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ABSTRACT

CLIC is a proposal of CERN for a future high-enemprticle collider. CLIC will collide
electron and positron beams at a centre of masgyerd 3 TeV with a desired peak
luminosity of 2*13* cm?s™. The luminosity performance of CLIC is sensitive ground
motion. Ground motion misaligns accelerator comptgiemost importantly quadrupole
magnets, which leads to emittance growth and bezamlnffset at the interaction point. This
paper discusses the beam based feedback strategiently used together with mechanical
stabilization systems to address the above mertiss®mies. These strategies consist of an
Interaction Point Feedback (IPFB) and an Orbit Baell (OFB). The two feedbacks have
been designed independently and the main objedivthis paper is to show how they
interact. A simulation program is used in ordesitmulate the whole collider, it includes the
behaviour of the beams, magnets, supports, groti@nuators, sensors, and actuators. Beam-
offset feedback optimization and integrated simaoret have been performed and results show
that despite a detrimental coupling of both feedlbaat high frequency, it is possible to

decrease the beam-beam offset and maintain theedésminosity.
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1 I ntroduction

Future linear colliders could open the way to newitng physics. One design is the Compact Lineallidr (CLIC) [1].
This particle accelerator is expected to answeresofrthe fundamental questions regarding the nattir@atter. The
feasibility study of such an ambitious project &red out by an international collaboration ofestists. Among its
numerous technical challenges, CLIC needs unpretedeGround Motion (GM) mitigation techniques. Tdes
techniques, composed of mechanical stabilizatistesys and Beam-Based Feedbacks (BBFB) are necégsatkiieve
the desired performances in terms of luminodiy= 2*10* cm®s* [1]. Luminosity and the rate of physics events is
correlated to the beam emittances (linked to tlarbsize) and the relative beam-beam offset atritezaction Point (IP)
according to equatioh, whereL is the obtained luminosity andy are the vertical and horizontal directionag, the
(nominal) beam size at the IP aAdthe beam-beam offset at the IP alang@ndy. Note that the equation is an
approximation and only valid for small deviatiomsund the nominal values,(, = 45 nm ands,,= 1 nm, [1]). As the

vertical dimension of the beam is 45 times smahan the horizontal one, only the former has begsidered.
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The CLIC luminosity loss budget due to all dynarmwperfections is about 20% [1]. Our goal is to havesmall
contribution from GM on the luminosity loss. A cdbution of only 1% needs a vertical offséf of 0.2 nm
IRMS0.1) (Integrated Root Mean Square at 0.1 Hz). The IRM&efined as the integral of the Power Spectraidig

(PSD)within a given frequency range:

IRMS(fo) = f, PSD(f)df. (2)
This paper describes the two feedback controlsentlyrused within the simulations. On the one hand, aimiged
IPFB control localized at the IP uses the beamed&tin angle, post-collision Beam Position Moni(BPM) and a
dedicated control to minimize the beam-beam ofisanks to kickers near the IP. On the other hampttra low beam
emittance preservation is facilitated by an Oreedback (OFB). It uses the beam position all altvegbeam line

obtained by BPMs in order to correct the beam Iadihs. Integrated simulations of the beam lind #ie IP collisions,
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which includes both feedback controls studied iis faper, realistic modelling of the GM and techhinoise and

realistic transfer through supports (including naubal feedback) have been performed by using PLAQH, a
tracking code developed at CERN, and the beam-bmmate GUINEA-PIG [3]. Although being complementatiye
simultaneous use of both feedbacks has some datdsefeading to high frequency beam motion amgatfon. The first
part of this paper describes the collider and tiseurtbances that affect the beam position and .ofthié second part is
dedicated to the presentation of the two feedb#wshave been designed independently. The lastrpaastigates the
interaction between both feedbacks and shows ltleadésired performances can be reached after gtireization of the

parameters.

2 The Compact Linear Collider
CLIC is an electron-positron collider with a nonicantre of mass energy of 3 TeV with a peak lursityoof 2*10*

cm? s [1]. Fig. 1 gives an overall layout of the compléaken from [1].

326 klystrons 326 klystrons

BMW139ps | || circumferences | | | 33MW139ps
0 delay loop 73.0m .
drive beam accelerator CR1146.1m drive beam accelerator
2.38GeV, 1.0 GHz CR24383m 2.38 GeV, 1.0 GHz

1km 1km
delay loop > 4 delay loop
@ @ decelerator, 24 sectors of 876 m

TAr 120m € main linac, 12 GHz, 100 MV/m, 21.02 km e*main linac TAradlus%

48.3 km
CR combiner ring
TA  turnaround
DR damping ring

PDR predamping ring
e injector,
2.86 GeV e
PDR
398 m

BC bunch compressor
CLIC uses a novel two beam acceleration schemeetergte a high accelerating gradient of 100 MV/rhisT

booster linac, 6.14 GeV

BDS beam delivery system
IPinteraction point

W dump e* injector,
2.86 GeV

Fig. 1. Layout of the CLIC complex.

acceleration scheme together with an optimizatwwwall plug power efficiency results in short barintervals of 0.5 ns
and a train length of 312 bunches of about 3.71d0ticles each. A repetition rate of 50 Hz wasseimoto synchronise
the Radio Frequency (RF) power source with the whif network. The high luminosity requires veryadinbeam

emittance, which is generatedtire damping rings.
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2.1 CLIC beam line
211 Mainlinac

The two main linacs (ML), one for positrons and dtieer for electrons, accelerate the beams frotinidal energy of 9
GeV to the final value of 1.5 TeV by using normahducting accelerating structures with an RF ofGl2z and a
gradient of 100 MV/m. This choice of frequency agrddient is based on an optimization of the totaleerator cost.
The ML design is identical for electrons and pasitr and both MLs are about 21 km long. The keygiegoal is the
preservation of the ultra-low transverse emittaduoeng beam transport. This goal is achieved byombsnation of
careful lattice design, precise pre-alignment &f ltleam line components, stabilisation of the beaiting quadrupoles

against vibrations and by using beam-based cooreatiethods. The ML tunnel and the beam line aer Istsaight [4].

212 Beam Délivery System
The Beam Delivery System (BDS) squeezes the beamsangs them into collision. Furthermore, the BDSwsld
protect the beam line and the detector againstteeissd beams coming from the ML and remove beam{batticles to
minimise background in the detectors. This is genfd by the collimation system. The first collimat®eds to survive
the impact of a complete bunch train, which requlegge beam sizes and which drives the lengtheBDS system to
about 3 km. In addition, the BDS provides instrutaion to monitor key physics parameters, suchresgy and

polarisation. Due to the crossing angle of 20 mcaal) cavities are required to rotate the bunchiekdad-on collisions.

The last part of the BDS consists of the final ®eystem. This system focuses the beams to theeddizes in order to
reach the luminosity goals. It incorporates a claticity correction scheme [5], so that an energgag in the beam will
not dilute the beam size at the IP. The Final Deu{#D) consists of the last two quadrupoles, na@Etl and QDO (see
fig. 5). The last quadrupole QDO is located inside detector. Given the beam sizes, colliding thants at the IP

imposes very tight tolerances on the stabilityhaef FD quadrupoles.

2.2 Dynamic imperfections

221  Ground motion
GM induces beam misalignment and beam-beam oftsadiig to a loss of luminosity (luminosity is insely

proportional to the cross section of the bunchBsg PSD of the natural GM is a steep function efjérency which falls
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off as 1/f*. Several peaks can be observed and are relareddbinery and structural resonances. Such pealksaapp

steps in the IRMS. As the future CLIC location sgestill unknown, different GM models based on swaments
performed in accelerator laboratories and on hicstbdata have been established [6]. Fig. 2 shtwsPSD of the GM
measured in the tunnel of the Large Hadron Coll{détC) at CERN (where the Compact Muon Solenoid @&NI7] is
located, report available in [8]), as well as sal/&M models. These GM models have been integriatEdl ACET in

order to characterize accurately the GM influence¢he linear collider.

1e-10 —
CMS —— |

1e-12 _ Annecy ............ .
| | model A
model B s

1e-14

N ' R\ model C -
% 1e-20 - '''''''''

N
1e-26

0.1 1 f [Hz]

Fig. 2: Ground motion models.

Model A is based on measurements in the empty' liiihel (no technical noise). Model B is made tarfeasurements
on the Fermilabsite. Model B10 is made to fit measurements atRAPAnnecy and the technical noise measured in the

! Large Electron Positron, (predecessor of the LB€neva, Switzerland)
2 Fermi National Accelerator Laboratory, (Batavi&jcgo).
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CMS hall. Finally, model C is based on measuremaenBESY.

2.2.2 Direct disturbances on the quadrupole (Acoustic noise, cooling)

Direct forces are transmitted through the beam,ppever leads with cooling water pipes and by atioysessure, and

act directly on the quadrupole [9] (see fig. 3).
Direct disturbances:
\ Acoustic noise, cooling...

—— - — - — QDO — —— —

VAV A A A AV A A A A A GV 4V 4 4V 4V 4V 4V B B 4 GV 4 GV 4V 4 iV 4V GV 4 4 4V 4
\ Indirect disturbances : \
Seismic motion Fig. 3: Disturbances on the quadrupoles.

Recent studies [10], [11] have shown that the effédhe vibration forces acting directly on the gnat are
highly attenuated by increasing the stiffness @ ML quadrupoles and its supports. The direct ®icave

been added in the GM model B10, which contains getechnical noise.

2.3 Mechanical stabilisation systems
2.3.1 Mechanical stabilisation system for ML and BDS

To reduce the motion of the ML quadrupoles for higlguenciesX 1 Hz), each quadrupole will be positioned on an
active stabilization system. Regarding the integtaimulations, a theoretical fit of the measuraddfer functions of the
current design [12] has been used, which is shawfigi. 4. An IRMS movement of 1 nm above 1 Hz haermb
demonstrated. The peak at 0.2 Hz of the QuadruBteilization (QS) is close to the micro-seismi@kpavhich is
unfavourable. Thus, a targeted future design [42llso shown in fig. 4. For the BDS, the same deagyfor the ML has

been assumed in simulation, nevertheless, a malieaded system could be envisaged.

% German Electron Synchrotrghiamburg, Germany)
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theoretical transfer functions of the quadrupole stabilization.

Fig. 4: Amplitude of the

2.3.2 Mechanical stabilization system for the final doublet
To reduce the beam offset jitter for high frequencihe FD, which includes the last quadrupoles @D QF1, will be
put on a large mass, the pre-isoldtist] (see fig. 5), which is attached to the tunteladdition an active stabilization can

be deployed, but the simulation is limited to ttend-alone usage of the pre-isolator.
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\ Accelerator tunnel

Detector side

Fig. 5: Layout of the pre-isolator with the
concrete mass supporting the two final focus magnets. Taken from[14].

The two magnets are supported by rigid girdersdhatfixed on top of a massive concrete block, hieig about 80 tons

and resting on several springs whose rigidity retlin order to have a vertical resonance of thelevassembly at 1 Hz.

For such a system, an achieved IRMS movement &fiithi above 4 Hz has been reported [14]. The pitat@ohas two

support points. Each of them has its own trangfection shown in fig. 6. The resonance at 50 Hezagsed by the

vibration of the cantilever and is designed to e beam repetition rate.

100 T T T

10 F

1+

0.1

0.01 -

0.001 -

Transfer [-]

0.0001

T

1e-05 : :

support point 1 to QD0 ——
1e-06 ¢ support point 2 to QDO -
combined transfer function to QDQ

01 0.1 10 100

1e-0¥) 1
Frequency [Hz]

Fig. 6: Amplitude of the theoretical transfer functions of the pre-isolator of the final doublet system.

These transfer functions have been implementedhénstmulation layout. A discrepancy between the tlifferent
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transfer functions of the mechanical stabilizatdéithe ML and BDS, and the final doublet systend Hrerefore between

the quadrupole positions will impact luminosity. erafore, the transfer functions should be tunedriter to have a
similar shape, especially at lower frequencies.ukations have shown that a tuning of the quadruptalbilisation by e.g.

a low-pass filter will ease the task of the OFB][13

3 Beam-based feedbacks

Two main strategies are currently studied: theraution Point Feedback (IPFB) and the Orbit Feekil{@FB) are

trajectory feedbacks, which collect informationrajathe accelerator and at the interaction pointrater to correct the
beam positions thanks to specific kickers all altimg accelerator. The sampling rate of these fexdbes fixed and
imposed by the beam repetition rate of 50 Hz. Tiligation causes these feedbacks to be only éffedor frequencies
below 1-4 Hz. The trajectory feedbacks are theeetmly efficient at reducing beam size growth alwvly changing

beam-beam offset.

3.1 OFB control principle
The OFB is intended to suppress GM, which indu@ssrboscillations along the ML and the BDS of CLTGese beam

oscillations degrade the luminosity performancecesitheygenerate beam-beam offset and increase the ecdttan
due to chromatic dilutions vifilamentation. To counteract the beam oscillatj@k22 BPMs are installed along the
ML and BDS, which measure the beam offsets in batal and vertical direction. These measurememtsised by the
OFB to calculate corrections that are sent to tteadors. The baseline choice for the actuatorgydds to move the
guadrupoles mechanically with the help of the pasibg capabilities of the stabilisation systemgemted in section

2.3.1. As an alternative solution, also dipole ector magnets can be deployed.

The OFB is a discrete-time control system, witlamgling time of 20 ms (determined by the beam r&petrate). The
design of the OFB is carried out in three stepghnfirst step, the large, Multi-Input, Multi-Outp(MIMO) accelerator
system is decoupled, such that each input of the system is only influencing one output. This is@oplished by
transforming the inputs and outputs by matrix nplitations that can be found with the Singular #aecomposition

(SVD) of the orbit response matrix. With this SVBcdupling, the design is simplified significantynce the task of
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finding one large MIMO controller is split up intbe determination of simpler Single-Input Singlet@u controllers

(SISO). For more detailed information on the OFder to [15].

In the second and third steps of the design, ttieiclual SISO controllers are determined. The sdciap consists of the
determination of one controller transfer functi©fz), which shapes the form of all open loop frequersponses of the
decoupled accelerator channels in an appropriaye Wés shaping ensures high GM suppression affleguencies, low
noise amplification at high frequencies and tak#s account stability consideration by guarantea@mqhase margin of
more than 3% In the third step, one open gain parametdas calculated per decoupled accelerator channahms
multiplied with the before defined controll€(z) to get the final SISO controllesC(2), wherei is the channel index.
The parameteq; is determined such that the luminosity loss duestd and measurement noise is minimised, by
balancing the two influences. For this balancingdeis of GM and measurement noise as well as alrobttee effect of

these signals on the luminosity loss are ufigd.7 shows closed loop frequency responses nadgs of the beam

oscillation amplitude to GMT,) and to measurement noided), for one decoupled control loop.

Magnitude [1]

10” 10° 10
Frequency [Hz]

Fig. 7: Magnitudes of the closed loop frequency responses
of the beam oscillation amplitude of one decoupled control loop to ground motion (Tg,) and measurement noise (T,,). For thisplot, a g, of 1is
assumed.

3.2 1PFB control principle

The IPFB corrects the beam position at thé,IBy measuring the deflection angles of the collidaseams and adjusting

the beam position with a dipole kicker positionednQDO. The structure of this control is givefign 8.
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The proposed control framework is composed of difaek loop with a numerical controlldd) optimized to minimize

the offset of the beam, and a real-time adaptiverobfeature K,) based on the Generalized Least Squares (GLS)

algorithm [16]. A more detailed study of the whotintrol can be found in [17].

Ground motion model (B8, B10)

v
v Pre
> fA.da ;_\I/e isolator W
> fileer ( a) "@‘J (BPM noise)
l D, (Beam mper’rec’mon)l
0 &, | Controller Q_’@_' Kicker @
+ —>
_ (H) (G) Offset at
Sensor (BPM) the IP:0y

Fig. 8: Feedback and
adaptive control scheme.

The disturbanceB, B10) is the mechanical excitation from GMD)(is the disturbance felt by the quadrupole leadmg
beam imperfections.e. GM models damped by the mechanical stabibrati QS or pre-isolatar¥he transfer
function between the mechanical displacement sfdoadrupole and the beam can be modelled by garrmin equal
to 1 since it is considered as a uniform rigid inee. The transfer function of the BPM is also eltatl by a unity gain,

since the beam offsé feeds the input of the controllers.

The action, meant to reduce the offset betweetwbhébeams at the IP, is done by a kicker. The obthdisplacement of
the beam is proportional (equal to 1 in the follegvimodel) to the injected current of the kickereTdynamic of the

process is a delay at a sampling period equalo® €.

bo+b1q 1+byq~?
1+a,q9 1+a,q~

The structure of the compensabl) is given byH(q) = —whereq~lis the back shift operator.

In the following simulations, five control strategihave been tested:
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- a particular
case where,anda,are equal to -1 without adaptive filter, that cepends to a double integrator in the controllelteda
PIID,

- a particular

case where ondy is equal to -1 without adaptive filter, that copends to a single integrator in the controllerlechPID,

- a (general
case where,nor a,are imposed without adaptive filter, called FB,
- a particular
case where onby is equal to -1 with the adaptive filter, called RID
- a general

case where,nora,are imposed with the adaptive filter, called FBAg$17] for more details).

4 Simulation and results

4.1 Simulation setup

Simulations of the beam dynamics in CLIC, from &mgrance of the ML to the IP including the beamrbéateraction
have been performed by using PLACET and GUINEA-PAB. mitigation techniques have been implementede T

measured PSDs and the luminosity have been aveagadl00 seeds each corresponding to a real-tooeleator

operation of 15 for GM B and B10.

4.2 Modelling assumptions

Main assumptions leading to the results presemtéis paper such as hardware dynamic respons@ldriBsolution are
discussed in this section. First of all, the traittemce of the quadrupole has been neglected, wtoctesponds to an
infinite rigid quadrupole. Although this isn't tlease, the stiff design of the quadrupole would @névany resonant
frequency below several hundred Hz. Moreover, tMe ®SD decreases rapidly with frequency being priomoal with

1/f*, and the mechanical stabilisation should damp\disation above a few Hz. Because of these consiiters, the
dynamic response of the quadrupole should haveghgit#e impact on the results. Furthermore, in |aion each
guadrupole has the same transfer function, while#tity there will be a certain spread in themjolhhwill degrade the

performance of the OFB and might result in morenbégtter at the IP. This will be a topic for futustudy. Next, the
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kicker's dynamic response has been neglected, isiilscassumed to be much faster than the sampknigd of the beam.

This is a specification requirement for the devaiept of such an actuator, and should be possikéeheve regarding
the low beam repetition rate of 50 Hz. Finally,tihese simulations a resolution of 50/100 nm [18 baen used for
BDS/ML BPMs, while the post-collision BPM resolutithas been neglected. This will have a clear impadhe results.
Fig. 9 shows the evolution of the luminosity lossldhe beam-beam offset IRMS @ 0.1 Hz as a funaifoiiie post-

collision BPM resolution.

Ground motion: None, IPFB controller: FBA
04 T T T T T | R | T

—%-Beam-beam offset IRMS @ 0.1 Hz
=& Luminosity Loss

R

©
w
N
Luminosity Loss (%)

Beam-beam offset IRMS @ 0.1 Hz [nm]
o o
= N

(=]

FS

0 % %

BPM resolution [m]
Fig. 9: Beam-beam offset IRMS @ 0.1 Hz and luminosity loss as a function of the post-collision BPM resolution.

These results have been obtained with the FBA cbbetrand without GM. The plot shows the correlatizetween the
beam-beam offset and the luminosity loss. Therlagtdimited to 1% considering a resolution of abddé um for the

post-collision BPM. This simulation can be conseterealistic enough to specify the post-collisidPMBresolution.

4.3 Feedback simulations
The first set of simulations shows on the left garfig. 10 the beam-beam offset PSD and IRMS whging the five

different IPFBs discussed in section 3.2 with GMdeloB10. The right part shows the same results ®ith modelB.

The two feedbacks (IPFB and OFB) are on.
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Fig. 10: IP Feedback controller comparison for GM B10 and B with both BBFBs.

Tables 1 an® summarise the obtained performances in termarinosity loss and IRMS @ 0.1 Hz. Two other GM

models A and C (see fig. 2) have beelled for comparison.

Table 1
Average luminosity loss.

Average luminosity loss, (SEM)

IPFB PIID PID PIDA FB FBA
A 1.47%(0.01%)  3.30%(0.06%) 2.78%(0.05%)  1.21%(0.01%)  1.22%(0.01%)
Ground | B 1.63%(0.01%)  7.10%(0.16%)  1.54%(0.03%) 1.47%(0.03%)  1.49%(0.03%)

motion | B10 | 1.88%(0.01%) 7.22%(0.14%)  1.75%(0.03%)  1.729%(0.03%)  1.72%(0.03%)
C 40.98%40.40%) 47.40%(0.34%) 27.38%(0.30%) 22.76%(0.24%) 22.02%(0.25%)

Table2
IRMS of Beam-Beam offset for several GMs and IPBBtmllers.

Beam-beam offset IRMS @ 0.1 Hz [nm], (SEM)

IPFB PIID PID PIDA FB FBA
A 1.5E-10 3.5E-10 2.8E-10 9.5E-11 9.8E-11
Ground (L1E-12) (7.9E-12) (5.4E-12) (3.9E-13) (3.9E-13)
motion
B 1.6E-10 6.3E-10 1.2E-10 1.1E-10 1.1E-010,
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‘ (9.9E-13) (1.9E-11) (7.7E-13) (4.2E-13) (1.0E-012)
B10 1.9E-10 6.4E-10 1.5E-10 1.5E-10 1.5E-10

(1.2E-12) (14E-11) (8.7E-13) (7.1E-13) (8.2E-13)

c 2.3E-09 2.6E-09 9.2E-10 5.9E-10 4.5E-10

(4.3E-11) (3.1E-11) (1.3E-11) (4.7E-12) (3.3E-12)

Statistical errors on the simulation results haserbcharacterized by the Standard Error on the N®EN) in the tables,
which is given bythe sample standard deviation divided by the squao¢ of the number of seeds. These
simulations show that the GM model has an impoitd#hience on the performances in terms of lumityosi offset. For
example, with GM model C, the specifications carbteached with any of the controllers. In mosesaa simple PID
controller isn't able to maintain good performan@gghis moment, it is not possible to choose aipaldr controller due
to some imperfections not taken into account insinaulation model and due to some future changéiseiesign of the
components such as the pre-isolator. Neverthelessnost important unknown is the characteristithefGM that has
an impact on the performances. The partial conmius that the proposed set of controller strategan be used on a
variety of reasonabl&M models.

4.4 | nteraction between Feedbacks

In section 4.3 all simulations were done with bie&dbacks on and it is shown that the luminosisg lis sufficiently low
compared to other imperfections when the GM maglabit too severe. In these simulations, the cogmffects between
the two feedback loops are investigated. The laft pf fig. 11 shows the PSD and IRMS of the beaarb offset for

ground model B10 for the FBA controller and théhtigart shows the same results for ground model B.
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Fig. 11: Interaction between feedbacks.

These figures show that, in order to limit the Inosity loss, both feedbacks must be on. When ¢@yQFB is on, both
luminosity andoeam-beanoffset are far from the needed performances. Wiilly the IPFB on, the IRMS is the lowest
but without the needed luminosity. In any case whbe IPFB is on, th&M is successfully corrected below 4 Hz. The
OFB has a small effect on the degradation oftteam-beanoffset when both feedbacks are on, leading toRM3I
twice as high as without OFB. Simulations usingeotltontrollers show the same behaviour. Nevertbeldss
degradation due to the introduction of the OFBnisl enough and theeam-beanoffset is under the needed maximum

requirements. This scheme allows to reach an IRMBebeam motion of about 0.2 nm @ 0.1 Hz withhifeedbacks

leading to an average luminosity loss of less thafo (see table 1).

5 Conclusion
In this paper, an integrated simulation of GM ndtign techniques for the future compact linearidetl has been shown.
The simulation takes into account most of the palselements of the collider: beam optics, mect@nstipports,

realistic models of GM, etc. Two feedbacks are gmé=d; on the one hand, the IPFB meant to reduceftbet position
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of the colliding beams at the IP, on the other hahd OFB designed to minimize the emittance of ldbam. Both

feedbacks aim to maximize the luminosity perforngan€or the IPFB five different control strategiee aiscussed.
Different structures for the beam-beam offset airghow interesting results. First, the presentautrollers are able to
deal with different GM behaviour except for higeduency disturbed models. Second, detrimental cayuletween
both feedbacks have been shown to exist and iedses the beam-beam offset up to a factor two. ewehese
controllers can maintain the beam-beam offset atdu@ nm (IRMS @ 0.1 Hz), resulting in less thar%.average
luminosity loss for both considered GM models. @ilemwith the various adaptable IPFB and OFB cdtdrs and the
well-advanced integrated simulation, we believet thha are flexible to choose the correct controllerstackle the
unknown, to be encountered GM successfully. Findlg obtained performances are above the nomarébmnances
needed for the collider as the 1.7% is deemed tenedl enough compared to the 20% luminosity lagdgkt for all

dynamic effects in the accelerator. The quoted hagity losses are due to the GM and controllersctly, while some
simplifications have been made in the simulatiohjclw will degrade the luminosity performances. $fmdly, the

simplifications concerning the transfer functiomglahe BPM resolution are discussed in detail. dhier improvement
can be made with a global optimisation of both FiBsameters and mechanical stabilisation systerosdier to increase

the performances and robustness of the presemsdedgt with respect to non-modelled behaviour efdbllider.
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Nomenclature Tables

BBFB Beam-Based FeedBack

BDS Beam Delivery System

BPM Beam Position Monitor

CERN European Organization for Nuclear Research
CLIC Compact Linear Collider

CMS Compact Muon Solenoid

FD Final Doublet
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GLS Generalized Least-Square

GM Ground Motion

IP Interaction Point

IPFB Interaction Point FeedBack

IRMS Integrated Root Mean Square

LAPP Laboratoire d'Annecy-Le-Vieux de Physique Basticules

LEP Large Electron Paositron

LHC Large Hadron Collider

MIMO Multiple Input Multiple Output

ML Main Linac

PSD Power Spectral Density

OFB Orbit FeedBack

QDO0/QF1 Final Doublet Quadrupoles

QS Quadrupole Stabilization

RF Radio Frequency

SEM Standard Error of the Mean

SISO Single Input Single Output

SvD Singular Value Decomposition

A, B, B10, C Ground motion models

C SISO OFB controller

D Beam imperfection

FB(A), PID(A), (Adaptive) Numerical and Proportional-Integral-Drative controllers

G Kicker (actuator used to steer the beam)

H Numerical controller

Ha Adaptive filter

Lo (Nominal) luminosity

Tga Tha Closed loop frequency responses magnitudes ofeamloscillation
amplitude to GM ({:) and to measurement noise )T

0%.00y0 (Nominal) beam size at the IP along x and y

) Beam-beam offset

o] Gain parameter corresponding to channel index i

X, Y Horizontal and vertical direction
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