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Abstract

Large particle accelerators are difficult to setup. One of the first problems that can be
encountered, before production configuration is found, is the beam not passing through
the accelerator. The process of guiding the beam through the accelerator is called beam
threading. Depending on the accelerator complexity it can take days before the beam
passes for the first time.

Currently the beam threading at MAX IV is performed manually. In addition to the
long average time spent, the procedure of manual beam threading is labor-intensive and
tiresome. An automated solution offers the advantage of greatly speeding up this process
saving both time, effort and resources.

For this project an automated beam threader was developed for the 3 GeV and
1.5 GeV storage rings at MAX IV. The algorithm optimizes the available corrector
magnets and uses beam position monitors or an oscilloscope to get an instant information
on its progress. This way only minor effort by control room personnel is needed.

The typically low signal to noise ratio in the used diagnostics made noise filtering
necessary. A successful decrease of the noise levels was achieved with spectral filters.
Robust counting of the number of completed turns by the beam during threading from
the filtered signal is developed. It is used by the automated beam threader as a metric of
progress.

The automated beam threader successfully functions on the MAX IV storage rings
and in simulation. It performs significantly faster than the manual threading procedure
and in early attempt it outperformed the fastest manual threading for half of the time of
the latter.
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Chapter 1

Introduction

The main product of particle accelerators are beams of high energy particles, which can be
used in wide range of scientific fields. They have influenced studies from the fundamental
interactions of matter by particle collisions to the understanding of natural processes and
chemical structure by using synchotron light.

The operation of accelerators is not without interruption. Upgrades or corrections to
the accelerators are occasionally needed during maintenance periods. In that time the
scientific studies performed with that accelerator are not possible.

After a maintenance is complete, it is not unusual that the accelerator is unable to
accelerate beam due to unknown defects mistakenly introduced. The beam then may not
even pass through the accelerator, but it can be possible to guide it.

1.1 Beam threading introduction

Beam threading is a general name for procedures that correct the beam trajectory, so the
accelerated particles can pass further through a linear accelerator or a circular accelerator,
before being lost. It is often needed during the commissioning of an accelerator or after
some unwanted and unknown accelerator hardware change prevents the beam from
passing through with the last known good configuration.

The goal of the automated beam threading is to deliver equivalent results faster
to those of manual beam threading with minimal human interaction. This may be
accomplished by a method that optimizes the corrector magnet configuration until a
single turn is completed, then increases the number of turns by optimizing the corrector
magnet configuration further and finally captures a beam with accelerating structures
turned on. This method is the one used in manual beam threading as well.

There are extra conditions for the automated beam threader (ABT). First, it is
advisable to use a black box optimization algorithm. This makes the algorithm inde-
pendent from the accelerator optics, because the black box optimizer does not rely on
the accelerator model. Therefore the automated beam threader may be used on many
different accelerators. Additionally it allows the ABT to be used successfully on unknown
accelerator models and hardware. The accelerator that is threaded has unknown changes
from its model and methods relying on calculations from the model may not work. An
example of automated beam threading procedure that uses the accelerator model, was
developed for the large hadron collider at CERN [1].

As a second condition, a robust method that can be applied with high levels of noise
is required. Because of the expected low intensity of the beam signal, the background



noise becomes a significant problem. The filtering and the handling of this noise are a
must to minimize the fluctuations of the objective that is optimized. Signal processing is
one approach. Another one is choosing an optimization algorithm that is robust. These
solutions are not mutually exclusive and both can be used in conjunction.

Finally, the implementation of the automated beam threader has to be developed on
Matlab with use of the Matlab middle layer software package. This requirement ensures
that the code can be integrated in the MAX IV control system.

A major constraint on the project was the time. The time to fully develop and perform
an exhaustive study on an automated beam threader is longer than what was allowed.
Furthermore, the run time is limited and mostly reserved to specific activities relevant to
the goal of MAX IV facility to deliver synchrotron light to users. To adapt the project
to this major constraint, focus was put on the development of automated beam threader
exclusively for the storage rings at MAX IV. Later, as the development progressed,
simulation and ultimately experimental studies on specific cases were performed.



Chapter 2

Accelerators

2.1 General introduction

The accelerators are human made sources of high energy particles with very well defined
properties. Naturally, relativistic particles are produced in ways that are not reliable or
tunable. For precise and demanding tasks artificial sources of particle rays or beams are
needed. This demand can be fulfilled with accelerators.

The accelerators are often classified by their design principles. First there are two main
types of accelerators: linear accelerators and circular accelerators. In linear accelerators,
linacs for short, the accelerated particle travels once along a relatively straight trajectory.
The particle trajectory in a circular accelerator is a spiral or a closed orbit, meaning
that the particle travels along a curved path and can encounter the same accelerator
structures multiple times.

Depending on the kind of particles being accelerated, the accelerators can be divided
into low mass particle accelerators and high mass particle accelerators. Low mass particles
are usually electrons, while high mass particles are protons or ions. The particle mass
influences significantly the dynamics of acceleration. Low mass particles become highly
relativistic at much lower energies than high mass particles, so the relativistic dynamics
apply early during their acceleration. Also low mass particles emit significant power as
synchrotron radiation or synchrotron light, an effect that is covered in more detail later
in this chapter.

2.2 Synchrotrons

The synchrotron is a circular accelerator with the main advantage of being capable of
providing very high beam energies. The trajectory of the accelerated particle is a fixed
orbit. The energy of the particle and the bending magnetic field increase synchronously in
a synchrotron, thus the name of the accelerator. In principle, a synchrotron can increase
the energy of a particle until some limit on the magnetic field or on the power loss from
synchrotron light is reached.

The arrangement of the magnetic components and the accelerating structures of an
accelerator is called a lattice. The lattices of synchrotrons commonly have multiple
symmetry points and consist of repeated structures of magnetic components. These
structures are called achromats [2, 3].

Some synchrotrons are used to accumulate and store a beam of particles for long



periods of time at constant energy and they are called storage rings [2]. Accumulating
a stable beam is used to achieve high currents. The storage rings require precisely
controlled magnetic fields, while accelerating structures are only needed if the power loss
from synchrotron radiation must be compensated.

2.3 Theory

This section of the report presents part of the fundamental accelerator physics theory
and proceeds to explain relevant effects.

2.3.1 Coordinate system and transverse dynamics

The coordinate system used to describe the particle and beam dynamics is a co-moving
coordinate system. The origin of the coordinate system travels along the ideal trajectory.
An idealized particle model, called the reference particle, is always at the origin of the
co-moving coordinate system.

Bending magnetic fields are used in circular accelerators to bend the beam trajectory
into a spiral or a closed orbit. The coordinate system follows the bent trajectory or the
reference orbit. The linear equations of motion in a co-moving coordinate system in the
absence of kicks are [2]

2"(s) — k(s)xz(s) =
y'(s) + k(s)y(s)

with s as the distance along the reference trajectory, " and y” as the second derivatives
over s of the horizontal and vertical position respectively. The focusing strength k& is also
function of s. By convention k& < 0 corresponds to focusing and k£ > 0 to defocusing. The
equations have the form of Hill’s differential equation of motion. The solution for the
horizontal position gives [2]

8 (2.1)

x(s) = Vey/B(s) cos[¥(s) + ¢]

€ 2.2
o(s) = - g(s) (as)cosl(s) + 6] + sinfi(s) + ) 22)
where € is called emittance, ((s) is the beta function, a(s) = —pf'(s)/2, ¥(s) is the

phase and ¢ is an initial phase. The beta function is also called amplitude function and

together with the emittance gives the position dependent amplitude of the oscillation

A(s) = y/€B(s). The function 2’ for relativistic particles has the meaning of an angle

relative to the reference trajectory. Equations (2.2) describe a characteristic oscillation

in the horizontal plane called betatron oscillation. The solution for the vertical position

is analogous to that of the horizontal with new functions (s), U(s) and values €, ¢.
The phase ¥(s) advances according to [2]

_ [ do (2.3)
o B(o)

and the beta function [(s) represents the effect of the focusing k(s) over the transverse

motion. Therefore the phase and 3(s) are parameters of the accelerator. The number of

O(s)



betatron oscillations completed in a single turn around a circular accelerator is called the
tune () of the accelerator. It is defined as [2]

AU [ ds
or B(s)
where AV is the phase advance in one turn.

In synchrotrons, the curvature of the trajectory of a relativistic particle with charge ¢
and momentum p is [2]

Q- (2.4)

_ P

=B
and it becomes clear that particles with different momentum and therefore energy have
different radius of the curvature R of their trajectory if the bending field B is kept
constant. This effect is called dispersion. The linear equations of motion with this
dependence are [2]

(2.5)

" 1 1 Ap
#0)+ (G~ ) 0= 7 o0
y(s) + k(s)y(s) =0

where Ap/p is the relative difference in momentum to the nominal. The bending radius
R(s) is also a function of s to acknowledge the fact that not the entire orbit must be
bent, for instance in a straight section and the bending is assumed to be entirely in the
horizontal plane. The solution is [2]

= e/ B(s) cos[¥(s) + ¢] + D(s )App

where D(s) is the dispersion function.

(2.7)

2.3.2 Fields

The force acting on a charged particle in electric and magnetic fields is described by the
Lorenz formula [4]
F=qE+vxB), (2.8)

where F' is the force vector, ¢ is the charge of the particle, E is the intensity of the
electric field, ¢/ is the velocity of the particle and B is the magnetic induction.

Generally, in high energy accelerators a particle is accelerated with electric fields and
its trajectory is guided with magnetic fields. The reason behind not using electric fields
to steer is a practical limitation on the maximum achievable intensity of the electric field
without causing harmful electric discharges. Indeed, creating magnetic fields that are
strong enough to curve the trajectory of a relativistic particle is significantly easier than
creating the equivalent electric fields. On the other hand, the magnetic fields can not
change the energy of the particle, because the force from them is perpendicular to the
velocity as presented in (2.8). Therefore the roles of the electric and magnetic components
of the fields acting on a charged particle in accelerators are usually separated.

The magnetic field can be expanded into Taylor series. The first few terms of the
Taylor series of the vertical component of the field parallel to the y-axis as function of
the position along the horizontal x-axis are [2]

dB, 1 ,d*B

B,(z) = By +xd— + 5@ dx;’ + ... (2.9)



where x = 0 corresponds to the horizontal position of the nominal trajectory. The
expansion is analogous for the horizontal component of the field over the vertical axis
with y = 0 defined at the nominal trajectory. When we multiply (2.9) with the particle’s
charge over its momentum we obtain [2]

pBy(x) = %—Fkx—i—%mﬁ%—... (2.10)
where 1/R is the bending radius from the dipole field, k is the focusing strength of the
quadrupole field and m is the sextupole field strength. These values are momentum
invariant.

The first two terms are used to describe the linear beam optics. Dipole fields are
either used as bending fields or to steer the beam relative to the nominal trajectory. The
quadrupole fields steer the beam with linear dependence on the position of the latter.
Essentially they act just as a lens in light optics. The difference is that a quadrupole field
that is focusing in the horizontal plane, is a defocusing field in the vertical plane and
vice versa. Therefore to focus the beam of particles in both planes a pair of quadrupole
magnets focusing in alternative directions are required.

Higher order magnetic fields introduce non-linear effects in the particle dynamics.
Until this part of the report attention was given only to the linear magnetic fields of
dipoles and quadrupoles and the particle dynamics in such fields. The lowest order
non-linear magnetic fields are the sextupole fields. It is mainly used to compensate the
chromaticity that is a dispersive effect in the beam focusing. For a quadrupole field
the magnitude of the focusing strength k decreases as the momentum of the relativistic
particle increases. As a consequence, the tune of the ring becomes energy dependent.
The chromaticity is defined as [2]

_AQ
- Apfp

The inclusion of non-linear fields results in non-linear equations of motion that do
not have analytical solution. These forces are often negligible at the reference orbit and
therefore the equations (2.1) and (2.2) are valid within a small middle region. As the
transverse distance of a particle increases the non-linear effects increase until it is lost.
The acceptance region, where particles are not lost because of non-linear forces, is called
dynamic aperture.

3 (2.11)

2.3.3 Synchrotron radiation

Synchrotron radiation is an important phenomenon in circular electron accelerators. As it
is well known in electrodynamics, every charged particle radiates when it is accelerated [4].
The power emitted as electromagnetic wave from a non-relativistic particle is described
by the Larmor formula [2]

e

2 dﬁ 2
P - AN 2.12
6megmic? ( dt ) (2.12)

where e is the charge of the particle, mg is the rest mass of the particle, p is its momentum,
€o is the electric permeability of vacuum and c is the speed of light. For heavy particles
as protons and ions with large myq this effect is usually negligible, but electrons and other
light particles can emit significant amounts of synchrotron radiation. In accelerators it is



dominantly present when the particle trajectory is curved rather than when the particle
energy is increased [4].

In circular accelerators the particle trajectory is curved by a centripetal force and
is therefore accelerated. The power of the synchrotron radiation of a highly relativistic
particle in that case is [2]

B e’c E*
~ 6meg(moc?)t R2

where FE is the energy of the particle and R is the bending radius. It is evident that
electrons in accelerators with larger circumference and therefore larger R will lose less
energy, however the dominant parameter is the energy E. For electrons with energies
above 10 GeV the construction and running costs become disproportionally large, because
of the required energy restoration. For example, in the MAX IV 3 GeV electron storage
ring a beam current of 500 mA will lose 500 kW of power emitted as synchrotron
radiation [5].

The energy lost is restored with radio frequency (RF) cavities. These cavities are
resonators in which an electromagnetic wave oscillates. The electric field is co-linear with
the nominal trajectory of a particle and depending on the phase of the oscillation relative
to the particle passage it can accelerate or decelerate the particle. Because of this fact,
the accelerated beam is structured by the electric field as bunches of particles that are
synchronized with the period of the electric field.

Py (2.13)

2.3.4 Dipole field perturbations

The orbit distortions from magnetic field errors are corrected with special dipole magnets
called steering coils or corrector magnets. The corrector, in short from corrector magnet,
can steer the beam to a new angle relative to the reference trajectory. Because of the
short length, the steering can be approximated as a kick with strength k, at point p. The
kick changes the direction of the beam from 2/(s,) to '(s,) + k,, with 2/(s) defined in
(2.2). The correctors can create local orbit bumps, that are a change in the transverse
position of the beam within limited region of the orbit. The simplest form of the local
orbit bump is the 180° bump. The formula describing this type of bump is [2]

kg - :l:\/%kl y (214)

with & as the kick strength in angle and [ as the beta function. The lower indices indicate
the values as position s,, where n is 1 at the first corrector and 2 at the second. This
type of bump is only possible if the phase change between the correctors is an integer
times 7. For odd integers the sign is + and for even it is —.

Errors in the magnetic fields can result in a dipole kick [2]. If we assume that k; is
the strength of a kick from an error and there is a corrector with nm phase difference,
the error can be corrected with a kick ks from the corrector calculated from (2.14).

To correct a kick from erroneous fields with arbitrary phase change at least two
correctors are needed. Again the theory for local orbit bumps can be used. A local orbit
bump without limitation to specific phase difference between the steering coils can be



created with three kicks. The relations between the kicks are [2]
. ﬁl sin(\I/3 — ‘Ifl)

ko =\ 70—k
62 Sln(qjg — \112)

B ((sin(Wy — V)
kg = \/% (m — COS(\IJ:), — \Ijl)> k‘l

with lower indices again indicating the position along the orbit. Analogously to the 180°
bump case, when the first kick is a result from magnetic field error, the relations in (2.15)
give the required strength of the two correctors following the kick to return the beam
back to the reference orbit.

In all discussed forms of orbit bumps, a required kick can be outside of the technical
limits of a corrector. Selecting another corrector can solve this problem as the strength
depends on the local values of the beta functions, but it is possible that this is not
achievable with any corrector in the machine. If a single correction is not enough to
return the beam at the reference orbit, subsequent corrections with different sets of
correctors can be applied until the distortion is eliminated.

There is also another reason to use many correctors to correct the kicks from magnetic
field errors. The orbit distortion is usually also a superposition of many errors with
different magnitudes thorough the accelerator. A single correction can be immediately
followed by a kick from an error and thus introducing the need for another correction.
Therefore all correctors in an actual accelerator are involved in correcting the trajectory
of the beam.

There are specialized methods, in example the effective corrector and inverse response
matrix, described in more detail in [2]. These methods require a stable beam and precise
beam position measurements to function. During beam threading there is no stored beam
and therefore they can not be used.

(2.15)

2.3.5 Beam position monitors

Position sensors, referred as beam position monitors (BPMs), measure the transverse
beam position [2]. There are different types of BPMs. Two types using similar principle
are the capacitive button BPM and the strip line BPM, presented in Figure 2.1.

The capacitive button BPM has four metal buttons isolated from the wall of the
accelerator chamber that serve as electrical pickups. Two variants of button BPMs are
shown in Figure 2.1. The capacitive buttons of a BPM detect electric fields from passing
beam bunches. The intensity I of the signal of a button is dependent on many factors,
such as the charge in the beam and most importantly the distance between the beam and
the button. Based on the last, the signals from the four buttons are used to determine
the position of the beam relative to the symmetry axis of the BPM with equations [2]

(I + I3) — (I + 1)
1
(I + 1) — (I3 + 14)

A:a; ’

where Ax and Ay are respectively the horizontal and vertical position of the beam,
a., are sensitivity factors and I; is the intensity of the signal at the ith button with

Az = a,

(2.16)
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Figure 2.1: Photographs of different kinds of BPMs and an schematic. Top-left: a MAX II
capacitive button BPM. Top-right: a MAX III capacitive button BPM. Bottom-left: a
strip-line BPM of the MAX IV linac. Bottom-right: An a BPM schematic illustrating
the position of the pickups. Pictures by author.

numbering as in Figure 2.1 bottom right. The center of a BPM is aligned to coincide
with the transverse position of the reference orbit, so the results of equations (2.16) are
the transverse position of the beam relative to the nominal trajectory. Strip line BPMs
use the same concepts as capacitive button BPMs to measure the position of the particle
beam, but generally provide more intense signal in similar conditions.

2.4 MAX 1V facility

Figure 2.2: Ilustration of the MAX IV facility. The electron beam is created at the far
left and is accelerated by the linac (straight line). The 1.5 GeV (small circle) and 3 GeV
(large circle) storage rings and their buildings are visible. Picture by Johny Kvistholm.

The MAX IV synchrotron light sources consist of two electron storage rings and a
linac that also serves as a full-energy injector for the rings [3, 5], as shown in Figure
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2.2. The main purpose of the facility is to serve as a synchrotron light source for user
experiments. The MAX IV 3 GeV storage ring has achromats allowing lower emittance
within the size and energy constraints than previous accelerators [5]. Some characteristics
of the MAX IV accelerators are presented in Table 2.1 and are discussed in the following
text.

Table 2.1: Parameters of the MAX IV storage rings [3, 5].

Parameter 3 GeV ring | 1.5 GeV ring
Circumference [m)] 528 96

Number of achromats 20 12
Horizontal tune @, 42.2 11.22
Vertical tune @), 16.28 3.14

Lattice radiation losses per turn [keV] | 363.8 117.2
Revolution time [ns] 1760 320
Momentum acceptance +4.5% +3.0%

2.4.1 MAX TV 3 GeV storage ring

Figure 2.3: Left: Diagram of a MAX IV 3 GeV ring achromat. The yellow rectangles
represent parts of the dipole magnets, the red and blue are quadrupole magnets. The
long line between the achromats is a straight section, where a transfer line and insertion
devices for synchrotron light production can be placed. Right: Photograph of a section
of the MAX IV 3 GeV ring. The iron blocks of the cells are on top of concrete support.
Pictures by author.

The MAX IV 3 GeV storage ring has a distinct approach in its design that has proved
to be a successful concept for synchrotron light sources [5, 6, 7]. This new concept is the
use of multi-bend achromat instead of the widely used double-bend achromat. As the
name suggests, the double-bend achromat has two bending magnets and magnetic optics
in its structure [2]. The multi-bend achromat on the other hand has multiple bending
magnets, there are seven bending magnets in the MAX IV 3 GeV ring [§].

Seven cells of optics, one for each bending magnet within the achromat, are manufac-
tured from pairs of iron blocks. These contain the iron yokes of the magnetic components
in the cell. They are the yellow painted blocks in Figure 2.3. The two blocks of a
pair form the top and bottom half of a cell and limit the misalignment between the
components of the cell, as they are part of the same pair of blocks [3, 5].
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There are a number of components for orbit correction in each achromat. Each
achromat is equpped with 10 circular aperture capacitive button BPMs. The peak
sensitivity of the BPMs is at 500 MHz that is the fifth harmonic of the RF. There are 10
horizontal and 9 vertical corrector coils in each achromat with maximum kick strength of
0.38 mrad by design [9]. In total there are 200 BPMs, 200 horizontal correctors and 180
vertical correctors. The large number of the BPMs are required to allows good sampling
the betatron oscillations in both planes [5, 10].

The electrons are injected at full 3 GeV energy from the linac through a transfer line
and with miltipole injection kicker. The transfer line is an optical structure of magnetic
components that connects the ring with the linac. There are BPMs and corrector coils
for both directions inside the transfer line. At the end of the transfer line there is a
vertically deflecting magnet that bends the injected electrons, but shields the already
present beam from that bending field [2]. The pulsed multipole injection kicker allows
new electrons to be stacked without significant disturbances of the stored beam, process
referred as top-up [11].

2.4.2 MAXTIV 1.5 GeV storage ring

Figure 2.4: Left: Diagram of a MAX IV 1.5 GeV ring achromat. The yellow rectangles
represent parts of the dipole magnets, the green are sextupole magnets and the red are

combined function quadrupole and sextupole. Right: Photograph of a section of the
MAX IV 1.5 GeV ring. Photograph by Kennet Ruona.

The MAX IV 1.5 GeV storage ring uses the established double bend achromat lattice.
Each achromat is made out of two nearly identical optical structures with a single bending
magnet that are mirrored with respect to the achromat center. Each cell is machined
from a pair of iron blocks, similarly to the 3 GeV ring [3].

The betatron oscillations are sampled with 36 BPMs in total, 3 in each achromat.
The BPMs are of capacitive button type with rhombus aperture [12]. Right after each
BPM there is a combined function sextupole with extra corrector coils for both directions.
The maximum kick a corrector coil can give to the beam is 0.25 mrad [3].

The injection of electrons in the storage ring is accomplished with a single dipole
injection kicker [13]. The transfer line to the ring starts at the extraction point in the
linac, where the incoming electrons have 1.5 GeV energy. Just as the transfer line of
the large ring it has focusing magnets, diagnostics, corrector magnets and ends with a
septum magnet in the ring.
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2.4.3 MAX IV linac

Figure 2.5: Left: Illustration of the linac with some of its components. On the top are
the components until the small ring injection point and the rest of the linac is cut and
shown below. The thermionic pre-injector is in the bend arm in the top left side. Picture
by Johnny Kvistholm. Right: One of the 39 accelerating structures of the linac. Each
structure consists of several 3 GHz RF cavities with accelerating gradient of 20 MV /m.
Picture by author.

The MAX IV linac is used to accelerate the electrons up to the nominal energy for
the corresponding storage ring. Most of its 250 m length is dedicated to accelerating
structures as the ones shown in Figure 2.5. During injection to one of the rings the beam
is kicked into the transfer line of the ring [3].

One of the components of the linac relevant to beam threading is the chopper used to
form the bunch structure. It is part of the thermionic pre-injector [14]. In the pre-injector
the electrons pass through the RF strip-line chopper before reaching an aperture. The
electric field between the two strip-lines of the chopper deflects the beam. The RF signal
applied to the strip-lines is chosen to allow short trains of 3 bunches of 100 pC with
period of 10 ns in between to pass the aperture. The chopper can be used to form a beam
with 500 MHz bunch structure. This could be very useful for beam threading, because
the BPMs of the rings are most sensitive at 500 MHz.

2.4.4 Additional description of relevant components

In this section, the details of some components that are relevant to beam threading will
be given.

The signal from a single button of the capacitive button BPMs in the MAX IV storage
rings is filtered and then digitized by an analog to digital convertor (ADC) [15]. Each
button has its separate ADC channel. The ADC takes a sample of the signal every 8.5 ns
and can store up to 65000 samples in its memory buffer. The ADC channels can be
synchronized with the incoming beam. The ADC buffer therefore holds the measured
signal intensity at the corresponding button over time. From the values in the ADC
buffer the BPM system calculates the beam position. The accuracy and reliability of
the calculated position depends on the signal intensity with respect to the intensity of
the background and electronics noise. The lower limit of the stored beam current, at
which the BPMs can not anymore provide precise beam position measurements, is few
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hundred microamperes. Also each ADC channel has to be calibrated to eliminate the
systematic errors cau