbations to the beam at 50 
Hz.


• Effective stray field in the LHC tunnel with a feedback operating at 100 Hz:

frep = 100



Other Considerations
• Drive beam complex:

• Modulators:

• Charging supplies of the modulators would need to double in capacity.

• Technologically straightforward - matter of cost.


• Drive beam combination kickers:

• Need to be redesigned, but this is expected to be straightforward.


• Decelerator beam dumps:

• Needs to be dimensioned for twice the power.


• Main beam complex:

• Twice the heat will be deposited in the ML structures.

• Cooling and ventilation systems must be improved.


• The detector must also be able to cope with the higher repetition frequency
15



Summary
• Integrated simulations with static imperfections and ground motion. 

show the average collider can achieve a luminosity of 
.


• Almost twice the baseline target.


• Integrated simulations of stray magnetic fields are discussed in: Phys. 
Rev. Accl. Beams 23, 011001 (2021).


• Shows stray fields should not be a problem if a mu-metal shield is 
included in the design.


• A high-luminosity design is feasible provided stray magnetic fields are 
mitigated with a mu-metal shield.

2.8 × 1034 cm−2s − 1
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