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Optimization of the Beam Size at the Interaction Point of the

Accelerator Test Facility 2

by Vera CILENTO

Abstract

A new era of discovery in particle physics has opened in November 2009 with the

start-up of the Large Hadron Collider (LHC) at CERN, the European Organization

for Nuclear Research, in Geneva, Switzerland. The LHC, a circular proton-proton

synchrotron, operates at the highest energies particle accelerators ever achieved.

Nowadays, an upgrade of the LHC to achieve instantaneous luminosities a factor

of five larger than the LHC nominal value, thereby enabling the experiments to en-

large their data sample by one order of magnitude compared with the LHC baseline

programme, has been developed, called the High Luminosity LHC (HL-LHC).

A Linear Collider could be the next large accelerator after LHC. Instead of pro-

tons, electrons and their antiparticles, positrons, will be colliding with each other

at very high energies. Just like at the LHC, the physics at the Terascale will be ex-

plored in order to clarify questions such as the nature of dark matter in the universe,

possible new symmetries and new dimensions of space, and to provide the possibil-

ity for unexpected discoveries. In comparison to the LHC, the use of electrons and

positrons has the advantage of significantly cleaner events with less background,

allowing a higher precision and detailed studies of physics beyond the standard

model, as well as an analysis of the Higgs mechanism with higher accuracy.

These are some of the reasons that induced the Accelerator Physics community

to go towards an electron positron collider. In this context, the High Energy Physics

(HEP) community produced a Technical Design Report (TDR) presenting the ma-

tured technology, design and construction plan for the International Linear Collider

(ILC) [1]. The Compact Linear Collider (CLIC) [2] collaboration demonstrated the

feasibility of the project. Therefore, the International Committee for Future Accel-

erators (ICFA) decided to gather the two projects in order to develop the common

issues of the two different technologies in the Linear Collider Collaboration (LCC).

The two projects have in common the structure of a linear collider that accelerates

the particles to high energy and brings them to collision. These two technologies,

ILC, with a maximum energy between 250 GeV and 1 TeV, and CLIC, with energies

up to 3 TeV represent the new era of the linear collider research and development

platform in the accelerator physics scenario. Furthermore, for these accelerators ex-

tremely complex detector systems are designed to achieve high accuracies. More
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than a thousand scientists are involved in the development of these new accelera-

tors and detectors world-wide.

This thesis work concentrates on the final-focusing system (FFS) of future linear

colliders, like ILC or CLIC. The FFS has the function of squeezing the beams to the

IP, down to nanometer transverse sizes. The beam transport and focusing optics in

such a system are very challenging. The FFS of CLIC and ILC share the same con-

ceptual design based on the local chromaticity correction scheme (although beam

parameters are different, e.g. energy, emittances, beam sizes). On the other hand,

CLIC has also an alternative correction scheme, the traditional one [3]. Since the lo-

cal chromaticity correction scheme was never used in any accelerator before, a small

version of this system was built as a demonstrator in order to prove, experimentally,

its effectiveness, called ATF2 located at KEK in Japan, near Tokyo. This test facil-

ity, operating since early 2010, has achieved many experimental successes, such as

achieve the extremely low vertical beam or emittance required for linear accelera-

tors [4, 5].

ATF2 has two main goals: squeeze the beam to 37 nm; and to demonstrate beam

stability at IP at nanometer level. In this thesis I focus on the optimization meth-

ods to achieve tens of nanometer beam size at the IP in the ATF2 facility, such as

mitigation of ground motion effects using the feed-forward control system and ex-

perimental studies on ultra-low β∗y optics. Measurements and simulations results are

presented together with a novel proposal to use crystal focusing to reach the same

beam size of the traditional focusing scheme (with normal quadrupoles).

An introduction of the framework where this study is carried out, in particular

the CLIC and ATF2 projects is presented and discussed in Chapter 1.

Chapter 2 presents some basic concepts of the transverse accelerator physics and

some important tools for optics design with particular emphasis on the FFS optics.

The mitigation of ground motion effects using feed-forward control in ATF2 is

described in Chapter 3, together with the measurements results achieved in Decem-

ber 2017 and February 2018 beam operations at ATF2 (described in the last section

of the Chapter).

In Chapter 4 the feasibility studies, the motivation and the measurements results

of the ultra-low β∗y optics in the ATF2 are presented. The results of the nonlinear

beamline optimization for minimizing the IP beam size are presented in the first

section of this chapter. In the second section the computer tools for performing the

tuning simulations are described. The tuning results achieved in December 2017,

February 2018 and May 2018 beam operations are discussed in the last section of

this chapter.

A novel concept of optics design using crystal focusing in the FFS region is in-

vestigated through simulation studies in Chapter 5. At first, the implementation of
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the crystal in MAD-X [6] and MAPCLASS [7] environments is described. A first de-

sign of a crystal-based FFS optics is presented and compared to the baseline design.

Then, luminosity simulations for CLIC 1.5 TeV were done and described in the last

section of the Chapter.

Completing this research required 5 visits to the High Energy Accelerator Re-

search Organization (KEK) in Japan and spending 9 weeks working in ATF2. In

Chapter 6 all the results obtained during these 9 weeks of operation in December

2017, February 2018 and May 2018 are discussed together with future works.
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Chapter 1

Introduction

During the last decades, particle accelerators have become highly effective machines

to discover and study new particle physics. They have contributed to the formation

and consolidation of the Standard Model of particle physics [8] and in particular,

the physics potential of future linear colliders has been studied since the Standford

Linear Collider (SLC) [9]. The advantage of a linear lepton collider with respect

to the LHC is the cleanliness of the events where two elementary particles with

known kinematics and spin define the initial state. The resulting precision of the

measurements is achievable because of the high resolution possible in the detector

due to a clean experimental environment, ability to scan systematically in c.o.m en-

ergy and possibility of high degree of polarization. The confirmation of the Standard

Model has been achieved through a combination of analyses from LEP, SLC, HERA,

B-factories, Tevatron and the LHC. In this model the Higgs mechanism is respon-

sible for the electroweak symmetry breaking and the masses of other particles. A

linear collider can be used to conclude if the boson found at LHC has the proper-

ties predicted by the Standard Model or if it is part of an extended Higgs sector as

in SUSY [10, 11]. An other aspect is that a linear collider can study the presence of

composite structure of the Higgs particle and can measure precisely the electroweak

coupling of the top quark by directly measuring the top quark mass.

1.1 CLIC Project

There exist two proposals for an e+e− linear collider, the International Linear Col-

lider (ILC) [12] promoted by a Global International Collaboration of laboratories

and universities, and the Compact Linear Collider (CLIC) led by CERN with an

important collaboration of different worldwide laboratories and universities. The

Compact Linear Collider is a proposal of the future generation of linear colliders

that extends over 48 km. Its goal is to collide e+e− beams with a centre-of-mass en-

ergy of 3 TeV and delivering a luminosity above 1034 cm−2s−1. The physics potential

of CLIC is reported in [13]. The two main linacs of CLIC accelerate electrons and

positrons beams from an energy of about 6 GeV up to 1.5 TeV in a single pass. A
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FIGURE 1.1: General scheme of the CLIC 3 TeV machine (figure taken from [15]).

large accelerating gradient of 100 MV/m is foreseen to confine the footprint of the

machine within a reasonable scale. CLIC proposes an innovative two-beam accel-

eration scheme (Main Beam and Drive Beam). It consists of generating first a high

intensity and low energy beam (Drive Beam) that runs parallel to the main beam.

The Power Extraction and Transfer Structure (PETS) extracts the radio-frequency

power of the Drive Beam to build up the high accelerating gradient at the normal-

conducting cavities of the main linac. The high current drive beam is obtained by

recombining the bunches coming from the drive beam accelerator. This recombina-

tion is done in the delay loop and the combiner rings 1 (CR1) and 2 (CR2). Figure 1.1

shows a general layout of CLIC and Table 1.1 summarizes the main parameters of

CLIC. Each of the CLIC subsystems source (S), damping ring (DR), main linac (ML)

and beam delivery system (BDS) is technically challenging and all of them are of

vital importance to reach the required luminosity. In this sense, the test facilities

are crucial to study the feasibility of the main linac and the beam delivery system.

The Accelerator Test Facilities (ATF and ATF2) are experimental test facilities built

at KEK (Japan) meant to address the minimum transverse emittance that can be ex-

tracted from the damping ring, and to test the performance of the FFS based on the

local chromaticity correction scheme [14].

The CLIC BDS consists of three sections:

• Diagnostics

• Collimation

• Final Focus System

The diagnostics section measures and corrects the beam characteristics at the exit of

the linac in order to avoid any mismatch between the ML and BDS subsystems and
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Parameter Symbol Value Unit
Center of mass energy ECM 3.0 [TeV]

Luminosity L 5.9 [1034cm−2s−1]
Peak Luminosity L1% 2.0 [1034cm−2s−1]

Linac repetition rate frep 50 [Hz]
Number of particles/bunch Np 3.72 [109]
Number of bunches/pulse nb 312 [-]

Bunch separation ∆tb 0.5 [ns]
Bunch train length τtrain 156 [ns]

Main Linac RF Frequency fRF 12.0 [GHz]
Beam power/beam Pb 14 [MW]
Total site AC power Ptot 392 [MW]

Overall two linac length llinac 42.16 [km]
Proposed site length ltot 48.4 [km]

TABLE 1.1: Main parameters of CLIC.

to properly transport the beam towards the FFS. The function of the CLIC collima-

tion section is to protect the down-stream beam line (FFS) and the detector against

miss-steered beams from the main linac and to remove the beam halo that enhances

the background level in the detector [16].

Final Focus System

The Final Focus System is the last section of the BDS whose main function is to

squeeze the horizontal and vertical beam sizes at the IP to the required values. The

final part of the FFS is usually formed by a Final Doublet (FD) which is a pair of

strong quadrupole magnets located upstream the IP. They are responsible of focus-

ing the transverse beam sizes at the IP. The length of the drift space between the

last magnet of the FD and the IP is called L*. The FD focuses the transverse beam

size at the IP, moreover the insertion of octupole and decapole magnets as detailed

in [17] is required to deliver beam sizes of 45 nm and 1 nm in the horizontal and

vertical planes respectively at the IP. The energy spread of the incoming beam leads

to a noticeable IP beam size growth due to the fact that the FD quadrupoles focus

off-momentum particles to different longitudinal position, this effect is referred to is

chromaticity [18] by analogy with light optics. This chromatic effect is corrected by

the insertion of sextupole magnets. In order to correct the chromaticity of the lattice

two different conceptual FFS designs have been developed over the last decades.

The non-local chromaticity correction scheme corrects the transverse chromaticity

by two dedicated chromatic sections and afterwards the beam is transported to the

final telescope section which demagnifies the beam size (such scheme was exper-

imentally verified by the Stanford Linear Collider (SLC) [19], by the Final Focus

Test Beam (FFTB) [20] at SLAC and by B-factories such as KEKB and SuperKEKB
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FIGURE 1.2: Scheme of the chromaticity correction with sextupoles located at regions of
non zero dispersion due to the presence of dipole magnets. Dash lines represent particle
trajectories without chromaticity correction, the continuous lines represent particle trajec-
tories with corrected chromaticity. The upper plot refers to the non-local chromaticity cor-
rection scheme, the lower plot shows the local chromaticity correction scheme (figure taken
from [14]).

at KEK [21]). An alternative design is the local chromaticity correction proposed

in [14] with interleaved sextupole magnets in the FD in order to locally correct the

chromaticity. The definition of the chromaticity and details of the local chromaticity

correction scheme are given in Section 2.2. Figure 1.2 shows a scheme of both FFS

designs. The e+ and e− beams cross at the IP at an angle of 20 mrad to allow the ex-

traction of the beams after collision. To preserve the luminosity obtained by head-on

collision, the insertion of a crab cavity is mandatory in order to rotate the bunches

at the IP recovering the luminosity. In the baseline design of the CLIC BDS 3 TeV, L*

is equal to 6 m. In this configuration the last quadrupole magnet (QD0) is placed in-

side the detector (see figs. 1.3 and 1.4). To avoid a significant luminosity loss due to

ground motion described in Chapter 3 and technical vibrations, the limit for the in-

tegrated root-mean-square (rms) [22] vertical displacement was set at 0.2 nm above

4 Hz for the final doublet magnets. This requirement is extremely challenging if the

quadrupole is supported on the detector, therefore it is foreseen to hold QD0 by a

cantilever that relies on a massive pre-insulator located in the cavern wall. With this

configuration QD0 avoids the noise from the detector, and vibrates within the toler-

ances [23]. Increasing L* allows to place QD0 outside the CLIC detector leading to a

simpler, more robust and more stable solution of the interaction region. Among the

possible lattices, the CLIC BDS with L*=6 m is one of the most attractive solutions

in terms of performance. The design and optimization processes of the CLIC BDS

with L*=6 m are reported in [23]. This is the current baseline design after CLIC BDS

(see fig. 1.3). The obtained beam sizes at the IP for the CLIC BDS L*=6 m design are

40 nm and 0.9 nm in the horizontal and vertical planes, respectively, while for the
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FIGURE 1.3: Left: QD0 is located inside the detector and partially supported by the pre-
insulator (green block) in the tunnel. Right: Vertical cut through the new detector model
CLICdet allowing QD0 to be located outside of the experiment. No preinsulator or QD0
shielding are needed as opposed to the short L* design in the left figure (figure taken
from [23]).

CLIC BDS with L*= 3.5 m σ∗x =40 nm and σ∗y =0.7 nm. Table 1.2 summarizes the main

parameters of the alternative lattice [16].

CLIC L*=3.5m CLIC L*=6m
Center of mass energy ECM [TeV] 3.0 3.0

Luminosity L [1034cm−2s−1] 5.9 5.9
Peak Luminosity L1% [1034cm−2s−1 2.0 2.0

Linac repetition rate frep [Hz] 50 50
Bunch population Ne [109] 3.72 3.72

Number of bunches nb [-] 312 312
Bunch length σz [µs] 44 44

Rms energy spread δp [%] 0.3 0.3
IP beam size σ∗x /σ∗y [nm] 40/0.7 40/0.9

Beta function (IP) β∗x/β∗y [mm] 7/0.068 7/0.12
Normal emittance γεx/γεy [nm] 660/20 660/20

FFS length lFFS [m] 450 770

TABLE 1.2: CLIC 3 TeV design parameters in both L* options.

1.2 ATF2

The Accelerator Test Facility (ATF) [24] is an accelerator at the High Energy Accel-

erator Research Organisation (KEK) in Tsukuba, Japan. The ATF is designed as an

R&D platform for future linear colliders. The beam operation started in 1997 and the

original goal of the facility was to achieve the extremely low vertical beam or emit-

tance required for linear accelerators. The design emittance was achieved in 2001 [4,

5]. The ATF accelerator facility is composed of a photocathode giving electrons to a

linac accelerating the particles to 1.3 GeV followed by a damping ring (see fig. 1.4).

In 2008 the facility was upgraded to the ATF2 project [25]. The existing machine was
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FIGURE 1.4: Schematic layout of the Accelerator Test Facility.

extended with a 100 m beam delivery system consisting of an extraction line and fi-

nal focus line which are an energy-scaled version of the FFS design for the ILC (see

fig. 1.5). The goals of the ATF2 project are to achieve a 37 nm vertical beam size at

the IP (goal 1) and to stabilize the IP beam position at the level of few nanometers

(goal 2) [25]. The main ATF2 design parameters are given in Table 1.3.

Parameter Symbol ATF2 design
Beam energy

√
s[GeV] 1.3

Energy spread σδ[%] [0.06,0.08]
Final quad to IP distance L*[m] 1

Normalized horizontal emittance εx,N [µm] 2.8
Normalized vertical emittance εy,N [nm] 31

Horizontal emittance εx[nm] 2
Vertical emittance εy[pm] 12

Horizontal β function at the IP β∗x[mm] 4
Vertical β function at the IP β∗y[µm] 100

Horizontal beam size at the IP σ∗x [µm] 2.8
Vertical beam size at the IP σ∗y [nm] 37

Natural vertical chromaticity ξy 10000

TABLE 1.3: ATF2 design parameters.

The main parts of ATF2 are:

• Source and Linac

The 88 m long ATF linac consists of an 18 m long 80 MeV pre-injector section

and a 70 m long regular accelerator section with energy compensation struc-

tures. The RF gun with a 1.6 cell S-Band CsTe photocathode driven by a multi-

bunch UV laser generates an electron beam with intensities up to 3.2 nC per
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bunch. Eight RF units of accelerating gradient of 35.2 MeV/m are used to ac-

celerate the particle trains containing up to 20 bunches of up to 2× 1010 parti-

cles per bunch. The beam energy at the linac exit is tunable up to a maximum

energy of 1.54 GeV, while 1.3 GeV is the usual beam energy in recent opera-

tion. The linac is operated at a repetition rate of 25 pps (pulses per second) to

accommodate 5 circulating bunch trains in the damping ring [26].

• Damping Ring (DR)

The ATF damping ring is a race-track shaped storage ring with an 138.6 m cir-

cumference. The ring arcs are based on the FOBO type cells, where B stands for

a combined function bending magnet with horizontal defocusing. The disper-

sion function is minimized in the bending magnet which helps in reaching a

small equilibrium emittance [27]. The beam energy loss due to the synchrotron

radiation is compensated by the 714 MHz RF cavity giving harmonic number

of 330 and 165 buckets with 2.8 ns spacing [26].

• Extraction Line (EXT)

The EXT extends over 52 m and it comprises an extraction and a diagnostics

section. The diagnostics section is used for measuring the emittance and the

Twiss parameters and for correcting the dispersion and transverse coupling of

the electron beam [28]. The beam is horizontally extracted from the damping

ring straight section using a pulsed kicker (KEX1) and a current-sheet septum

magnet (BS1X). The septum magnet is followed by two strong dipole magnets

(BS2X and BS3X) that bend the extracted beam at an angle of about 20◦. A

dogleg inflector is located downstream from the septum dipoles comprising

two approximately 10◦ bends (BH1X and BH2X) that offset the beam by 6 m

from the damping ring. Downstream from the inflector is the x-y coupling cor-

FIGURE 1.5: Scheme of the ATF2. The beam line on the left represents the extraction beam
line (EXT). The beam line on the right represents the FFS as the continuation of the EXT line
(figure taken from [23]).
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rection section consisting of four skew-quadrupoles with appropriate betatron

phase advance to make the effects of the skew-quadrupoles orthogonal. The

required conditions are that the first and second and also the third and fourth

skew-quadrupoles are separated by 90◦ of phase advance in both planes, and

the second and third skew-quadrupoles are separated by 180◦ in a horizontal

plane and 90◦ in a vertical plane. In consequence, the first skew-quadrupole

controls the x-y phase, the second controls the x’-y’ phase, the third the x’-y

phase, and the fourth the x-y’ phase. The coupling correction section is fol-

lowed by the emittance diagnostic section. Because of tight space constraints,

the optics for this system is a short, modified FODO structure. The transverse

beam emittances are reconstructed by measuring the transverse beam sizes

using four Optical Transition Radiation (OTR) monitors [29]. These monitors

provide fast single-shot measurements with full ellipse-fitting, allowing simul-

taneous measurement of the projected x and y spot sizes and the x-y tilt of the

beam. Beam sizes at the measurement locations for the ATF2 nominal emit-

tances (εx =2 nm, εy = 12 pm) range from 75 to 155 mm in x and from 7 to

20 mm in y [27]. The beam orbit diagnostic in the extraction line is handled

by 46 beam position monitors (BPMs). There are 13 stripline BPMs, located

mainly in the inflector, with a single-shot resolution of about 10 µm, 33 C-band

cavity BPMs [30], with sub-micron single-shot resolution and 2 button-type

BPMs located near the septum [26].

• Final Focus System (FFS)

The ATF2 FFS beam line extends over 40 m and it is responsible for transport-

ing and vertically focusing the beam at the IP to tens of nanometers. It con-

sists of a matching section composed of six quadrupole magnets (denoted by

QM16FF, QM15FF, QM14FF, QM13FF, QM12FF, and QM11FF) whose function

is to match the β functions measured in the EXT diagnostics section. In ad-

dition there are 14 quadrupole magnets which transport the beam to the FD

that include one focusing (QF1FF) and one defocusing (QD0FF) quadrupoles

meant to focus the transverse beam size at the IP. The last nine quadrupoles

of the EXT beam line plus the transport quadrupoles of the FFS are referred

to as QEA magnets. Three bending magnets, namely B1FF, B2FF, and B5FF,

generate the required dispersion to correct the chromaticity by means of the

five normal sextupoles, namely SF6FF, SF5FF, SD4FF, SF1FF, and SD0FF. In ad-

dition four skew-sextupoles, namely SK1FF, SK2FF, SK3FF, and SK4FF, have

been installed in the FFS [31]. Figure 1.6 shows the βx,y and ηx functions along

the FFS beam line [28].

• Interaction Point (IP)

The ATF2 focal point is called an interaction point (IP) by analogy with particle
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FIGURE 1.6: The βx,y functions and the ηx function for the ATF2 nominal lattice throughout
the ATF2 final focus line (figure taken from [23]).

colliders. In fact, the ATF2 provides just one particle beam, so no collisions

occur there. Instead, the ATF2 performance is verified by measuring the IP

beam sizes using the so-called Shintake monitor [32, 33]. It is an interference

monitor where two laser beams cross in the plane transverse to the electron

beam in order to form a vertical interference pattern, see fig. 1.7. The fringe

pattern vertical distribution is modified by changing the phase of one laser-

path in the optical delay line. The beam size is inferred from the modulation

of the resulting Compton scattered photon signal detected by a downstream

photon detector, see equation:

M = C |cos θ| exp
[
−2(kyσy)2] ,

ky = π/d, d = λ
2 sin(θ/2) ,

(1.1)

FIGURE 1.7: Shintake monitor schematic design. The electron beam interacts with a trans-
verse interference pattern generated by two crossing laser beams. The number of scattered
photons varies with the fringe size and the particle beam size (figure taken from [26]).
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where C is the modulation reduction factor which represents the overall sys-

tematic effect causing a decrease of the observed modulation due to the mon-

itor imperfections, θ is the crossing angle and γ = 532 nm is the laser wave-

length. Three laser crossing angle modes (2-8 degree, 30 degree, 174 degree)

extend the dynamic range from 5 µm to 20 nm, see fig. 1.8. Larger beam sizes

are measured by a wire scanner installed at the IP. It consists of a carbon wire

5 µm in diameter that when moved across the beam generates bremsstrahlung

gamma rays. The number of photons is proportional to the charge of the slice

interacting with the wire at each position setting. Profiles are constructed from

the number of photons as a function of wire position [34].

FIGURE 1.8: Modulation depth of the Compton signal as a function of σ∗y for 5 different
operation modes (θls=2, 4, 8, 30, 174 degrees) of the ATF2 Shintake monitor (figure taken
from [35]).

Octupole magnets for ATF2

Two octupole magnets were added to the ATF2 beamline in 2017 in order to correct

the multipolar field errors [23] and quadrupolar fringe fields [36] in the case of the

ultra-low β∗y optics (details in Chapter 4). The octupole magnets design and manu-

facturing was done at CERN [37, 38]. One of the octupoles is installed in a dispersive

location and the other in a non-dispersive location, with a phase advance of 180◦ be-

tween them. The proposed and the actual locations for the octupole magnets are:

OCT1FF (weaker octupole and the closest to the IP) between QD2AFF and SK1FF

and OCT2FF (stronger octupole and furthest to the IP) between QD6FF and SK3FF.
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Chapter 2

Beam Dynamics in a FFS

2.1 Basic Concepts of Transverse Beam Dynamics

This section contains the main beam dynamics concepts which are used in this the-

sis. Figure 2.1 shows an illustration of the coordinate system. Each particle at any

location along a beam transport line is represented by a point in a six-dimensional

phase space co-moving with the reference particle with coordinates x, x′, y, y′, z and

δp, where x, y and z coordinates refer to the horizontal, vertical and the longitudinal

coordinates respectively. The x′ and y′ coordinates are the horizontal and vertical

slopes defined as x′ = dx
ds and y′ = dy

ds respectively, being s the distance along the

reference trajectory. The relation between s and z is given by z = s−
∫

vz(t)dt where

vz(t) is the reference particle velocity. Hence z measures deviations on the longitu-

dinal coordinate with respect to the reference particle. Inside of a bending magnet

the coordinate s is curvilinear with a radius of curvature ρr, while the z coordinate

is rectilinear and tangent to the reference trajectory. The δp coordinate refers to the

particle momentum deviation normalized to the ideal momentum p0. The reference

particle is the particle with the ideal momentum and describes the reference trajec-

tory.

FIGURE 2.1: Illustration of the coordinate system used to describe the motion of an ensemble
of particles.
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2.1.1 Twiss Functions

The motion of an ensemble of particles along the beam line is usually described

by the Twiss functions βx,y(s), αx,y(s), γx,y(s) and φx,y(s), the dispersion function,

ηx,y(s), and its derivative η′x,y(s) which are defined in [39]. The horizontal and verti-

cal emittances εx,y are defined as the area occupied by the beam in the phase spaces

(x, x′) and (y, y′) over π respectively. The normalized emittance εN is defined as

εN = γ · ε where γ is the Lorentz factor. The βx,y(s) functions characterize the enve-

lope of the beam, while αx,y(s) refers to the divergence of the beam as described by

equation (see [39]):

αx,y(s) = −
1
2

dβx,y(s)
ds

. (2.1)

The dispersion takes into account the effect of different deflection of the particles

with energy deviating from the reference energy. The product δpηx,y(s) determines

the offset of the off-momentum particle from the reference trajectory. The x and y co-

ordinates of an off-momentum particle are related to the Twiss functions as (see [39]):

x(s)(p 6=p0) =
√

ε̂xβx(s) cos(φx(s) + Φx) + δpηx(s), (2.2)

y(s)(p 6=p0) =
√

ε̂yβy(s) cos(φy(s) + Φy) + δpηy(s), (2.3)

where ε̂x, ε̂y are the single particle emittance, Φx and Φy are the initial phases at

s = 0. The phase function φx,y(s) is related to the βx,y(s) function as (see Ref. [39]):

φx,y(s) =
∫ s

0

dŝ
βx,y(ŝ)

. (2.4)

Neglecting the synchrotron radiation present in a FFS, the particles travel under the

influence of conservative forces. In this scenario Liouville’s theorem [40] ensures

that the density of the particles in the six-dimensional phase space remains con-

stant [16].

2.1.2 Beam size and Luminosity

Beam Size: The particle distribution of the beam is usually represented by a Gaus-

sian distribution in all six-dimensions. The expected beam size σx,y from the Twiss

parameters is given by:

σx,y(s) =
√

εx,yβx,y(s) + δ2η2
x,y(s), (2.5)

where εx,y are the emittances that contain 1σ of the Gaussian particle distribution of

the beam and δ is the relative energy spread of the beam. Anyway different beam

size definitions may be of interest depending on the purpose of the study, in this
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sense the core of the beam is of special interest when referring to linear colliders,

since it is the part of the beam that largely contributes to the luminosity. The Shintake

beam size is used when referring to the vertical beam size at the IP obtained by a

laser-interferometer or Shintake monitor (see Section 1.2). Another definition is the

rms beam size σrms defined as the root mean square of the particle distribution. In

the following we can find a description of how the beam size is evaluated for the

three definitions:

• CORE (σcore): Defined as the Gaussian σ obtained from the Gaussian distribu-

tion fitted to the histogram of a bunch of particles. The beam size error is the

given error by the fit.

• SHINTAKE (σShi): Defined from the convolution between the bunch of parti-

cles and the interference pattern of the laser.

• RMS (σrms): It is evaluated as:

σrms =

√∫ ∞

−∞
(u− ū)2ρdν, (2.6)

where u stands for x, x′, y, y′ and ρ is the particle density distribution.

The σcore is the smallest value of the three beam size definitions because it almost

neglects the tails of the bunch, while σrms is the largest beam size because it takes

into account the tails of the bunch. The three beam size are usually sorted as:

σcore ≤ σShi ≤ σrms, (2.7)

the equalities are satisfied when the beam can be represented by a Gaussian distri-

bution, that occurs if the beam size expected from the Twiss parameters equals the

σrms [41].

Luminosity: Luminosity and center-of-mass energy are the key parameters that

quantify the performance of a high-energy collider. The luminosity L in a linear col-

lider is proportional to the square of the number of particles in a bunch (charge of

the bunch) N2
b , the number of bunches per train nb, the repetition frequency frep of

the trains, and inversely proportional to the effective transverse beam area. Assum-

ing that the two colliding bunches have the same transverse spot sizes, same charge

and the two beams collide head-on, L can be written as:

L =
frepnbN2

b
4πσ∗x σ∗y

HD =
PbeamNb

4πσ∗x σ∗y Ecm
HD, (2.8)
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where σ∗x and σ∗y are the transverse rms spot sizes at the IP and Pbeam is the power of

the beam. The luminosity is expressed in cm−2 s−1. HD is the luminosity enhance-

ment factor caused by the focusing of the particles due to electromagnetic forces

of the opposite bunch. In this report we make the distinction between the total

luminosity LT and the peak luminosity Lpeak (or L%). The Lpeak refers to the lu-

minosity from the collisions with energy larger than 99% of the maximum energy

(Lpeak < LT ) [42].

2.2 Chromaticity

A quadrupole magnet focuses particles at different longitudinal positions according

to their momentum, as it is shown in fig. 2.2 . This effect is referred to chromaticity

introduced in Section 1.1. To quantitatively estimate this effect on the beam sizes

consider a quadrupole characterized by its normalized gradient K0. Particles with a

relative momentum deviation δp = p−p0
p0

will see a quadrupole of normalized gradi-

ent:

K =
e
p

∂Bx

∂y
=

e
p0(1 + δp)

∂Bx

∂y
≈ K0(1− δp). (2.9)

FIGURE 2.2: Scheme of the chromatic aberration induced by the final doublet which is ap-
proximate as a unique thin lens of focal length ( f ∗) defined by f ∗ = 1

K0lq
which coincides

with L∗. The red, blue and black lines show the trajectory of particles arriving at the FD with
the same y coordinate but with larger, smaller and equal momentum respectively than the
reference one (figure taken from [37]).

The integrated normalized gradient k of a quadrupole is defined by k = Klq.

If the length of the quadrupole lq satisfies the condition lq � (Klq)−1 it is a good

approximation to treat the quadrupole magnet as a thin lens of zero length while

keeping finite its k. The horizontal and vertical kicks ∆x′, ∆y′ received by an off-

momentum particle into a focusing thin lens quadrupole are given by:

∆x′ = −kx = −k0(1− δp)x = −k0x + k0xδp, (2.10)
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∆y′ = +ky = +k0(1− δp)y = +k0y + k0yδp. (2.11)

Since y is typically of the order of millimetres and L∗ is of the order of meters, the

IP angle θ ≈ y
f ∗ = y

L∗ as fig. 2.2 shows. Therefore the displacement at the IP can be

expressed as y∗ ≈ L∗∆θ. Identifying the terms proportional to δp in eq. (2.10) and

eq. (2.11) as sources of ∆θ, it can be obtained that:

∆y∗ ≈ L∗k0yδp, (2.12)

assuming y ≈ L∗θ and considering that k0 = 1/L∗, eq.( 2.12) becomes:

∆y∗ ≈ L∗θδp. (2.13)

To estimate the impact of this aberration on the rms vertical beam size it is assumed

that there is no correlation between the energy and the angle, eq.( 2.13) becomes:

∆y∗rms ≈ L∗θrms∆p(rms), (2.14)

where θrms is the rms angle or equivalently the divergence of the beam at the IP,

∆p(rms) is the energy spread. The relative vertical beam size increase at the IP is

related to the design IP vertical beam size σ∗y as:

∆y∗rms
σ∗y

≈ L∗
θrms

σ∗y
∆p(rms). (2.15)

Replacing θrms by the divergence
√

ε/β∗ and since η∗x,y = 0 and σ∗y is given by√
εyβ∗y, therefore eq.( 2.15) can be expressed as:

∆y∗rms
σ∗y

≈ L∗

β∗y
∆p(rms) ≈ ξy∆p(rms), (2.16)

where L∗/β∗x,y is the leading term of the natural chromaticity ξx,y introduced by the

FD, which in a FFS it is the most important source of chromaticity. A more general

definition of the natural chromaticity is given by:

(
σ∗

σ∗0

)2

= 1 + ξ2∆2
p(rms) + O

(
∆4

p(rms)

)
, (2.17)

where the natural chromaticity is identified as the coefficient of the quadratic term

in the approximation. In order to avoid this detrimental effect due to the energy

spread, the chromaticity needs to be corrected [16].
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2.2.1 Chromaticity Correction

We distinguish two classes of aberrations, geometric aberrations and chromatic aber-

rations. The geometric aberrations come from the betatron oscillations and become

significant when the amplitude of the oscillation increases. As we said in the previ-

ous section, particles with different energies are focused at different longitudinal po-

sitions according to their momentum. When passing through a quadrupole, higher

energy particles are focused less than the ideal energy particles and lower energy

particles are overfocused. For a correction of this focusing errors we need a sex-

tupole which focuses higher energy particle and defocuses lower energy particles as

shown in fig. 2.3. The definition of the chromaticity ξ shows that sextupoles must

FIGURE 2.3: Chromaticity correction by sextupoles. Dash lines represent particles trajecto-
ries without chromaticity correction while continuous lines represent particles trajectories
taking into account the effect of the sextupole (figure taken from [37]).

be located at non-zero dispersion to correct the chromaticity. In order to minimize

their strength, sextupoles should be located near quadrupoles where βxηx and βyηx

are maximum:

ξx =
∫

βx(k1 − k2ηx)ds, (2.18)

ξy =
∫
−βy(k1 − k2ηx)ds. (2.19)

Bending magnets generate dispersion and sort the particles according to their en-

ergy, then the sextupole provides an extra focusing to particles with different energy

(see fig. 2.3). However, the non-linear field of the sextupole generates geometric

aberrations which lead to an increase of the beam size. To cancel these geometric

aberrations we use sextupoles in pairs separated by π phase advance between them.

The kicks inflicted on particles trajectories by a sextupole are given by:

∆x
′
= −1

2
k2ls(x2 − y2), (2.20)

∆y
′
= k2lsxy. (2.21)
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To correct the geometric terms generated by sextupoles we use pairs of sextupoles

separated by a −I transformation in order to obtain a complete cancellation of ge-

ometric aberrations. The kick provided by the first sextupole (which generates the

geometric aberration) is compensated by another equal kick at the second sextupole

which cancels the geometric aberration (see fig. 2.4). To get this −I transformation

between the sextupoles the following conditions between two location s1, s2 in the

lattice must be matched: β2/β1 = 1 and ∆φx,y = π. It is worth noticing that dipoles

introduce emittance growth and energy loss due to synchrotron radiation, the op-

timization of the FFS needs to balance between these competing effects: need high

dispersion to correct chromaticity and small dipole fields to avoid too much syn-

chrotron radiation. Despite the previously described corrections, aberrations remain

FIGURE 2.4: Optical layout of the FFS based on the local chromaticity correction. QF and QD
stand for a focusing and a defocusing quadrupole magnets respectively. SF and SD stand for
a focusing and a defocusing sextupole magnet. The unlabelled elements refer to quadrupole
magnets meant to transport the beam (figure taken from [37]).

that deteriorate the performance of the Final Focus due to non-linearities from linear

quadrupoles, sextupoles and higher order multipoles [42].

2.3 Maps Formalism

Excluding the sextupoles and higher order multipole magnets the beam transport

along the machine is described by a product of the transport matrices R. The global

transport of a particle through several magnets and drift spaces is u f = Ru0 where

R is the matrix product of the individual matrices and u0 and u f are the initial and

final state vectors. The R matrix maps the initial coordinates of the particle u0 =

(x0, x′0, y0, y′0, δp) to the coordinates at the final position u f as:

u f = Ru0 =



R11 R12 R13 R14 R15

R21 R22 R23 R24 R25

R31 R32 R33 R34 R35

R41 R42 R43 R44 R45

0 0 0 0 1





x0

x′0
y0

y′0
δp


(2.22)
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This matrix formalism is effectively used to describe the linear system. The two

dimensional transfer matrix from two longitudinal locations s0 to s f in a transport

beam line can be written as [43]:
√

β f ,i
β0,i

(cos ∆φi + α0,i sin ∆φi)
√

β0,iβ f ,i sin ∆φi

− 1+α0,iα f ,i√
β0,i β f ,i

sin ∆φi +
α0,i−α f ,i√

β0,i β f ,i
cos ∆φi

√
β0,i
β f ,i

(cos ∆φi − α f ,i sin ∆φi)

 , (2.23)

where i stands for the horizontal or vertical planes, β(s) and α(s) are the Twiss func-

tions and ∆ϕi = ϕi(s f )− ϕi(s0) is the phase advance between the final and initial

locations, s f and s0 respectively. The R12 and R34 coefficients are of special interest

since they relate the initial angular kicks at the start x′0 and y′0 with the change in

final coordinates x f and y f , respectively. However this matrix formalism cannot be

applied to describe the higher order elements of the system such as the sextupole

magnets. In order to include the non-linear elements a new framework is required.

The map is extended by additional transfer tensors (T, U) [44] as suggested in [45].

The coordinates at the final position u f ,i are related to the initial ones u0,i by:

u f ,i =

1storder︷ ︸︸ ︷
5

∑
j=1

Ri,ju0,j +

2ndorder︷ ︸︸ ︷
5

∑
j,k=1

Ti,jku0,ju0,k +

3rdorder︷ ︸︸ ︷
5

∑
j,kl=1

Ui,jklu0,ju0,ku0,l +

Nthorder︷ ︸︸ ︷
O(≥ 4), (2.24)

This map can also be expressed in a more compact way as:

u f ,i = ∑
jklmn

Xi,jklmnxj
0 pk

x0
yl

0 pm
y0

δn
p , (2.25)

where the coordinates x′ and y′ are replaced by px and py respectively, being u1 =

x, u2 = px, u3 = y, u4 = py and u5 = δp. The Polymorphic Tracking Code (PTC) [46]

[47] provides the Xi,jklmn coefficients for a given beam line defined in the MAD-X

environment. The accuracy of the model is determined by the user who defines the

maximum order, NMAX
order . The sum of the indices j, k, l, m and n in eq. (2.25) is equal

to NMAX
order . For instance for NMAX

order = 2 the map coefficients Xi,jklmn are evaluated

including up to the sextupole components and neglecting the higher multipole com-

ponents of the beam line. The MAPCLASS code [7] can use the calculation of the

Xi,jklmn coefficients from PTC or compute them in MAPCLASS2 to transport a dis-

tribution of particles with density ρ. The distribution of particles is characterised by

its moments 〈un
i 〉 which are calculated by:

〈un
i 〉 =

∫ ∞

−∞
un

i ρdν. (2.26)
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The first moment defined by eq. (2.26) can be rewritten as:

〈u f ,i〉 =
∫ ∞

−∞
u f ,iρ f dν f =

∫ ∞

−∞

NMAX
order

∑
jklmn

Xi,jklmnxj
0 pk

x0yl
0 pm

y0
δn

p,0ρ0dν0 =

=
NMAX

order

∑
jklmn

Xi,jklmn

∫ ∞

−∞
xj

0 pk
x0yl

0 pm
y0

δn
p,0ρ0dν0,

(2.27)

where it has been assumed that the beam line transport is symplectic, this implies

ρ f dν f = ρ0dν0 along the BDS. The rms beam size is obtained from the quadratic

standard deviation of the final density distribution given by:

σ2
f ,i = 〈u2

f ,i〉 − 〈u f ,i〉2 =
NMAX

order

∑
j k l m n
j′k′ l′m′n′

Xi,jklmnXi,j′k′ l′m′n′

∫ ∞

−∞
xj+j′

0 pk+k′
x0 yl+l′

0 pm+m′
y0

δn+n′
p,0 ρ0dν0+

−

NMAX
order

∑
jklmn

Xi,jklmn

∫ ∞

−∞
xj

0 pk
x0yl

0 pm
y0

δn
p,0ρ0dν0

2

.

(2.28)

When a large enough value of NMAX
order is used, the result is equivalent to the σrms

definition given in Section 2.1.2. According to eq. (2.17) and considering only the

purely chromatic contributions to ξy the natural chromaticity can be re-written as:

ξ2
y =

1
12(σ∗y )2

(
Xy,00101Xy,00101σ2

y0 + Xy,00011X2
y,00011σpy0

)
=

=
1
12

(
Xy,00101Xy,00101

βy0

β∗y
+ Xy,00011Xy,000111

1
β∗yβy0

)
,

(2.29)

a centred Gaussian beam in the coordinates x, px, y, py and a rectangular distribution

in δp is assumed. In the case of the ATF2 lattices, a centred Gaussian beam in the

coordinates x, px, y, py, δp is assumed. Again considering only the purely chromatic

contributions to ξy, the natural chromaticity is expressed as:

ξ2
y =

1
(σ∗y )

2

(
Xy,00101Xy,00101σ2

y0 + Xy,00011X2
y,00011σpy0

)
=

= Xy,00101Xy,00101
βy0

β∗y
+ Xy,00011Xy,000111

1
β∗yβy0

,
(2.30)

where βy0 and β∗y are the values of vertical β-function at the beginning and at the IP

of the beam line respectively [16].
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Chapter 3

Mitigation of Ground Motion
Effects using Feed-Forward Control
at ATF2

The high luminosity requirement for a future linear collider sets a demanding limit

on the beam quality at the Interaction Point (IP). One potential source of luminos-

ity loss is the motion of the ground itself [48, 49]. The resulting misalignments of

the quadrupole magnets cause distortions to the beam orbit and hence an increase

in the beam emittance [50, 51]. This Chapter describes a technique for compensat-

ing this orbit distortion by using seismometers to monitor the misalignment of the

quadrupole magnets in real-time [52, 53].

Nowadays, orbit feedback systems [54] and transverse damping systems [55]

are used to mitigate ground motion effects and other dynamic imperfections. The

beam position is constantly measured via beam position monitors (BPMs) and ac-

tuations for corrector magnets are calculated to resteer the beam onto its reference

orbit. The main limitation of such systems is that dynamic imperfections can only

be suppressed if their frequencies are significantly smaller (factor 20 can be used as

a rule of thumb) than the beam repetition rate fR. This limit is due to considerations

about the stability and noise amplification behavior of the applied feedback con-

trollers. In rings, the repetition rate is usually much higher (from kHz to MHz) than

the relevant ground motion components (below 100 Hz), and the according beam

oscillations can be damped. In linear accelerators, and especially in linear colliders,

the repetition rate is much lower than in rings. Important examples are the Compact

Linear Collider (CLIC) [15, 56] with fR = 50 Hz, the International Linear Collider

(ILC) with fR = 5 Hz, and the Accelerator Test Facility (ATF2) [57, 58] at KEK with

fR = 3.12 Hz. Because of these low repetition rates, orbit feedbacks are not sufficient

to suppress all relevant ground motion effects and other mitigation methods have to

be added for higher frequencies.

The technique of compensation of orbit distortion due to quadrupole motion
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using feed-forward control [53] is similar in concept to beam orbit feedback but in-

stead of using the position of the beam to determine the deflection to provide, the

displacement of the quadrupole is used instead (see fig. 3.1). The primary benefit of

such a system is that it can correct frequencies higher than the beam repetition rate.

A theoretical framework for such a system is presented in detail in [53].

FIGURE 3.1: Schematic illustrating the principle of compensation of orbit distortion due to
quadrupole (figure taken from [52]).

To demonstrate the prediction part of the feed-forward mitigation scheme, ex-

perimental studies have been carried out at ATF2 (described in Section 1.2). The

conditions at ATF2 are very favorable for ground motion studies, since the beam

line is relatively sensitive to these effects compared to other machines in operation.

The necessary number of vibration sensors and their optimal locations were deter-

mined via simulation studies [53].

3.1 Experimental Ground Motion and Feed-Forward Setup

at ATF2

The experiments have been conducted at ATF2 in KEK. The ATF2 beam line (see

fig. 3.2) is very well suited for ground motion experiments due to its relatively high

sensitivity compared to other machines. This sensitivity to ground motion effects

originates from the very small beam emittances. Additionally, the available high-

resolution BPM system makes it possible to observe the small transverse beam os-

cillations induced by ground motion [53]. As the beam required for a future linear

collider is so much smaller in the vertical axis than in the horizontal, small vertical

displacements of the quadrupoles will have a much greater impact on the luminosity

compared to horizontal displacements. The analysis presented here thus concerns

only the vertical positions of the quadrupoles and the beam [52].
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FIGURE 3.2: Schematic illustration of ATF2 beam line.

The experimental setup at ATF2 is depicted in fig 3.1. It consists of three parts:

• Measure position of the quadrupole magnet,

• Calculate a correction (thanks to the processor that calculates the compen-

satory kick),

• Apply the correction to the beam (stripline kicker).

3.1.1 Ground Motion Hardware

The ground motion hardware consists of three parts: (1) BPM system to measure the

orbit jitter; (2) ground motion data acquisition system; (3) synchronization signal.

Two types of BPMs are installed: stripline BPMs and cavity BPMs. For the experi-

ment mainly the cavity BPMs are used, with a resolution better than 1 µm [30], since

the stripline BPMs are not sensitive enough for the ground motion effects.

The raw BPM signals are processed in real time and the results are published

to an EPICS database at the machine repetition rate of 3.12 Hz. This database also

contains a measurement of the beam intensity which is logged on a pulse-by-pulse

basis alongside the beam position data. The collected data are then used in the offline

data analysis [52].

To measure the ground motion vibrations, 14 seismometers (GM) of the type

CMG-6T from Güralp have been installed along the beam line by LAPP, Annecy,

France. The nominal locations of the seismometers at ATF are indicated in fig. 3.2 [59].

The issue of their exact placement is explained in [52] and the conclusion is that they

are optimally located on top of the quadrupole magnets as depicted in fig. 3.3. Each

seismometer produces an output proportional to their velocity in both directions

perpendicular to the direction of beam travel. These seismometers are specified to

measure in a frequency range from 0.03 Hz to 100 Hz [53]. The seismometer out-

puts are digitized and logged using a National Instruments PXI system provided by

CERN. This system consists of a PXI-1042 chassis with a PXI-8108 controller and two

PXI-6289 multi-function data acquisition (DAQ) modules to provide the necessary

analogue-to-digital converters (ADCs). The measured voltages are logged to file
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FIGURE 3.3: Photograph of the seismometer mounted on quadrupole QD14x.

and the position is determined by first converting the measured voltage to a velocity

using the sensor calibration constant and then integrating the result. A LabVIEW

program is used to control the acquisition process.

The stored ground motion data are used in the offline analysis together with the

BPM data. It should be mentioned that below 0.2 Hz, the sensor noise contributions

are high [60]. Therefore, lower frequencies have been suppressed by applying a

second-order Butterworth high-pass filter in the offline analysis [53].

3.1.1.1 Data Acquisition

The BPM measurements are triggered by the beam arrival that occurs at a repetition

rate fR of 3.12 Hz. The ground motion digitization, on the other hand, is triggered

by the internal clock of the National Instruments at a repetition rate of 1024 Hz. It

is necessary to select the recorded ground motion data that are closest in time to the

beam arrival times.

To achieve a secure synchronization the experiment is conducted in the following

way. The beam is only turned on after the data acquisitions of the BPMs and ground

motion sensors with synchronization signal have already been started. This switch-

ing on of the beam is clearly visible in the data of both measurement systems. The

ground motion measurements as well as the synchronization signal are recorded.

In the offline analysis, these recorded pulses can be detected and the corresponding
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ground motion data can be extracted (downsampling from 1024 Hz in the case of

using the PXI or 1000 Hz in the case of using the cRIO to 3.12 Hz). Before the end of

the data acquisition the beam is turned off, which leaves a second clear signature in

the measurement data.

3.1.2 Feed-Forward Hardware

The role of the feed-forward processor is filled by a National Instruments Com-

pactRIO (cRIO) system. This FPGA-based unit consists of a cRIO-9064 controller

chassis with a cRIO-9205 module for analogue input and a cRIO-9401 module for

digital output. The control software is depicted schematically in fig. 3.4.

FIGURE 3.4: Schematic of the software running on the feed-forward processor (figure taken
from [52]).

The firmware on the FPGA was written in LabVIEW and performs the low-level

input and output tasks. The analogue inputs are sampled at a frequency of 1000 Hz

and then transferred to the real-time LabVIEW operating system on the cRIO where

they are integrated to give the current position of each seismometer. The vector of

seismometer positions is then filtered and multiplied by the matrix of gain coeffi-

cients to yield the value for the corrective kick. These gain coefficients are deter-

mined from a fit of the position at the BPM of interest as a function of the seismome-

ter positions. In the simplest case, the beam position at a single BPM is fitted as a

function of the position of a single quadrupole so that there is only one non-zero gain

coefficient. The calculated value for the kick is then sent back to the FPGA where it
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is transmitted as a digital code at a rate of 200 Hz so that the correction is never more

than 5 ms out of date. The real-time LabVIEW data acquisition software is also able

to store data locally for later transfer to a personal computer for analysis [52].

3.1.2.1 Kickers

The actuator selected for use with the feed-forward system is a simple stripline

kicker originating from the SLAC National Accelerator Laboratory [61]. This kicker

deflects the beam using the electric field generated when a potential difference is ap-

plied across the vertical axis. An ultra-fast, high power amplifier developed by TMD

Technologies generates the voltage signals required for this purpose. This amplifier

is well beyond the requirements of the feed-forward system but was retained in or-

der to avoid disturbing the existing arrangement of hardware inside the accelerator

area. A custom-made FPGA-based control unit ("FONT5 board" [62]) uses signals

from the ATF timing system to produce a trigger for the amplifier that is synchro-

nized with the beam arrival time. When used for its original purpose, the FONT5

board also provides a kicker drive signal based on BPM signals. Here it is noted that

the FONT5 board was already capable of generating constant kicker drive signals

for calibration purposes. The only extra functionality required was thus a means of

updating this constant value with the current value of the correction calculated by

the feed-forward processor. This was performed by modifying the firmware of the

FONT5 board to update the amplitude of the kicker drive signal according to the

digital code received over the direct connection to the cRIO system [52].

3.1.3 Data Analysis

The analysis is performed using the numerical computation software Octave [63]. A

single data run includes the seismometer position data as a function of time (which

represents the position offsets of the quadrupoles) and the beam position data ym.

Both are measured over a period of approximately 15 minutes. The seismometer

data is gathered at a frequency of 1024 Hz and the synchronization signal is used to

down-sample it to 3.12 Hz to match the BPM data. As an offset quadrupole imparts

a kick to the beam proportional to the magnitude of the offset, the analysis fits the

vector yr which is the reconstruction of the beam position as a linear combination of

the quadrupole offsets. The potential of the feed-forward system can then be judged

by the Pearson correlation coefficient r calculated between this reconstruction of the

beam position and the actual measurement:

r =
cov(yr, ym)

σyr σym

(3.1)
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where cov(yr, ym) is the covariance of the two variables and σyr and σym are the stan-

dard deviations of the reconstructed beam position and the measured beam position

respectively.

Assuming an ideal system that is capable of completely removing the component

of the beam position that is correlated with the positions of the quadrupoles, the jitter

reduction factor that would be achieved is:

σf

σi
=
√

1− r2 (3.2)

where σf is the jitter of the corrected beam and σi is the jitter of the uncorrected

beam. Previous studies of the seismometer performance indicated that the coherence

between the measured position for a pair of adjacent seismometers is consistent with

zero below a cutoff frequency of about 0.2 Hz [64].

This finding, along with the 100 Hz maximum frequency specified by the man-

ufacturer, motivated the application of a band-pass filter with limits of 0.2 Hz and

100 Hz to the seismometer data before attempting to correlate it with the beam posi-

tion data. A second-order Butter worth filter [65] is used.

In Section 3.2 the measurements results achieved in the second week of February

2018 operation are presented.

3.2 Measurements Results

The goal of these measurements, done between December 2017 and February 2018,

was mostly to reproduce the results published in [52], and then start to go towards

a global feed-forward scheme that involves using both kickers at the same time. It

is also worth noticing that all the results presented in this section were performed

using the ultra-low β∗y optics (for details see Chapter 4), differently from the ones

presented in [52] that were performed with the nominal optics.

3.2.1 Ground Motion Results

Figure 3.5 shows the power spectral density of the full 100 Hz data set from the seis-

mometer at QD2x taken in February 2018 operations. In [52] the results of previous

studies carried out with seismometers at ATF2 were shown, where we can iden-

tify a series of four narrow peaks at frequencies of 24.14 Hz, 24.29 Hz, 24.40 Hz and

24.60 Hz. In addition, it is also possible to see a peak at 11.55 Hz.

How it is explained in [52], the vibration sources at∼24 Hz were caused by a pair

of cooling water pipes in the QD2x region. However, instead of four narrow peaks

and the peak at 11.55 Hz, this newer data (data of 20180208-1659) shows in that re-

gion a series of three narrow peaks at frequencies of 24.14 Hz, 24.29 Hz and 24.40 Hz,

plus three additional maximum at 15.11 Hz, 8.67 Hz and 6.9 Hz. These peaks are
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FIGURE 3.5: Power spectral density of the seismometer at QD2x. Files: data-20180208-1659.

clearly visible in fig. 3.6, which shows the region from 5 Hz to 30 Hz in more detail.

FIGURE 3.6: Power spectral density of the seismometer at QD2x in the 5 Hz to 30 Hz range.
Files: data-20180208-1659.

The known frequency response of the seismometers suggests that a band-pass filter

with limits of 0.2 Hz and 100 Hz should be applied to the seismometer data at the

very least.

To better understand how much the real displacement of the quadrupole is, it

is possible to calculate the integrated Root Mean Square for a relative motion in a

given frequency range. The Integrated displacement RMS is defined as below, with

k1 and k2 being the lower and upper bounds of the Frequency range where relative
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FIGURE 3.7: Integrated displacement RMS of the seismometer QD2x. Files: data-20180208-
1659.

motion is integrated:

RMSint (k) =

√√√√ k2

∑
k1

PSD(k)∆ f . (3.3)

Assuming ∆ f equal to 0.2 Hz and considering the PSD calculated before (see fig. 3.5),

in fig. 3.7 we can see that the quadrupole rms displacement is around 1.6 µm in

frequency range 0-100 Hz.

Figure 3.8 compares the power spectral density of the position of the beam at

MQD4BFF (BPM39) to that of the position of the seismometer at QD2x. Note that

the power spectral density is calculated using Welch’s method [52]. At this point, in

f3.12 [Hz] f1024 [Hz]
0.43 15.11
0.62 8.67
0.71 24.29
0.80 6.90

TABLE 3.1: Frequencies of peaks from the down-sampled seismometer spectrum with
matches in the BPM spectrum ( f3.12) and their analyzed source frequency ( f1024).

order to compare the seismometers results with the BPM ones and to avoid overlap

of replicated signals in frequency domain, we need to down-sample the seismome-

ters and the BPM data for a spectra from 0 to 1.506 Hz. Overlap in frequency domain

(i.e., aliasing) is avoided if:

1
T
− fbw ≥ fbw =⇒ 1

T
≥ 2 fbw (3.4)
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FIGURE 3.8: Power spectral density of the position of the beam at MQD4BFF (BPM39) and
the down-sampled to 3.12 Hz position of the seismometer at QD2x. A 0.2 Hz-100 Hz band-
pass filter was applied to the seismometer data prior to down-sampling. The axes on the
right corresponds to the quadrupole data. BPM39, Files: data-20180208-1659.

where fbw is the frequency width of the signal and 1/T is the Nyquist sampling fre-

quency that is the minimum that avoids aliasing. The down-sampling process can

be extended also for a sequence of N samples (like in our case).

After the down-sampling of the data (the alias frequencies from down-sampling

can be found in Table 3.1), in [52] it was found that the dominant 0.85 Hz and 0.95 Hz

peaks in the down-sampled spectrum were due to the vibration sources at 24.14 Hz

and 11.55 Hz respectively. Instead, from the newer data (see fig 3.8) we can see

that the 0.80 Hz and 0.71 Hz peaks in the down-sampled spectrum are due to the

vibration sources at 6.90 Hz and 24.29 Hz respectively.

3.2.2 Feed-Forward Results

The feed-forward system was most recently tested in February 2018. Before running

the feed-forward, it was necessary to perform a kicker calibration for both kicker 1

(K1) and kicker 2 (K2) in order to see if the kickers are sufficiently decoupled for feed-

forward correction. Figures 3.9 and 3.10 show the results of the kicker calibration for

BPM20 and BPM39. From Table 3.2 we can see the fit results of the kicker calibration.

Kicker BPM20 BPM39
K1 0.033 -1.038
K2 0.019 3.395

TABLE 3.2: Calculated kicker calibration constants on 08 February 2018.
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FIGURE 3.9: Left: Kicker 1 calibration for BPM39. Files: data-20180208-1416/1427. Right:
Kicker 2 calibration for BPM39. Files: data-20180208-1200/1210.

FIGURE 3.10: Left: Kicker 1 calibration for BPM20. Files: data-20180208-1416/1427. Right:
Kicker 2 calibration for BPM20. Files: data-20180208-1200/1210.

Each feed-forward data run consisted of a 90 second record of the beam posi-

tion data (generated at the machine rate of 3.12 Hz) and a slightly longer measure-

ment of the seismometer data (generated at 1000 Hz). The synchronization signal

is then used to obtain a set of approximately 250 simultaneous measurements of

the position of the beam at MQD4BFF (BPM39) and the position of the quadrupole

QD2x. In order to maximize the performance of the feed-forward system, several

control runs were taken in an attempt to accurately assess the correlation between

the quadrupole position and the beam position. During the analysis done in [52],

it was found that increasing the lower frequency cutoff of the band-pass filter ap-

plied to the quadrupole position data significantly increased the correlation. This

is explained in fig. 3.11 where we could define the pattern of the filters which have

to be used as function of the magnet positions. In fact, all the data with a coher-

ence of 1 Hz (length of 80 m) have to be filtered out. So the frequencies from 0.2

to 2 Hz are really the ones that make the entire machine move, so not useful in the

analysis. The feed-forward algorithm was therefore set to use a 2-100 Hz band-pass

filter. Figures 3.12 and 3.13 show the quadrupole motion of QD2x and the beam
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motion correlation (given by the BPM39) for a data recording of 15 minutes and the

BPM/GM correlation as a function of the frequency domain for both GM off and

GM on at the optimum gain (50).

FIGURE 3.11: Coherence vs. Frequency as a function of QD2x. Files: data-20171205. Mea-
surement G.Balik during December 2017 operation.

FIGURE 3.12: GM feed-forward affecting PSD and frequency dependence correlation. GM
FF off. Files: data-20180208-1659.

Figure 3.14 shows, instead, the correlation as a function of all the BPMs used for

the study in order to see that the BPM39 is the one that has the correlation more

close to 0 (this is the value that we are looking to reduce the beam jitter) in the opti-

mum filtering case. It is also possible to notice that not all the BPMs are completely

functioning at the time of the data taking (there are some missing signals from the

BPMs), and this problem is in course of being resolved. Figure 3.15 shows the phase

advance between the BPM39, BPM20, Kicker 1, Kicker2 and QD2x and their position

along the beamline (the optics used during the February shifts was the ultra-low β∗y).

Figure 3.16 shows the beam motion with the calibration constant for both Kicker

1 and Kicker 2 and the beam position jitter before and after drift removal in both

kickers case. To summarize this results in the fig. 3.16, a more clarifying table was
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FIGURE 3.13: GM feed-forward affecting PSD and frequency dependence correlation. QD2x
to Kicker2 FF on, gain 50 (optimum). Files: data-20180208-1612.

FIGURE 3.14: Correlation vs. Bpm Number for GM unfiltered and filtered data. cRio Chan-
nel 2, Files: data-20180208-1659.

FIGURE 3.15: Horizontal and vertical phase advance as a function of the position along the
beamline. The arrows represents the position of the QD2x, Kicker 1, Kicker 2, BPM20 and
BPM39 in the beamline.

created. Table 3.3 shows the values of the vertical jitter and the correlation in the

zero gain case and the optimal one at BPM39. Similarly to the description in [52] we
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can say that the feed-forward system was able to remove over 80% of the correlated

component of the jitter also in February 2018 beam operations runs with ultra-low

β∗y optics. Furthermore, fig. 3.17 shows the gain parameter g and the corresponding

value of the Pearson correlation coefficient r between the reconstructed beam posi-

tion (yr) and the measurement (ym) as it is explained in Section 3.1.3. For both kicker

1 and kicker 2 was done a gain scan from -300 to 300 by steps of 100. The optimal

gain (50) was determined only for kicker 2 by a fine gain scan (from 0 to 100 by steps

of 20), while for kicker 1 can be seen from fig. 3.17 a potential optimum at 210 (there

was no time for a fine scan for kicker 1). The expected behavior (we are looking for a

zero correlation in order to find the optimum gain that reduces the beam jitter) was

found only for QD2x as the fig. 3.17 shows.

FIGURE 3.16: Top: Beam motion (calibration constant) and jitter before and after drift re-
moval for Kicker 1 and BPM39. Files: data-20180208. Bottom: Beam motion (calibration con-
stant) and jitter before and after drift removal for Kicker 2 and BPM39. Files: data-20180208.



Chapter 3. Mitigation of Ground Motion Effects using Feed-Forward Control 34

Gain σb r
Zero 110.4 -0.23

Optimal 88.8 -0.03

TABLE 3.3: Feed-forward results from the shift on 08 February 2018. σb is the average of
the vertical jitter of the beam at BPM39, r is the average of the Pearson correlation coeffi-
cient between the beam position and the linear reconstruction from the filtered position of
quadrupole QD2X. Optimal gain refers to 50.

FIGURE 3.17: GM feed-forward gain scan. Correlation between the measured beam position
ym and the reconstructed beam position yr as a function of the gain parameter g. Files: data-
20180208.

Future work will examine the possibility of introducing additional sensors and

actuators to the feed-forward system. The actual system involves three sensors

(QF1x, QD2x and QF3x) and two kickers (K1 and K2) in the feed forward analysis,

so the future challenge would be optimizing up to 2× 14 gain parameters (include

all the 14 sensors) to make the feed-forward a global system in all ATF2 machine.

One of the possible path to reach this aim could be to use beam dynamics simula-

tions to: (1) reproduce quadrupole position related to orbit distortion, (2) reproduce

kicked orbit, (3) understand orbit response and the required feed-forward gain for

orbit correction.
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Chapter 4

Experimental Studies on IP Beam
Tuning with ultra-low β∗y optics in
ATF2

Feasibility and performance of the ATF2 final focus system with β∗y values below

design has been studied in order to investigate the limits of beam focusing at the IP

and the behavior of more chromatic optics as in the CLIC FFS. Three sets of optics

were designed in terms of β∗y (see Section 2.1.1) value: nominal β∗y (100 µm), half β∗y

(50 µm) and ultra-low β∗y (25 µm) [66].

The nominal beam optics of ATF2 is a scaled down design of the ILC FFS based

on the local chromaticity correction scheme, with equivalent beam energy spread,

natural chromaticity and tolerances of magnetic field errors. The vertical beam size

was focused to 41±2 nm at the bunch population of 0.7× 109 at the virtual IP [67].

The achieved beam size is close to the ATF2 target value of 37 nm. The bunch popu-

lation at the recent ATF2 beam operation is much smaller than ILC due to the strong

intensity dependence of vertical beam size at the IP. The candidate of the intensity

dependence source is IP angle jitter via wakefield. The IP horizontal and vertical

beta-functions (β∗x, β∗y) of ATF2 were originally designed to generate the same hori-

zontal and vertical chromaticities as ILC, referred to as 1β∗x × 1β∗y optics. However,

since the ATF2 beam energy is much smaller than ILC, the geometrical aberrations of

ATF2 and the effect of the multipole errors are also larger. Therefore, in recent ATF2

beam operation, the ATF2 beamline was operated with a 10 times larger horizontal

IP beta-function than that of original optics (10β∗x × 1β∗y optics) in order to reduce

the sensitivity to the multipole errors. The ATF2 important parameters, compared

with CLIC and the ILC, are presented in the Table 4.1. The local chromaticity cor-

rection scheme is considered as a baseline for ILC and a strong candidate for CLIC.

However, for CLIC the expected level of chromaticity is higher by about a factor 5.

The ATF2 ultra-low β∗y lattice is a proposal [68] to test the feasibility for an even

larger chromaticity lattice as the CLIC 3 TeV BDS. The ultra-low β∗y design is an even

more advanced optics with a value of β∗y =25 µm, which represents a quarter of that
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one of the ATF2 nominal lattice. The expected minimum beam size achievable, after

high order optimization of the ultra-low β∗y FFS design, is 20 nm when optimized

with a pair of octupoles.

Operating the ATF2 FFS with lower β∗y optics would also allow to study the FFS

tuning difficulty as function of the IP beam spot size, the impact of the measured

multipolar errors, the impact on intensity dependence via wakefield and the com-

patibility of the IP beam size monitor (Shintake monitor) with a probably enlarged

halo. Both the ILC and CLIC projects will benefit from the ATF2 experience at these

ultra-low IP betas. The ILC project will benefit from this test by gaining experience

in exploring larger chromaticities and facing increased tuning difficulties for smaller

beam size.

εy β∗x β∗y σ∗y,design L∗ ξy

[pm] [mm] [µm] [nm] [m] (∼ L∗/β∗y)

ILC 0.07 11 480 5.9 3.5/4.5 7300/9400
CLIC L∗=3.5m 0.003 7 68 0.7 3.5 50000
CLIC L∗=6m 0.003 7 120 0.9 6 50000
ATF2 nominal 12 4 100 37 1 10000
ATF2 nominal β∗y, 10β∗x 12 40 100 37 1 10000
ATF2 half β∗y 12 4 50 30.5, 25a 1 20000
ATF2 half β∗y, 10β∗x 12 40 50 26 1 20000
ATF2 ultra-low β∗y 12 4 25 27, 20a 1 40000
ATF2 ultra-low β∗y, 10β∗x 12 40 25 21 1 40000

TABLE 4.1: Some of the FFS parameters for ATF2, CLIC and ILC (a using octupole magnets).
Values of the table taken from [23, 28].

In December 2017 there was the starting of the experimental work towards low-

ering the β∗y value by a factor 4 (ultra-low β∗y ) in the ATF2. The objectives of the

initial low β∗y experiments were to gain the experience with the beam operation in

the machine, the optics implementation and control, and to identify potential obsta-

cles and address them. The IP beam tuning with ultra-low β∗y optics was performed

in February 2018. In the following sections we describe in detail the machine tuning

with the ultra-low β∗y optics done with 6 machine-shifts (8 hours each) in the last

week of February 2018 operation.

4.1 Beam size Optimization for the ultra-low β∗y optics in ATF2

Ultra-low β∗y optics allows to decrease the beam size at the IP and therefore study

the focusing limits of the ATF2 final focus system. It also increases the strength of

chromatic aberrations, that is especially important for developing the FFS for CLIC.

The decrease of the β∗y value causes an increase of the βy function in the final fo-

cus region as shown in fig. 4.1. In consequence, the beam is more sensitive to any
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beamline imperfections like for instance alignment errors, magnet mispowering, ad-

ditional dispersion, multipolar field errors, ground motion, wake-fields and others.

These effects can cause a significant vertical beam size growth at the IP and so some

of them (additional dispersion and multipolar field errors) are corrected with MAP-

CLASS first.

FIGURE 4.1: βy function along the ATF2 beamline in case of nominal β∗y, half β∗y and ultra-
low β∗y optics (figure taken from [66]).

One considered solution to obviate to these errors and imperfections is to in-

crease the β∗x value in order to lower the βx function along the FFS and therefore

decrease the beam sensitivity to the beamline imperfections in the horizontal plane.

However, it causes a horizontal IP beam size increase and therefore it is not a favor-

able solution for linear colliders as it may reduce the luminosity. In some operations

10β∗x (40 mm) has been used as it better corresponds to the expected strength of the

optical aberrations in the ILC.

The second considered method is the installation of two octupole magnets in

the ATF2 beamline. Some optical aberrations are corrected with the use of sex-

tupole magnets, but detailed analysis of the multipole components at the ATF2 [37]

revealed the strong third order contribution coming from the QD0 magnet (last

quadrupole before the IP). Also the FD fringe fields give mainly third order kicks

which justifies the use of octupole magnets. For all considered sets of optics the IP

vertical beam size was minimized using the proposed mitigation methods and the

MAD-X model of the machine, that are represented in fig. 4.2. One can see that for

the nominal β∗x value (blue curve) the IP vertical beam sizes are much larger than

the ideal minimum beam sizes (black curve) especially for half β∗y and ultra-low β∗y

optics. Both increasing the β∗x value by a factor 10 (orange curve) and installing

the octupole magnets (red curve) helps in bringing the IP vertical beam sizes close

to their limits. The second solution is preferred as it does not cause the horizontal

beam size growth at the IP. As a result of this study, the installation of two octupole
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FIGURE 4.2: Expected vertical beam size in the ATF2 for three considered β∗y values and
proposed mitigation methods (figure taken from [66]).

magnets in the ATF2 has been done in 2017 in order to support the ultra-low β∗y

experiment.

4.2 Machine Tuning

Machine tuning is a process of adjusting the beamline parameters in order to obtain

beam parameters as close as possible to the design. The general tuning procedure of

ATF2 reported in [69] consists of the following steps:

1. Orbit steering: using the orbit correction algorithm, the beam is steered flat

using the available EXT line correctors and the FFS magnet movers.

2. Orbit response and jitter modeling: validation of the current online model by

cross checking with the orbit response at the BPMs.

3. Beam based alignment (BBA): mostly it refers to classical methods used to cor-

rect the beam trajectory along the beamline (for example Dispersion free steer-

ing (DFS)).

4. Vertical dispersion and coupling correction: the dispersion and coupling gen-

erated in the EXT and FFS is measured and corrected as described in [70].

5. Twiss parameters modeling and emittance measurement: before entering into

the IP beam tuning, the measurement of the Twiss parameters is carried out

in order to avoid any miss-match between the EXT beam line and the FFS. In

addition, the emittance measurement [71] determines the minimum achievable

IP spot size according to the given Twiss parameters, as eq. (2.5) shows.
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6. Linear and non linear knobs are then applied in order to squeeze the beam to

reach the nanometer beam size. They will be explained better in section 4.2.2.

The following section describes the tuning procedures, namely the dispersion match-

ing, coupling correction with linear and non linear tuning knobs and results of the

measurements will be presented.

4.2.1 Dispersion Matching

The orbit is corrected using horizontal and vertical steering dipoles to minimize the

beam offset at the BPMs located along the FF beamline. After flattening the orbit,

dispersion is measured in the ATF2 beamline by changing the beam energy in the

damping ring and observing the orbit change at the BPMs. Each measurement in-

volved recording the horizontal and vertical position shifts ∆x, y of the wire scanner

signal distributions for different settings of the damping ring rf frequency and fitting

linear dependencies to the data to extract the dispersions [72]:

Dx,y =
∆x, y
∆p/p

(4.1)

where ∆p/p is the momentum shift related to the frequency change ∆ f by

∆p
p

=
∆ f
fDR

1
α

(4.2)

where α = 0.00214 is the ATF DR momentum compaction factor. During dispersion

measurements the damping ring frequency is changed by ±2 kHz leading to a rel-

ative beam energy change of about 1.3%. The dispersion correction procedure at

FIGURE 4.3: Optical functions along the extraction and the FF beamline with the location
of the pair of skew quadrupoles (QS1x and QS2x) used to correct horizontal dispersion and
< x, y > coupling.
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ATF2 uses quadrupole strength variations. In order to correct the dispersion along

the FFS while not affecting too much other parameters, the quadrupoles used for the

correction are located at the peaks of dispersion in the extraction line. The vertical

dispersion is corrected using a pair of skew quadrupoles QS1x and QS2x that gener-

ates vertical dispersion via coupling from the horizontal dispersion. Their locations

are shown in fig 4.3. The same strength variations of QS1x and QS2x are applied

during correction. The < x, y > coupling generated by QS1x is canceled by QS2x

thanks to the -I transfer matrix in poth planes. The horizontal dispersion is corrected

using 2 normal quadrupoles QF1x (located close to QS1x) and QF6x (located close

to QS2x). Their strengths are varied independently until matching the design hori-

zontal dispersion from February 2018 beam operation.

Figure 4.4 shows the measured and fitted horizontal dispersion, before and after

correction, compared with the design dispersion.

FIGURE 4.4: Measured (black circles), fitted (red) and design (blue) horizontal dispersion in
the ATF2 before (top) and after (bottom) correction.
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The ATF2 line is by design free of vertical dispersion, so any observed vertical

dispersion is anomalous and requires correction. The usual practice is that the verti-

cal dispersion is initially corrected at the mOTR location in order to perform reliable

emittance measurements and later the FFS dispersion is minimized with the varia-

tion of the difference knob (QS1x and QS2x) as said before, see fig. 4.5.

FIGURE 4.5: Measured (black circles), fitted (red) and design (blue) vertical dispersion in the
ATF2 before (top) and after (bottom) correction. Please mind the different vertical scales.

4.2.2 Tuning Knobs

In the tuning process, knobs are combinations of multipole magnets displacements

meant to control a chosen set of beam aberrations in order to reach the desired beam

size at the IP. The knobs are constructed to be orthogonal in order to preserve the cor-

rection provided by each knob when scanning the whole set of knobs. While the BBA

technique is focused on the beam trajectory correction, the orthogonal knobs method
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targets aberrations that affect the beam size at the IP. In our case, sextupole displace-

ments are chosen to create orthogonal knobs. Sextupole displacements in horizontal

and vertical plane control IP β-functions, waist shift, dispersion and coupling. Each

knob ideally corrects only one parameter and the optimum setting of the knob dur-

ing a correction process is found by fitting a parabola to the measured modulation of

the Shintake monitor versus knob strength, so the modulation increases after each

knob optimization. The 5 sextupole magnets present in the FFS, namely SF6, SF5,

SD4, SF1 and SD0, are used for construction of the orthogonal knobs. Therefore

up to 10 knobs can be obtained by horizontal and vertical displacements. The set of

knobs to be applied are denoted as: β∗x, β∗y, α∗x, α∗y, η∗x , < x, y >, < px, y >, < px, py >,

η∗y and η
′∗
y . These knobs are iteratively scanned until the vertical beam size at the IP

measured by the Shintake monitor converges to its minimum value.

Knob Horizontal displacements
SF6 SF5 SD4 SF1 SD0

[µm] [µm] [µm] [µm] [µm]
β∗x -5.6 -8.1 0.1 -1.7 -0.3
σ∗x 0.3 -1.7 -2.7 5.5 7.6
β∗y -8.2 5.4 0.4 1.4 0.1
σ∗y -0.5 0.4 -9.7 -0.2 -3.1
η∗x 0.0 1.5 -1.6 -8.0 5.5

Knob Vertical displacements
SF6 SF5 SD4 SF1 SD0

[µm] [µm] [µm] [µm] [µm]
< x, y > 0.4 6.7 1.1 -6.6 -3.0
< px, y > -9.7 -0.5 2.1 -1.2 0.9
< px, py > -0.6 7.2 1.4 6.2 2.9

η∗y -0.6 1.2 -7.1 -2.8 6.3
η
′∗
y 2.4 -1.1 6.5 -2.8 6.5

TABLE 4.2: Coefficients for each sextupole magnet displacement according to the horizontal
and vertical knob (table taken from [16].

4.3 Tuning Results

A detailed description of the experimental tuning results performed during Decem-

ber 2017, February 2018 and May 2018 is given in the following sections.

4.3.1 Tuning Results: December 2017

The last week of December 2017 beam operation was the first long tuning attempt

using ultra-low β∗y optics with a β∗y = 25 µm at ATF2. The FFS was running with a

target of β∗x = 100 mm (25 β∗x × 0.25β∗y optics) in order to reduce the impact of multi-

pole error fields and to ease the tuning. The ultra-low β∗y optics requires the use of
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octupoles to reduce σ∗y down to 20 nm in the design. The other goal of the ultra-low

study is to quantify the benefit on the beam size of using the new pair of octupoles

installed at ATF2. In fig. 4.6 it is possible to see the position of the octupoles along

the beamline. The 25β∗x × 0.25β∗y optics was applied by using the matching tool

FIGURE 4.6: Ultra-low β∗y lattice design in terms of β functions and horizontal dispersion.
The arrows represents the octupoles position along the beamline.

k MAD-X model k in Ampere
kQF19x 3.028 27.50
kQD20x -2.558 28.74
kQF21x 4.988 56.53

kQM16FF 0 0
kQM15FF 5.666 51.64
kQM14FF -8.999 -82.65
kQM13FF 5.302 48.51
kQM12FF -1.371 -12.34
kQM11FF 0.831 7.47

TABLE 4.3: Values of the strengths converted with the SAD program in the control room for
February 2018 run.

in the control room, in fact we use the SAD program to convert the strengths of

the magnets from the one given by the MAD-X model to have their values in Am-

pere (see Table 4.3) and then we re-matched the optics by varying QF21x, QD20x

(EXT line) and the matching quadrupoles (QM16FF −→ QM11FF). As the required

strength of QM14FF calculated was above the maximum current of the magnet, the

upstream QD19x quadrupole had to be used and several optics changes were needed

before matching the desired β∗y measured using QD0FF scan. The multi-OTR used

to measure and correct the vertical emittance εy in the matching section of the FF

beamline could not be used during both ultra-low β∗y tuning operations because 2 of

the 4 OTRs were broken. The vertical emittance was thus measured upstream in the
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FIGURE 4.7: QD0 scan during the last week of December 2017 beam operation. Vertical
beam size as a function of the QD0FF strength.

damping ring but could not be matched at the entrance of the FFS. The measured

emittance in the DR of 13 pm and was assumed for the evaluation of the β∗y value.

Figure 4.7 shows that β∗y was well matched to 25 µm assuming εy = 13 pm. How-

ever the measurement of β∗x from QF1FF scan has shown a β∗x of 85 mm but a fitted

ε∗x twice the design value indicating that the scan was biased by large horizontal

dispersion at the IP. The measured η∗x was around 34 mm so, β∗x was smaller than

the one measured. After 5 shifts (5 × 8 hours) of tuning, no clear modulation at

the Shintake monitor was found at 174 degree mode. Linear and nonlinear knobs

were applied iteratively and sextupoles strengths were changed before the tuning

according to our ultra-low β∗y optics model.

In December 2017 operation the beam size could not be tuned below 100 nm (the

minimum beam size reached was 93± 12 nm) and that it was difficult to observe the

impact of the octupoles when we tuned at 30 degree mode while it was not possible

to tune the beam at 174 degree mode as the modulation was close to the noise level

(M≈ 0.1).

4.3.2 Tuning Results: February 2018

After the first attempt of December 2017, we had five consecutive shifts during the

last week of February 2018 beam operations. Before this week we had two more

shifts during the second week of February 2018 to find the best optics to use directly

for the ultra-low β∗y week. For the second attempt the 25 β∗x × 0.25β∗y optics was re-

matched in simulation before the run by taking into account the constraints of the

FF optics. The sextupoles were re-optimized for the new optics.

Four optics were tested in order to find the best one to use for the second ultra-

low β∗y week. Three of them involve the change of additional upstream magnets in
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the extraction line: QD16x, QF17x, QD18x and QF19x (+ QD20x, QF21x and QM15FF

−→ QM11FF). The proposed optics were:

• optics with QD16x, QF17x and QD18x unchanged as in December 2017 (same

for nominal optics);

• optics with QD16x, QF17x and QD18x changed as in the MAD-X model;

• β∗y = 15 µm and β∗x = 100 mm;

• β∗y = 10 µm and β∗x = 100 mm.

FIGURE 4.8: Horizontal and Vertical beta function βx, βy as a function of the position along
the beamline for the different optics proposed.

In fig. 4.8 we can see the difference in terms of beta function among the four op-

tics proposed for the ultra-low β∗y week. For each optics the orbit and the dispersion

were corrected and QF1FF and QD0FF scans were performed to estimate the beta-

functions at the IP. The dispersion at the IP was measured and its contribution was

removed from the measured beam size during the scan. What we noticed is that

while the horizontal beta-function falls closely to the model after dispersion correc-

tion, the vertical beta-function is systematically higher than the model. This can be

seen in Table 4.4 that shows the values of the beta functions at the IP for the four

different proposed optics. Smaller β∗y target (15 µm) was needed to measure β∗y of

≈36 µm but β∗x was very consistent with the optics model and matched directly ≈
100 mm. This is the reason why we decided to choose the third optics proposed.

Residual dispersion was corrected from the fit of the quadrupoles scans. The mea-

sured η∗x was around 3 mm. Figure 4.9 shows the result of QD0FF and QF1FF scans.
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Optics Simulation β∗x Measured β∗x Simulation β∗y Measured β∗y

12.5β∗x×0.25β∗y (ε/β=0.3)
(QD16x–QD18x 50 mm 53 mm 25 µm ε= 13 pm

unchanged) 43 µm

25β∗x×0.25β∗y (ε/β=0.26)
(QD16x–QD18x 100 mm 130 mm 25 µm ε= 13 pm

changed) 50 µm

(ε/β=0.33)
25β∗x×0.15β∗y 100 mm 132 mm 15 µm ε= 13 pm

39 µm

(ε/β=0.36)
25β∗x×0.10β∗y 100 mm 135 mm 10 µm ε= 13 pm

36 µm

TABLE 4.4: Simulation and measured values of the beta functions in the case of the four
different optics proposed.

Then, in order to check that the QD0FF scan was not biased by < x, y > coupling

which would lead to an over-estimation of the measured divergence, a quick scan of

the QS1x-QS2x difference knob was performed (see fig. 4.10).

FIGURE 4.9: Left: QD0FF scan done during February 2018 operation. Vertical beam size as
a function of the QD0FF strength. Right: QF1FF scan done during February 2018 operation.
Vertical beam size as a function of the QF1FF strength.

The tuning time was reduced compared to December 2017 run due to multiple

reasons:

• set up of the ATF2 collimator to reduce the large background from the larger

beam size along the FF;

• charge drift coming from temperature variation caused by the cooling system;
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FIGURE 4.10: Divergence squared, measured after QD0FF scan, versus QS1x-QS2x differ-
ence knob done during February 2018 operation.

FIGURE 4.11: Linear Knobs Ay (α∗y), Ey (η∗y ) and Coup2 (< x, y >) scans done during Febru-
ary 2018 operation at 30 degree mode with the Shintake monitor.

• rematch and re-tune the Shintake laser after 4 shifts tuning and also the optics

because the QF1FF strength was not reset to its original value. This problem



Chapter 4. Experimental Studies on IP Beam Tuning with ultra-low β∗y optics 48

led to a large increase of σ∗y . 1.5 shifts were left for tuning with the Shintake

monitor.

Fortunately, we could find a large modulation at 6.4 and 30 degree modes with

only two iterations of linear knobs. The ultra-low β∗y sextupole strength from MAD-

X model was applied while we did not apply nonlinear knobs. The skew sextupoles

were not set to nominal at this time. Despite the shorter tuning time and without

applying 2nd order sextupole knobs or octupoles, the beam size could be squeezed

rapidly and modulation could be observed at 174 degree mode. The minimum beam

size measured at 174 degree mode was σ∗y = 64 ± 2 nm (see fig. 4.12) by applying

only linear knobs (see fig. 4.11) so there was an improvement in the optics and in

performance compared to December 2017 operation.

FIGURE 4.12: Fringe scan that shows the best modulation at 174 degree mode and the best
beam size achieved during the February 2018 operation.

To conclude, during the second tuning attempt of the 25β∗x× 0.25β∗y FF lattice,

the performance of the system in terms of beam size achieved was improved despite

the shorter tuning time and the fact that nonlinear knobs were not applied. These

results confirm the suspicion raised during the December 2017 operation about the

applied optics. The tuning performance of the updated lattice optimized for the

February 2018 run could be further improved if more tuning time is allocated on

this optics. All 2nd order sextupole knobs are needed to achieve beam sizes below

30 nm (as in simulation). An important limitation for the tuning of the optics was

the absence of multi-OTR (measurements of the emittance and couplings and the

matching of the Twiss at the entrance of the FFS). Moreover, it is very important to

highlight that with this optics we can observe modulation at 174 degree mode, and
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during future operations, it would be possible to use and optimize the octupoles for

3rd order correction on the IP beam size.

4.3.3 Tuning Results: May 2018

One of the biggest problem faced during December 2017 and February 2018 runs was

the not availability of the multi-OTR software to measure the value of the emittance

at the entrance of the FFS. During May 2018 beam operations, the multi-OTR was

ready to be operating again.

During this ultra-low β∗y run it was used the same optics of February 2018 but

with the advantage of measuring the emittance. However, the time allocated for

the ultra-low β∗y study was too little to perform a complete machine tuning. So, the

results presented here only include the emittance measurements with m-OTR, that

provides a first experience for the next ultra-low β∗y runs in winter operations.

FIGURE 4.13: Scans of the skew quadrupoles and the ∆-knob by varying the emittance done
during May 2018 shifts.
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Emittance Measurements

After the dispersion matching (explained in Section 4.2.1) in the OTRs region, the

dispersion in the vertical plane should be maximum around ±10 mm, a first mea-

surement of the emittance is performed. The emittance evaluated was 23 ± 4 pm. In

order to reduce this value, a coupling correction was performed.

Coupling Correction

The xy coupling correction is performed by scanning the strength of four skew

quadrupoles (QS1x, QS2x, QS3x and QS4x) in the extraction line and by applying

the Σ-knob with the vertical emittance measured by the multi-OTR system being a

figure of merit. Figure 4.13 shows the scans performed to correct the coupling.

FIGURE 4.14: Fitting of the emittance measurements results obtained using the multi-OTR
software during May 2018 shifts.
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FIGURE 4.15: Summary table of the values calculated by the multi-OTR software during
May 2018 shifts.

After the coupling correction another emittance measurement was performed

and the final value of the emittance resulted to be 19 ± 6 pm. Figure 4.14 shows the

fitting results of the emittance measurement and also it is shown an estimation of the



Chapter 4. Experimental Studies on IP Beam Tuning with ultra-low β∗y optics 52

beam size at the IP both in horizontal and vertical direction. Furthermore, fig. 4.15

shows the summary table given by the multi-OTR software with all the values of the

interesting parameters. In this table we can especially read the emittance value and

predicted values of the β-functions at the IP. The step forward would have been the

evaluation of the twiss parameters at the IP with the carbon wire scans (see fig. 4.9).

The next steps would be to rerun the same optics and try to do a proper tun-

ing using also the 2nd order sextupole knobs in order to reach the lowest beam size

achievable with this optics.
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Chapter 5

Crystal Focusing For FFS

The possibility to use single bent crystals for deflection of positively charged particle

beams proposed and studied in [73–75] has proven to be very fruitful. Moreover, it

has been shown that bent single crystals could be used for focusing beams of pos-

itively charged particles because positive charges (e+ and p) are better channeled

than negative particles (e−) [76–78]. This Chapter is devoted to exploring crystal

focusing in FFS, considering the optics aspects using ATF2 as a possible facility for

experiments and by evaluating the luminosity for CLIC 1.5 TeV. Conventional beam

optics is based on beam focusing with quadrupole lenses whose fields are not at all

comparable in strength with the electrostatic field of a bent crystal (the equivalent

field is as high as ∼ 1000 T) [75].

It is important to notice that when a beam passes through a bent crystal it is

mostly divided into three beams: channeled, dechanneled and volume reflected as

shown in fig. 5.1. The volume reflection effect takes place in bent crystals when

FIGURE 5.1: Sketch of the angular particle distribution of particles passed through a bent
crystal (figure taken from [79]).

particles with initial incoming angles greater than the channeling angle, defined as

θch =
√

2U0
pv (that is, with a transverse energy large enough not to be trapped in an

atomic planar channel) have a tangency point with respect to the bent planes inside
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the crystal volume. A particle that impinges on the crystal with an angle larger than

the critical one (θc =
√

2Umax
pv , where Umax is the maximum value of the potential

barrier, evaluated from the critical transverse energy EC that for example is equal

to 6, 12 or 48 GeVcm−1 for (110) planes in silicon, germanium and tungsten respec-

tively; p is the particle momentum; and v the velocity) cannot be channeled because

of the high transverse momentum: in this case, the angle between the particle and

the crystal plane decreases, according to the curvature [80]. So, the volume reflection

can be described as the reversing of the particle transverse momentum direction at

a turning point in the effective potential [77].

Another important effect in the bent crystal is the radiation emitted by particles

(in particular electrons and positrons) in the channeling regime and in the volume

reflection regime. The radiation mechanism is a result of the emission by the charged

particle accelerated due to the bending of the particle’s trajectory in the field of the

crystal. This radiation is very similar to the traditional synchrotron radiation of the

particle moving in the uniform magnetic field. The radiation emitted by a relativistic

particle can be described [81] with the ρ parameter:

ρ = 2γ2〈v2
t − v2

m〉/c2 (5.1)

where γ is the particle Lorentz factor, 〈v2
t − v2

m〉 is the squared mean deviation over

the trajectory of the transverse velocity from its mean value vm, and c is the speed

of light. If ρ� 1 the radiation intensity is the result of interference over a large part

of the particle trajectory and depends on the peculiarities of the particle motion. If

ρ� 1, the particle radiates during a small part of the trajectory (its motion direction

does not change with the angle 1/γ) and the contributions from far parts can be

neglected. The case ρ ≈ 1 is an intermediate one. In a bent crystal, the planar

angle θ changes during the particle motion; if volume reflection occurs (the point

where occurs is defined as reflection point), the radiation type during the particle

motion is also modified. In other words, far from the reflection point, ρ � 1 and

the radiation is due to coherent bremsstrahlung [82]. Approaching the reflection

point, the ρ parameter increases: if the bending radius is significantly greater than

the channeling critical one, the mean volume reflection angle θVR is θVR ≈
√

2θch for

positrons and θVR ≈ θch for electrons [83]. This process is usually described in terms

of energy loss instead of radiation intensity [80]. For low-mass particles (electrons

and positrons) radiation in a crystal greatly exceeds the usual bremsstrahlung at

energies E > 1 GeV in the crystal. So to conclude, we can say that for e± with E > 1

GeV energy loss is dominated by photon radiation; for example for e± traveling for

5 mm in the crystal lose 5% energy.

Beam particles can be focused at a point if some specific conditions are fulfilled.

The principle of focusing can be illustrated by the diagram in fig 5.2. A cut view of
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the crystal in the xz projection before it is bent is shown at the top. The particle beam

is directed along z axis and it is incident orthogonally on the face of the bent crystal.

Under this condition, the particles are easily captured into the channeling mode.

FIGURE 5.2: (a) Geometry of a straight crystal, (b) the diagram showing the principle of
beam focusing and (c) the diagram showing the principle of beam defocusing. Points O
and O’ correspond to the center of the bend and the focal point, respectively (figure taken
from [73]).

As shown before, bent crystals can not only deflect a beam, but also focus it. In

principle, there are several ways of doing this. One of them is the focusing of a beam

by a thin bent crystal oriented normally to the crystallographic planes. Another pos-

sible approach is based on the deformation of planes in a thick crystal when it is

compressed. A shortcoming of these two methods is the presence of a background

of the unchannelled fraction of the beam. In the middle eighties A.I. Smirnov (LINP)

put forward a promising method for focusing a parallel beam into a line and simul-

taneously deflecting the beam through a considerable angle, so as to form ’clean’

focused beams. In this method the surface of the exit face of a bent crystal is shaped

so that the tangents to the crystallographic planes on this surface pass through the

same line and, consequently, the particles in the deflection plane are collected in a

line focus because of the difference between the deflection angles. When the crystal-

lographic planes are bent to form a cylinder of radius R (see fig. 5.3), it is essential to
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FIGURE 5.3: Principle of focusing of a beam by a crystal. OO′ is a line of centres of curveture
of the crystallographic planes; O1O′1 is the axis of a cylindrus of radius r representing the
shape which is imposed on the face of the crystal; I and I′ are the focal lines where tangents
to the bent plane converge (figure taken from [84]).

ensure that the line formed by the centers of curvature OO′ is located on the surface

of a cylinder of radius r representing the shape of the exit face of the crystal. The

focal length f is then f = (4r2 − R2)1/2. In the case of ideal bending and shaping of

a crystal the size of the beam ∆x at the focal point is ∆x = 2 f θc and it is governed

by its angular divergence within the limits of the critical channelling angle θc. Since

this critical angle is quite small (θc = 0.02− 0.002 mrad for particles of energies from

100 GeV to 10 TeV in the case of planar channelling in silicon) and the technology

used to bend and shape a crystal makes it possible to achieve a focal length of the

order of several centimeters, the attainable dimensions of the beam are ≈ 10 µm for

the gigaelectron-volt energies and ≈ 1 µm for the teraelectron-volt range. The linear

magnification in the course of focusing is q = 2 f θc/H is the characteristic thick-

ness of a crystal (≈ 1 mm), and it can reach a fraction amounting to, respectively,

hundreds and thousands in the two energy ranges [84].

The Chapter is organized as follows. Firstly the implementation of the crystal in

MAD-X environment is described for the FFS of ATF2. In the following section sim-

ulation results are shown for a design obtained with a bent Si crystal (fig. 5.4) used to

replace the last magnet before the IP, referred as QD0FF (the defocusing quadrupole

of the FD), and how they are related to β-functions, horizontal dispersion, natural

chromaticity and IP beam size. Then simulation results for the luminosity values for

CLIC 1.5 TeV are presented.

5.1 Crystal Implementation in the FFS of ATF2

This Chapter reports preliminary studies on the application of a Si crystal on the FFS

in ATF2. Two different cases have been studied in simulation:
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FIGURE 5.4: Example of a bent Si crystal with an edge used in the simulation studies. Ry
is the radius of the vertical bending, and R⊥ is the radius of the bending in the horizontal
plane, which provides the particle beam bending (figure taken from [75]).

1. Lattice with QD0FF from MAD-X of ATF2, in particular we are referring at the

ultra-low β∗y optics (for details see Chapter 4);

2. Development of a new lattice which includes the Si crystal as a replacement of

QD0FF.

The implementation of the crystal in MAD-X and MAPCLASS is done by replacing

QD0FF (LQD0FF = 0.475 m) with a crystal considered with a thin kick matrix and two

drifts (the drifts with L=0.2375 m respectively are necessary in order to maintain the

same length of the FFS region since the crystal has been considered to have a zero

length), see fig. 5.5. A zoom of the region next to the IP is shown in fig. 5.6 where

we can see the L∗ values considered in the simulations for both QD0FF and crystal

cases.

FIGURE 5.5: Final Focus System of ATF2 with QD0FF replacement by the crystal and two
drifts.



Chapter 5. Crystal Focusing For FFS 58

FIGURE 5.6: Zoom of the IP region of the FFS of ATF2. QD0FF has been replaced by a
crystal and two drifts. In the figure it is possible to see the different values of L∗ used in the
simulations for both cases.

In the first stage of the study, some assumptions and approximations were nec-

essary in order to achieve the first simulation results shown in the next sections.

In particular, the crystal can be seen as a thin matrix element that only focuses

in the vertical plane and does not act in the horizontal plane, the transfer matrix

representing the crystal is:

Crystal =



1 0 0 0 0

0 1 0 0 0

0 0 1 0 0

0 0 − 1
f 1 0

0 0 0 0 1


. (5.2)

Regarding the assumptions, we are neglecting the bending of the beam by the

crystal in the vertical direction. For now, we also neglect the volume reflection and

the photon emission, since the channeled beam is studied in this Chapter.

Moreover, there is no chromatic aberration due to the achromatic property of

the crystal and we are also neglecting the fact that the particles inside a channel are

not focused at the exit of the crystal and the channeled beam size grows with the

divergence of the channeled beam. To avoid that this causes a problem, in future

studies we will need to be very close to the IP with a short L∗ and the initial beam

divergence before the crystal should be as small as possible.

The optics matching was done thanks to MAD-X and MAPCLASS programs [7].

In particular, once that the matrix formalism for the crystal description in MAD-X

(see fig. 5.7) and MAPCLASS (see fig. 5.8) environments was defined, the match-

ing tool of MAD-X was used to match the twiss parameters at the IP by varying

the quadrupoles strengths. The target values for the β-functions at the IP were:

β∗x = 4 mm and β∗y= 25 µm. The quadrupoles modified were all the matching ones

QM16FF → QM11FF and QD10FF, QF9FF, QD8FF, QF7FF, QD6FF, QF5FF, QD4FF,



Chapter 5. Crystal Focusing For FFS 59

QF3FF, QD2FF and the FD. After some attempts, a solution for the linear part was

found and the focusing strength of the crystal (kcrystal) was set to −1.17 m−2.

FIGURE 5.7: Code line added in MAD-X in order to define the crystal for ATF2.

FIGURE 5.8: Code lines added to MAPCLASS in order to compute the map of the crystal.

Then, to compute the beam size up to the 5th order all the sextupoles (the skew:

SK1FF, SK2FF, SK3FF, SK4FF and the normal: SF6FF, SF5FF, SD4FF, SF1FF, SD0FF [31])

were used in MAPCLASS and PTC [46, 47]. An extensive optimization of the sex-

tupole strengths was done in order to get beam size comparable with the QD0FF

case. PTC code generates the map (up to the 5th order; the optimization was done or-

der by order) to compute the smallest beam size by varying the sextupole strengths.

The beam sizes reached and β-functions, horizontal dispersion and natural chromat-

icy results are presented in the following section.
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5.2 Simulation Results for the Crystal FFS Design

This Section presents the simulation results of the impact of the crystal in compari-

son with QD0FF case in terms of beta functions, horizontal dispersion, natural chro-

maticity and beam size.

5.2.1 Beta Function and Horizontal Dispersion

Figure 5.9 shows the beta functions along the beamline. We can see a strong reduc-

tion of the βx function as the crystal does not defocus the horizontal plane as QD0FF

would do and a small impact on the βy function that remains almost the same.

FIGURE 5.9: Top: βx a function of the position along the beam line for QD0FF case and crystal
case. Bottom: βy as a function of the position along the beam line for QD0FF case and crystal
case. The arrow represents the crystal position along the beamline.

FIGURE 5.10: ηx as a function of the position along the beam line for QD0FF case and crystal
case.
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Figure 5.10 shows instead the horizontal dispersion in the two different cases.

What we can see is a different values of the peaks of ηx function before the IP.

5.2.2 Chromaticity and Beam Size

In order to get the natural chromaticity of quadrupoles the sextupoles are switched

off. The natural chromaticity can be computed with Eq. (2.30).

Table 5.1 shows the large impact of the crystal on the natural chromaticity in both

planes. We obtain a strong reduction of the chromaticity when using the crystal in-

stead of a normal quadrupole. This can be explained by the fact that we are replacing

a quadrupole with an achromatic element.

QD0FF Crystal
ξx 5868 2639
ξy 87888 56734

TABLE 5.1: Values of the chromaticity in both planes for QD0FF and crystal cases.

FIGURE 5.11: Lattice design in the crystal case. The arrows indicates the position of the
sextupoles along the beamline.

To correct the chromatic aberrations we use sextupoles with positions as in fig. 5.11.

A very important feature of the FFS is that the phase advances between the sex-

tupoles and the IP have to satisfy the condition:

∆µx,y =
π

2
+ nπ, (5.3)

where n is an integer. From Table 5.2 we can see the values of the phase advance

of the sextupoles SD0FF, SD4FF, SF1FF and SF5FF. The comparison of the phase ad-

vance should be done in pairs (SF1FF-SF5FF and SD0FF-SD4FF) and their difference

should be equal to 0.5, that in MAD-X units correspond to a π phase advance.

Sextupoles strengths (both for the normal and for the skew sextupoles [31]) used

to get the best beam size at the IP in this first attempt in simulation studies are shown

in Table 5.3. It is very important to notice the different value especially in SD0FF
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FIGURE 5.12: Phase advance for the horizontal (top) and vertical (bottom) plane. The arrows
indicates the position of the sextupoles along the beamline.

µx QD0FF Crystal
SF1FF 5.25289 5.10608
SF5FF 4.75256 4.60507
SD0FF 5.25295 5.10625
SD4FF 4.75308 4.60577

µy QD0FF Crystal
SF1FF 4.11924 4.12171
SF5FF 3.61923 3.62179
SD0FF 4.11926 4.12172
SD4FF 3.61923 3.62182

∆µx QD0FF Crystal
SF1FF-SF5FF 0.50033 0.50083
SD0FF-SD4FF 0.49987 0.50024

∆µy QD0FF Crystal
SF1FF-SF5FF 0.50001 0.49994
SD0FF-SD4FF 0.50003 0.49999

TABLE 5.2: Values of the sextupoles phase advances in both planes for QD0FF and crystal
cases.

case. In particular, for the crystal we have a bigger value of SD0FF strength and this

is not expected since the sextupole should be weaker because the implementation

of the crystal had led to a reduction of the chromaticity. A possible cause of this

bigger value of the strength could derive from the multipole components [28] of the

quadrupoles. So, one of the next steps of the studies includes also the removal of the

multipole components of all the matching qudrupoles. Figure. 5.13 shows that the

beam sizes reached in the QD0FF case are: σ∗x = 3.52 µm and σ∗y = 29.8 nm; while in

the crystal case the beam size reached are: σ∗x = 3.18 µm and σ∗y = 26.7 nm. So we can

say that the crystal could be a very good candidate to achieve the wanted nanometer

beam size at the IP.

Figure 5.14 shows the geometric and chromatic aberrations contributions to the

beam size where the dpp is the energy spread of the beam that is equal to 0.0008.

Going from the dpp 6=0 case (that means with chromatic aberrations) to the case of



Chapter 5. Crystal Focusing For FFS 63

ks [m−2] QD0FF Crystal
SF6FF 9.08 8.77
SF1FF -2.62 -7.84
SF5FF -0.43 1.44
SD0FF 4.33 5.72
SD4FF 15.02 8.82
SK1FF 0.0029 -0.011
SK2FF -0.12 -0.062
SK3FF -0.059 -0.022
SK4FF -0.092 -0.025

TABLE 5.3: Values of the strengths for normal and skew sextupoles in QD0FF and crystal
cases.

FIGURE 5.13: Horizontal and vertical beam size σ∗ evaluated up to 5th order with the mul-
tipoles components.
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FIGURE 5.14: Beam size values with and without energy spreads. Left: crystal case. Right:
QD0FF case.

dpp=0 (without chromatic aberrations) we can see a significant decrease in the verti-

cal plane for the QD0FF case, while for the crystal we have in both planes a reduction

of ≈10%. The important conclusions for this analysis are: the horizontal plane for

the crystal is mostly dominated by chromatic aberrations of 2nd and 3rd order; while

the vertical one with the crystal is mostly dominated by geometric aberrations of 2nd

and 3rd order. It is also important to remember that the beam sizes used in the QD0FF

case and crystal case are computed without considering the effect of the octupoles

(that can decrease even more the beam size in both cases [37, 38]).

5.3 Luminosity Simulations for CLIC 1.5 TeV

As already said in the introduction of the Chapter, the possibility to deflect channel-

ing particles by bent crystals is known and studied since 1976. Its applications for

both positively charged particle beam extraction and collimation have been widely

demonstrated and possess perspectives to be used at LHC [74]. Another important

aspect of bent crystal is also the possibility of beam focusing. In this Chapter so

far, I tried to prove in simulations the real possibility to focus the beam at the IP

at a nanometer level using a bent crystal. However, the future e−e+ colliders need

to focus both negatively and positively particles. Meanwhile, experiments demon-

strate that electron beam deflection efficiency remains relatively small even for thin,

moderately bent crystals. Besides the strong electron scattering by nuclei, the poor
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electron channeling efficiency originates also from the unsuitable electron planar

potential coordinate dependence, which also makes the method of channeling effi-

ciency increase practically inapplicable [85].

1 TeV e− 1 TeV e+

σ∗x [nm] 50 20-50
σ∗y [nm] 15 1
channeling efficiency [%] 50-70 70-90

TABLE 5.4: Estimates of the e− e+ beam focus sizes in both focusing xz and normal to it yz
planes (table taken from [85]).

According to [85], simulations of crystal focusing in linear colliders to evaluate

the total and the peak luminosity (Ltot and L%) in CLIC 1.5 TeV case are performed.

The decision to use CLIC 1.5 TeV case is because it is the baseline that can mostly

be approximated at the values considered in table 5.4. The Guinea-Pig program [86]

was used to evaluate the luminosity in different cases. One of the assumption was to

consider that the β function and the emittance ε have the same impact on the beam

size increase, in that way it is possible to consider that the beam divergence stays

constant in the simulations.

FIGURE 5.15: Total and peak luminosity by varying σ∗x value of the e+ beam. The channeling
efficiency was taking as a constant value (fixed at 70% for both e+ and e− beams).

In fig. 5.15 it is possible to see the total and the peak luminosities versus the σ∗x

values only for the e+ beam but considering the channeling efficiency constant at the

70% for both e+ and e− beams. In fig. 5.16, instead, the beam sizes were taking as a

constant values (for the e+ beam were considered as the design values, σ∗x = 40 nm

and σ∗y = 1 nm taken from [87]), while the channeling efficiency was considered in
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the range 50%-90%. In all cases, the luminosity is significantly lower than the design

values of Ltot = 3.7 and L% = 1.4 taken from [87].

FIGURE 5.16: Total and peak luminosity by varying the channeling efficiency of e− and e+

beams. The value of σ∗x was considered constant (fixed to their design value).

To conclude, the optics simulations done at the beginning showed a good po-

tential for crystal focusing. The new results on the luminosity reached for CLIC 1.5

TeV show a significant lower luminosity performance when using crystals to focus

e− & e+ beams in future linear colliders, and mostly confirms what said in [85]. The

luminosity losses are too big to consider this new concept for CLIC.
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Chapter 6

Conclusions and Future Works

This thesis reports some methods for the optimization of the beam size, to a nanome-

ter level, at the Interaction Point of Accelerator Test Facility 2. ATF2 is an accelerator

at KEK in Japan, designed to be an R&D platform for future linear colliders (ILC

and CLIC). The goals of the ATF2 project are to achieve a 37 nm vertical beam size at

the IP (goal 1) and to stabilize the IP beam position at the level of a few nanometers

(goal 2). The aim of my thesis is in the framework of both ATF2 goals. The methods

described and discussed to achieve these goals are substantially three: mitigation of

ground motion effects using the feed-forward control system; experimental studies

on IP Beam tuning with ultra-low β∗y optics; and crystal focusing for FFS.

One potential source of luminosity loss is the motion of the ground itself. The

resulting misalignments of the quadrupole magnets cause distortions to the beam

orbit and hence beam-beam offsets at the IP. This thesis describes a technique, al-

ready in use at ATF2, for compensating this orbit distortion by using seismometers

to monitor the misalignment of the quadrupole magnets in real-time. In fact, the

compensation of orbit distortion due to quadrupole motion using feed-forward con-

trol uses the displacement of the quadrupole to provide the position of the beam to

determine the deflection needed. The primary benefit of such a system is that it can

correct frequencies higher than the beam repetition rate. The technique was demon-

strated for the first time at the KEK ATF using nominal optics where it was able to

eliminate 80% of the component of the final focus beam jitter that was due to the mo-

tion of the upstream quadrupole [52]. In my thesis work the feed-forward technique

has been experimentally verified to perform similarly for the more pushed optics,

the ultra-low β∗y during February 2018 beam operations in ATF2. Future work will

examine the possibility of introducing additional sensors and actuators to the feed-

forward system. In this way this system could go towards a "global" one.

Lowering the β∗y value is of special importance for future linear colliders as it

allows us to increase the luminosity and therefore improve the collisions efficiency,

as well as to reach the desired nanometer beam size at the IP. The ATF2 ultra-low

β∗y lattice is a proposal to test the feasibility for an even larger chromaticity lattice as

the CLIC 3 TeV BDS. The ultra-low β∗y design is an even more advanced optics with
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a value of β∗y = 25 µm, which represents a quarter of that one of the ATF2 nominal

lattice. The expected minimum beam size achievable, after high order optimization

of the ultra-low β∗y FFS design, is 20 nm when optimized with a pair of octupoles.

Operating the ATF2 FFS with lower β∗y optics would allow to study the FFS tuning

difficulty as function of the IP beam spot size, the impact of the measured multipolar

errors, the impact on intensity dependence via wakefield and the compatibility of

the IP beam size monitor (Shintake monitor) with a probably enlarged halo. Both

the ILC and CLIC projects will benefit from the ATF2 experience at these ultra-low

IP betas. Between December 2017 and May 2018, 18 shifts have been dedicated to the

ultra-low β∗y study in ATF2, all ended with an incomplete tuning study. The smallest

beam size achieved was σ∗y = 64 ± 2 nm during February 2018 beam operations.

The main reason for not have reached a smaller beam size it was mostly because of

the not enough tuning time allocated for the study. In conclusion, future work will

need more tuning time to be able to address and quantify precisely the performance

of the ultra-low β∗y optics. In fact, there will a full week allocated to this study for

November 2018.

A new technique proposed to achieve nanometer beam sizes is using crystals

in the Final Focus System region. In my thesis work only the optics aspects were

considered using ATF2 as a possible facility for experiments. The first simulation re-

sults obtained using only one bent Si crystal as a replacement of the last defocusing

quadrupole of the FD (QD0FF) in the FFS has proven to be very fruitful. After the

comparison between the conventional optics scheme and the one that involves the

crystal, it is possible to say that the natural chromaticity was significantly decreased

as well as the beam size of ≈ 10%. Then, according to [85], new simulations were

done to see the behavior of the crystals in terms of luminosity. CLIC 1.5 TeV was

taken as a baseline to do these simulations. The results showed a very significant

decrease of luminosity for all the possible cases described in [85] and showed signif-

icant limitations of using crystals for focusing e− beams, especially because of two

factors: the not very good focusing and the low channeling efficiency in the crystal

for e− particles.

In conclusion, two out of the three topics presented and discussed in this thesis

work have a great possibility to improve performances in Future Linear Collider

projects and ATF2.
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