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Equipped with his five senses man explores the universe around him
and calls the adventure Science.

—FEdwin Powell Hubble
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is not really an answer to this question. It is not by finding out
more and fresh relations and connections that it can be answered;
but by removing the contradictions existing between those already
known, and thus perhaps by reducing their number. When these
painful contradictions are removed, the question as to the nature of
force will not have been answered; but our minds, no longer vexed,
will cease to ask illegitimate questions.

—Heinrich Rudolf Hertz
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we have thus far encountered. This should grant profundity to the
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However numerous your faults, something in you at this moment is
pristine —and only you can recognize it. Open your eyes and see.

—Sam Harris



Abstract

Since the 1970s, storage rings (SR) and free-electron lasers (FEL) facilities use
complex magnetic structures named undulators as a source of intense electromag-
netic radiation. Such devices produce high brightness beams of photons by bend-
ing high-energy electrons back and forth through alternating polarity magnetic
fields. Most of the undulator systems currently installed in SR and FEL facili-
ties worldwide are permanent magnet-based. The demagnetization of permanent
magnet materials due to radiation exposure causes loss of field strength, which
disturbs the undulator’s performance. In some cases, it is necessary to remove
the undulator from the facility for inspection and repair it in a magnetic mea-
surement laboratory, which is costly and time-consuming. Also, the dense pack of
components near the undulator makes it challenging to set stages to move probes
around for magnetic measurements as a specialized laboratory does. Techniques
based upon measuring the photon beam characteristics have been used to evalu-
ate undulators’ magnetic field quality without removing them from the undulator
hall. Although promising, the precision of these techniques is limited to the un-
certainties of electron beam energy and observation angle. Besides, full access
to the control and data acquisition systems is required. This thesis presents the
proposal, the development, and the first tests of a new technique for diagnosing
radiation damage based on in situ magnetic measurements. The proposed sys-
tem measures the magnetic flux change in a flexible printed-circuit coil attached
to the lower undulator magnet array by periodically opening and closing of the

undulator gap and by measuring the induced voltage. The magnetic flux change



will decrease proportionally to the magnet block damage, assuming that the gap
always changes by the same amount. The tests were performed on variable-gap
permanent-magnet hybrid undulators for the new Linear Coherent Light Source
(LCLS-II). The system proved to be capable of detecting local pole field changes
on the order of 3mT. Long-term uninterrupted measurements performed during
eight days showed an error of approximately 70 ppm relative to a signal of a few
tenths of Volt-second. To test the voltmeter, we developed a high-precision veri-
fication circuit capable of generating a reference voltage pulse with voltage-time
integral stability better than 50 ppm relative to the reference integrated signal
strength of the flexible coil. The circuit’s design combines a fast and precise
switch with a low-noise voltage reference. Reproducibility tests confirmed that
the circuit’s output is invariable under small power supply instabilities and equip-
ment shutdown. Although preliminary, the results are encouraging: The novel
radiation damage detection system lays the groundwork for future development
into magnetic measurements-based sensors dedicated to monitoring undulators’
field quality without removing the segments from the tunnel. Additionally, in-
struments and applications designed to quantify the magnetic field by integrating
induced voltage signals may use the same proposed verification system for testing

purposes.

Keywords: Demagnetization, electrical measurements, free electron lasers, mag-
netic field measurements, permanent magnets, pulse generation, pulse measure-

ments, radiation damage, digital signal processing, storage rings, undulators.



Resumo

Desde os anos 70, aceleradores de particulas do tipo “anel de armazenamento”
e “laser de elétrons livres” utilizam complexos arranjos magnéticos denomina-
dos onduladores como fonte de intensa radiagao eletromagnética. Tais disposi-
tivos criam um campo magnético com polaridades alternadas, forcando feixes de
elétrons relativisticos a ondular e produzir fétons de alto brilho. Os sistemas de
onduladores atualmente em operacao sao, em sua maioria, feitos com magnetos
permanentes. A desmagnetizacao de magnetos permanentes devido a exposicao
a radiacao causa reducao do campo magnético, o que afeta o desempenho do on-
dulador. Em alguns casos, é necessario remover o ondulador da instalagao para
inspecao e reparos em um laboratério de medigoes magnéticas, o que é caro e con-
some tempo. Além disso, a alta densidade de equipamentos nas proximidades dos
onduladores em operacao torna dificil a instalacao de estagios para movimentar
sensores de medicao de campo magnético da mesma forma que um laboratorio
dedicado o faz. Técnicas baseadas na medi¢ao das caracteristicas do feixe de
fotons tém sido aplicadas para avaliar a qualidade do campo magnético de ondu-
ladores sem remové-los das instalacoes. Apesar de promissora, a precisao dessas
técnicas é limitada as incertezas de energia dos elétrons e angulo de observacao.
Ademais, é necessario o acesso irrestrito aos sistemas de controle e aquisicao de
dados. Esta tese apresenta a proposta, o desenvolvimento e os primeiros testes
de uma nova técnica de detecgao de danos por radiacao baseada em medicoes
locais de campo magnético. Através da variacdo da abertura do ondulador, o

sistema proposto mede a variacao de fluxo magnético através da tensao induzida



em uma bobina flexivel de circuito impresso posicionada sobre o conjunto infe-
rior de magnetos. A reducdao do fluxo magnético serd proporcional aos danos
provocados nos magnetos, assumindo que a abertura do ondulador sempre varia
de forma constante. Os testes foram realizados em um ondulador de magnetos
permanentes hibrido de abertura variavel que sera utilizado no novo Linear Co-
herent Light Source (LCLS-II). O sistema detecta mudangas no campo de polos
individuais na ordem de 3mT. Medicoes ininterruptas realizadas durante oito
dias demonstraram um erro relativo de aproximadamente 70 ppm para um sinal
de alguns décimos de Volt-segundos. Para testar os voltimetros utilizados para
medir variacao de fluxo magnético, foi desenvolvido um circuito de verificacao de
alta precisao que gera pulsos com estabilidade melhor do que 50 ppm relativos
a amplitude do sinal integrado de referéncia medido com a bobina. O circuito
combina elementos de comutacao rapida e precisa com tensoes de referéncia de
baixo ruido. Testes de reprodutibilidade confirmaram que o sinal de saida é in-
variante sob pequenas variacoes da fonte de alimentacao e desligamento. Apesar
de preliminares, os resultados sao encorajadores: O novo sistema de detecgao de
danos por radiacao estabelece as bases para desenvolvimentos futuros relaciona-
dos a sensores magnéticos para monitorar a qualidade de campo dos onduladores
sem remové-los da instalagao. Além disso, instrumentos e aplicagoes destinadas
a medir campo magnético através de sinais integrados podem utilizar o mesmo

sistema de verificacao proposto para propdsitos de teste.

Palavras-chave: Anéis de armazenamento, danos por radiagao, desmagnetizacao,
geracao de pulsos, laser de elétrons livres, magnetos permanentes, medicoes de
campo magnético, medicao de pulsos, medicoes elétricas, onduladores, processa-

mento de sinais.
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Preface

Back in 2014, just after concluding my master’s course in Electrical Engineering at the
University of Campinas, I began pursuing a doctorate in the same area. Having acquired
some experience on magnetic measurements for quadrupoles, the first proposal for the Ph.D.
course was established: to develop a measurement system to characterize undulator magnet
blocks inhomogeneities. By measuring inhomogeneities for single blocks, a sorting algorithm
would allow minimizing the electron beam trajectory errors by picking the best arrangement
of magnets. The project was initially planned for the undulators of the new Brazilian Syn-
chrotron Light Source, Sirius. Although promising, time constraints became an issue for the
continuity of such a project in Brazil.

Fortunately, the proposal was welcomed by the SLAC National Accelerator Laboratory,
located in Menlo Park, California, USA. On that occasion, the head of the Magnetic Measure-
ments Group (MMG), Dr. Zachary Wolf, not only demonstrated an interest in my academic
profile but also assisted me throughout my application to attend an exchange program fi-
nanced by CAPES!. Together, we slightly changed the original subject of my thesis proposal
into a more attractive plan —successfully accepted and funded. Since the developments pre-
sented in this thesis come from a collaboration between the University of Campinas (Brazil)

and SLAC, this preface aims to clarify the author’s and SLAC fellows’ contributions.

Radiation Damage Detection System (RDDS)

The MMG has been advancing in a novel approach for measuring field changes in un-

!Brazilian funding agency (Coordination for the Improvement of Higher Education Personnel).
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dulator magnet blocks due to radiation exposure, more specifically in the context of the
undulators of the new Linear Coherent Light Source (LCLS-II). Michael Rowen (Research
Technical Manager at SLAC), provided the first suggestion of developing a system that de-
tects magnetic flux changes in a flexible coil sensor. Scott Anderson (Staff Engineer at SLAC)
sketched, quoted with local companies, and acquired coils’ samples. He also wrote all the
modules in C programming language to control the SXR undulator motion and to perform
voltage acquisition. Initial checking tests with the undulator were performed by Scott as
well. The company San Francisco Circuits™ produced and sold the flexible printed-circuit
board (see figures 3.12 and 3.13). I wrote the codes in CVI/LabWindows (C programming
language) to operate the NI PXIe-4464 as a voltmeter and to acquire voltage samples from
the coil. Robert Pushor (Software Developer at SLAC) assisted me in programming the
modules. T also designed the thermistor encapsulation and holder (see Fig. 3.16), improved
the existing codes to perform offset corrections, took care of all the short- and long-term
tests, and wrote codes in Matlab to analyze data and produce the figures to show the results.
Ralph Colon (Accelerator Technologist III at SLAC) built the thermistor encapsulation and
holder in a machine shop, and Luiz Juarez (Accelerator Technologist III at SLAC) helped
with inserting and gluing the thermistor inside the holders by using epoxy resins. Yurii Lev-
ashov (Staff Engineer at SLAC) provided the on-axis peak field versus undulator gap. The
data, illustrated in Fig. 3.26, is used in Section 3.7.

Chapter 3 of this thesis was written based on the manuscript titled “A novel in-situ radia-
tion damage diagnostic system for undulators”, authored by me, Scott Anderson, and Zachary
Wolf. The paper was submitted and accepted on IEEE Transactions on Instrumentation and

Measurements.

Verification System

Zachary Wolf proposed the idea of using an electrical signal generator in which its inte-
grated voltage would be comparable with the typical signal measured with the RDDS. Then,
we defined that the most straightforward and effective waveform would be a pulse, precisely
set in amplitude and duration, and generated by combining a voltage reference integrated

circuit with a high-precision timer module. The idea behind this project was to use this pulse
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as a signal reference. If a change is detected with RDDS, then the pulse generator attests
that the signal decreased due to radiation damage on the undulator, and not because of volt-
meter drifts. From the initial idea, I designed the whole system, quoted the components and
the board, and wrote the code in CVI/LabWindows (C programming language) to operate
the NI PXI 6608 module. Tonee Smith (Staff Engineer at SLAC) meticulously reviewed the
layout and proposed enhancements. Luiz Juarez soldered all the electronic components on
the board (see Fig. 4.4). With the system ready to be tested, I performed all the tests and
executed several improvements.

The manuscript titled “High-precision reference pulse generator for testing radiation dam-
age in undulators”, authored by me, Scott Anderson, and Zachary Wolf, has been recently
submitted to IEEE Transactions on Instrumentation and Measurements. At the time this

preface was written, the article was under review. Chapter 4 uses many sections of this paper.

Flip Coil System

As part of the activities planned for my visiting program at SLAC, the complete devel-
opment of a flip coil system for field integrals measurements had been proposed by Zachary
Wolf. Mostly under the supervision of Yurii Levachov, I designed all the parts of the system,
quoted and purchased motorized and manual stages (linear and rotary), stage controllers,
wires, etc. Ralph Colon built all the designed parts in a machine shop. Luiz Juarez pro-
posed and implemented compelling ideas with the electrical connection between the rotary
and fixed parts of the system, and assisted with setting the moving wire around the spool
holders. Figures B.4 and B.5 show the final design.

The manuscript titled “Development and commissioning of a flip coil system for measur-
ing field integrals”, authored by me, has been recently presented at the 39th International
Free Electron Laser Conference (FEL 2019), which took place in August of 2019 in Ham-
burg, Germany. I decided to include the contents of this conference paper in this thesis as
Appendix B. Due to the limited number of pages allowed for conference papers, Appendix B

is an extended version of the original manuscript.
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Chapter

Introduction

IGHT sources based on charged particle accelerators aim to produce high brilliance
L coherent radiation from infrared to X-rays range, leveraging investigation of the matter
in several multidisciplinary themes [1-3]. Relativistic electrons produce radiation when a
magnetic field deflects their trajectory, either with bending magnets or undulators. The
latter is composed of an alternating series of magnetic poles, which raises the number of
curvatures and reinforces the radiation. Independently of the type of magnet, this process
is named synchrotron radiation emission. Two common types of light source facilities are
the storage rings (SR) and the free-electron lasers (FEL). In an SR, the electron beam keeps
circulating in a ring-type machine, while radiofrequency fields compensate for the energy
loss due to synchrotron light emission. In a FEL, the electron beam is sent into successive
undulator segments. The interaction between the electron bunch and radiation wave boosts
the radiation’s longitudinal coherence.

Planar undulators with periodic magnetic field create synchrotron radiation from rel-
ativistic charged particles at the resonance wavelength A\ = A\, (1 + K?2/2 + 6%9?)/(2n~?),
where A, is the magnetic field’s period, 6 is the observation angle, v is the relativistic factor
of the electrons, and n is the wavelength’s harmonics. The variable K corresponds to the
undulator parameter, being proportional to the undulator on-axis peak magnetic field [4]. In
high gain FELs, dozens of undulator segments are aligned to produce X-rays by the Self-
Amplified Spontaneous Emission (SASE) regime. The parameter K over all the segments
must match in less than a few hundred parts per million, so all undulators are resonant at

the same wavelength. As a result, the undulator’s magnetic field has to be accurately tuned
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prior to the installation in the tunnel.

As an attractive alternative for electromagnet (EM) undulators, permanent magnet (PM)
undulators have been extensively used in FEL and SR facilities lately. As a matter of fact, new
materials produced with samarium-cobalt (SmCo, and Sm,Co,,) and neodymium-iron-boron
(Nd,Fe,,B) have reached higher remanent and coercive fields over the last few decades [2,4,5].
Along with technological progress, the exposure of permanent magnets in a radiation envi-
ronment turned out to be an issue. As will be seen in Chapter 2, many FEL and SR facilities
worldwide have experience radiation-induced changes in the magnetic properties of PM-based
undulators [6-11]. Indeed, extensive research has shown how different types and energy of
radiation induce PM demagnetization [12-20], and how the magnet’s characteristics (i.e., co-
ercive force, shape, material, magnetized direction, manufacturers, etc.) influence permanent
magnets’ behavior under radiation exposure [21-23]. Loss of magnetic field strength changes
the undulator parameter K, which alters the emitted radiation spectral characteristics and,
therefore, undulator’s performance.

After tunnel installation in FELs, local magnetic field inspection becomes challenging;
due to the dense packing of accelerator components and the number of segments (usually a
few dozens), conventional techniques (e.g., Hall probes and induction sensors) can no longer
be easily set up to characterize the magnetic field. Generally, thermoluminescent dosimeter
(TLDs) and online readable RADFETSs measure radiation doses near of each segment, serving
as an indicator of magnetic field degradation levels. A more direct way to evaluate magnetic
field quality after the installation of the undulator is based on measuring the light beam
properties [24-27]. Even though promising, the precision of these techniques is primarily
limited to the uncertainties of electron beam energy and observation angle. Furthermore,
they require full access to the facility control and data acquisition systems.

Whenever an undulator loses (or is suspected to have lost) magnetic field strength above
the limits (that is, the parameter K is out of the tolerance range), it must be removed
from the tunnel for inspection and repair in a magnetic measurement laboratory, where
the most common and appropriate techniques for characterizing undulator’s field would be
available [28]. The undulator transportation is, however, costly and time-consuming, due to

undulator size and weight. Besides, the beam pipe has to be removed in some cases, leading
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to long recovery times to reestablish the required vacuum level. The motivation behind this
work is to be able to identify damage to an undulator without removing it from the tunnel.

This thesis presents the proposal and the first developments of a new technique for di-
agnosing radiation damage based on in situ magnetic measurements. The radiation damage
detection system (RDDS) measures the flux change in a flexible printed-circuit coil attached
to the undulator magnet array. The coil acts as a magnetic field probe: By varying the
undulator gap (i.e., by either opening or closing the undulator jaws), the field in its aperture
changes as an exponential function of the gap distance and, therefore, a voltage is induced
in the coil’s terminals. The larger the gap size, the smaller the magnetic field strength. For
a well-defined and arbitrary gap distance change (for example, from g; to gs2), the difference
of the magnetic flux linked with the coil between g; and g, is equivalent (in absolute values)
to the time-integral of the induced voltage, as dictated by Faraday’s law.

The integrated voltage defines a value related to the undulator magnet quality, given that
the magnetic flux depends upon the magnetic field strength, For instance, if the magnets
lose magnetic field strength as a consequence of absorbed doses, the integrated voltage will
decrease proportionally, independently (in theory) of its strength. In practical terms, a short
gap movement would generate weak signals and lead to low signal-to-noise ratio, whereas a
long gap movement would not increase signal strength considerably due to the decreasing
exponential profile of the field with respect to the gap. To establish the optimal undulator
gap movement parameters ¢g; and g», a compromise between low sampling time and high
signal levels needs to be found. The time-integral of the induced voltage associated with the
optimal gap change from ¢; to gy is defined as reference integrated voltage.

The RDDS was designed for and tested with the soft X-rays undulators of the new Linac
Coherent Light Source (LCLS-II), which have been checked and tuned at the SLAC National
Accelerator Laboratory. Regarding these undulators, tolerance studies of the FEL process
led to a tolerance budget for the undulator parameter of individual segments of £3 x 10~
(300 ppm). In other words, for a given operational gap, its correspondent undulator pa-
rameter K must be set within a limit error of £0.03%. As will be described in more detail
in Chapter 2, K depends almost linearly on the on-axis peak magnetic field. Based upon

the K tolerance aforementioned and the relationship between magnetic field, magnetic flux,
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magnetic flux change, and integrated voltage, we establish that the RDDS must detect in-
tegrated voltage changes with relative resolution better than 0.01% (100 ppm) in relation to
the reference integrated voltage, so the system has enough sensitivity to detect field changes
in the same order.

The overall structure of this manuscript takes the form of five chapters. Chapter 2
overviews the basis of undulators and state of the art on beam-based undulator parame-
ter measurements. Loss of magnetic field strength experienced by different light sources
around the globe and the challenges of the new LCLS-II will also be the subject of Chap-
ter 2. The principle, development, results, and analysis of the proposed system for in situ
radiation damage detection are explained in Chapter 3. A verification circuit designed for
testability of the RDDS will be the subject of Chapter 4. Finally, Chapter 5 discusses the
key findings, strengths and limitations of the proposed approaches, and future directions.

Before moving to the next chapter, let us provide clarification on some of the common
terms used throughout this thesis. The acronym “LCLS-I” (or simply “LCLS”) will refer
to the current Linac Coherent Light Source, which has been in operation since 2009. The
upgrade project of the LCLS-I will be indicated with the acronym “LCLS-II” (the main
construction activities will be completed in 2021 [29]). In some facilities, the undulator system
is composed of many aligned segments of undulators. We will use the words “undulator(s)”
and “segment(s)” to mean the device that produces the periodic magnetic field. The whole
flexible coil is composed of many “winding segments”. Thus, the word “segment” will also
denote the windings that cover one pole. The different meanings of “segment” will be clear
according to the context. Quite often, terms related to relative changes will appear, which
may be expressed in ppm (parts per million), percentage, or scientific notation. For instance,
100 ppm is equivalent of 0.01%, or simply 10~%. The “undulator parameter” K is also known
in the literature as “K-parameter”, “K-value” and “deflection parameter”, and will be used
interchangeably here. Formally, B represents the magnetic flux density (sometimes known
as magnetic induction). All the chapters will denote B and all its related variables (e.g., B ,
B , Begr, etc.) as “magnetic field strength”, or simply “magnetic field”. The Greek letter “psi”
will be used to represent integrated voltage. The integrated voltage of the signal induced in

the flexible printed-circuit coil of the RDDS will be represented with the lower-case psi (),
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whereas the time-integral of the signal generated from the verification circuit will be written
as the upper-case psi (V). For both, subscripts will express their associated variables, usually
given in Vs. Regarding the RDDS coil, it should be pointed out that time-integral of the
induced voltage represents the magnetic flux change (Wb or Tm? in the SI system) linked in
the coil. Therefore, the variable ¢ will also mean the magnetic flux difference between two

given instants (notice that Wb and Tm? are dimensionally equivalent to Vs).
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Chapter 2

Fundamentals of Undulators and Literature
Review

NDULATOR is a device that creates a periodic magnetic field and forces relativistic
U charged particles that go through the device to wiggle and emit electromagnetic
radiation, as briefly mentioned in Chapter 1. The present chapter aims to go deeper into
the fundamental concepts related to undulators, including, but not limited to: equations of
electron beam motion through magnetic fields, the formal definition of undulator parameter
and undulator equation, and the available hardware technology. Moreover, this chapter
compiles the magnetic field degradation observed in many facilities worldwide due to radiation
exposure, the beam-based undulator parameter measurement techniques developed in LCLS-I

and European XFEL, and the challenges for the new LCLS-II.

2.1 Equation of Motion
The motion of an electron in a magnetic field is governed by Lorentz equation,

—

F=e¥ x B, (2.1)

where F is the force, e is the electron charge, ¥ is the electron velocity, and B is the magnetic
field strength. Using the definition of momentum for a relativistic electron,
dp d

F=—r =g 0mev), (2.2)
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where 7 is the momentum of the electron, m, is the electron rest mass, and ~ is the Lorentz

factor, given by

1 FE
y= = , (2.3)

B 2
1_<@>2 mecC
Cc

with ¢ being the speed of light. As expressed in (2.3), v is also represent as the ratio of

the electron’s energy, E, to its rest mass energy, m.c?. Neglecting energy losses due to the
radiation emitted by the electron, v and m. do not change because of B. Thus, both variables
can be moved out of d/dt in (2.2). Combining (2.1) and (2.2),

EE’ ° T xB. (2.4)

dt VM
Figure 2.1 illustrates the coordinate system used for the explanations that follow, in which
z is taken as the direction towards the electron moves along the undulator, y is upward

direction, and x defines zyz as a right-handed coordinate system.

Undulato

Figure 2.1: Right-handed coordinate system used to represent magnetic field and the electron
trajectory within the undulator [30].

On the undulator axis (x = 0 and y = 0), B, = 0. Even considering a non-zero field
component, B, points towards the main motion direction of the electron, so it has no first-

order effects and can be neglected. The main velocity component is v,, which produces v,
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and v, along the undulator length. For a relativistic electron, we may assume v, > v,
v, > vy, and v, constant. With those assumptions, (2.4) becomes
d  ddz d?z e

S, =S8 _ S o, 2.
a T dar A ymy Y (25)

d, _ddy &y e
dt Y dtdt  de2 yme

It is useful to change variables from time to electron’s position in (2.5) and (2.6). Let us

B,v,. (2.6)

represent dz/d¢ in terms of the chain rule (z is a function of ¢ and z). Given the relationship
dz/dt = v, with v, constant,
dz  drdz dx

Applying d/dt in (2.7) to obtain d*z/d¢? and manipulating its denominator,

Qo _d(dry_d (4 ) _d (de o
a2~ a\ar) " @ \dz") "z \a"” ‘
Replacing (2.7) in the rightmost side of (2.8) to eliminate the d¢ term,
Pz d [dz ,
I 2.
ez~ de (dz”Z) (2.9)

Therefore,

d’z  d%z ,

Similarly for y, the same procedure gives
d?y  d%y

Replacing (2.10) in (2.5) and (2.11) in (2.6), and using Newton’s notation, we reach to the

following set of equations of motion that are commonly seen in the literature [31-34]:

A’z . e

dz2 VMU,

(2.12)
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d?y . e

dz22 - v= VMU,

B,. (2.13)

By integrating (2.12) and (2.13) along z, we find the horizontal and vertical slopes of the

electron trajectory #(z) and y(z), respectively, as

’Ymevz f}/m(i/UZ

x'(z):/zi(zl)dzlz/z— C By(zn)ds = —— /Z:By(zl)dzl (2.14)

and

. c ° e e z
y(z) = /ZO j(z1) dz = /ZO 7meszz(m)dzl v / B (z) dz, (2.15)

20

where #(zp) = (z9) = 0. Integrating again to find the trajectories z(z) and y(z),

z . z e 29
z(z) :/ t(2g)dzg = /O |:_’ymevz /ZO By(Zl)d21] dzy
= / / Zl le ng
’Ym Uz

z ) z e z2
y(z) :/ U(2z2) dzo —/ Lmevz/z Ba:(Zl)dZ11 dzy
/ / Zl le de,
vmevz

where #(zp) = y(20) = 0. Once B,(z) and B,(z) are precisely and accurately measured along

(2.16)

and

(2.17)

the whole extension of the undulator, the electron trajectory and the slope can be calculated
by numerical integration. An important set of parameters that come out from (2.14)—(2.17)

is called field integrals.

2.2 First and Second Field Integrals

It is common to refer to an undulator as an “insertion device”. The name was coined
in the context of early SR facilities, in which the “device” that makes the electron beam to
wiggle could be “inserted” in free straight sections, almost independently of the ring itself.

From an ideal perspective, the electron beam enters and leaves the undulator at the same
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position and angle. The same feature is desirable in a FEL; the segments must have the least
possible effect on the electron beam exit angle and position.

Let U be the length in z that covers an undulators’ length plus a margin to guarantee that
the end effects are taken into account. From (2.14) and (2.15), the vertical and horizontal

exit angles are

e zo+U
'exi - — B d 2.18
T / (1) dz (2.18)
and
e zo+U
ot = B, (z1)dz, 2.19
i = —— [ Baler)dz (2.19)

respectively. Similarly, (2.16) and (2.17) allow us provide the vertical and horizontal exit

positions, respectively given by

Texit =

zo+U
—f}/m v / / Zl le dZQ (220)

zo+U
B / / 2 (21) dzy dzs. (2.21)

The first and second field integrals for x and y components are explicitly defined as

and

Yexit =

Zl le (223)

z0+U

zo+U

zo+U
Igy :/ / By Zl le dZQ. (225)
20

Therefore,



Chapter 2. Fundamentals of Undulators and Literature Review 40

'exi = - 1 2.26
e T T e, (2:26)
. e
Yexit = [lzc (227)
MV,
- (2.28)
ajeXl - .
t Ve, 2y
e
Yexit = I2x~ (229)
MU,

Equations (2.26)-(2.29) justifies the desire of having the first and second field integrals
equal to zero; the lower the value of the field integrals, the less the undulator disturbs the
electron beam. Nevertheless, these integrals are never truly zero because of the existence of
tolerances in block positioning and sizes, and the quality of materials. The resultant errors
in the magnetic field [4] needs to be properly characterized. Appendix B describes in detail

a system we developed to measure field integrals at SLAC.

2.3 Undulator Parameter

Consider that the undulator only deflects the electron in the horizontal plane xzz (y = 0)
due to the existence of a perfect sinusoidal vertical magnetic field on the midplane independent

of x given by

B,(2) = Beos (2; 2) | (2.30)

where B is the on-axis peak field and ), is the undulator’s period. Since B, = 0, y(2), y(z)
and gj(z) are zero as well. Substituting (2.30) in (2.12), (2.14) and (2.16),

i(2) = ——° ECOS(QIZ) (2.31)

: e M\ p . 272
t(z) = e (%> Bsin < " ) (2.32)
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x(z) = ‘ a 2 B cos 2n (2.33)
C ymev, \ 27 A ) '

The angular distribution of the radiation emitted by an accelerating relativistic electron is
confined to a very narrow cone in the direction of the electron motion. More specifically, the
natural opening angle fgg for the emitted synchrotron radiation is approximately 1/~ [35].

Let Osg be equal 1/v. From (2.32), the maximum deflection angle is

1 e\ B B
U P (2.34)

R .
2TmMev,

Qmax =

B ¥ 2Tmev,
The so-called K-parameter is defined as
Omax e, B

K = = — _ 2.35
Osp 2T, ( )

Given that the electron charge e, the electron rest mass m, and the electron velocity v,
are constant (we may consider v, = ¢ here), a practical equation expresses the undulator

parameter as

K = 93.36B\,, (2.36)

where K is dimensionless, Bis given in T and A, in m.

If K ~ 1, then the electron trajectory overlaps the emitted radiation, and the interference
effects occur, leading to narrow energy bands. This is the case for an undulator. If K > 1,
little overlap occurs, and a wide energy spectrum of radiation is observed. This is the case
for a wiggler. Although both undulators and wigglers are widely used for FEL and SR, for
the sake of simplicity, the remaining text of this chapter refers only to undulators.

Equation (2.36) comes from a pure sinusoidal field undulator, which is different than an

actual undulator. It is worth to define the concept of effective K-parameter, K.

2.4 Slippage and Effective Paramenters

The electron beam travels towards z with velocity v, smaller than the speed of the elec-

tromagnetic radiation emitted by the electron, the speed of light ¢. The slippage S(z) is
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defined as the distance between the radiation wavefront and electron. It is possible to prove

that [34]

S(z) = / (2%2 + “’;) dz, (2.37)

where #(z9) = 0. Let z be a whole number of undulator periods apart from z, and let us define
Az, = z — z (thereby, Az, = n),). Consider the electron trajectory for a pure sinusoidal

field with undulator parameter K. Replacing (2.32) in (2.37) and solving the integral,

1 K?

where S, is the slippage between two points in the z-axis that are a whole number of A, apart
from each other. Equations (2.37) and (2.38) are demonstrated in Appendix C. By measuring

2

By(z) point by point within the undulator, #* can be calculated by applying (2.14), which

will correspond to the measured slippage as a function of z. Let {14 be the slope of the

straight line

S(z) = QpuAz (2.39)

that best fits S(z) versus Az with Az = z — 2, as illustrated in Fig. 2.2. By contrasting
(2.38) and (2.39), the slippages of an actual and a sinusoidal magnetic field undulators with

K = K. along the z-axis would have a very similar profile when

1 K?
Q= — (142, 2.40
=g (145 (2.40

resulting in

Keff = \/4'729]‘1% — 2. (241)

From (2.35) and (2.41), we may define the effective on-axis peak field as

2mmeU, Ko

Beg = —
ft ey

(2.42)
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Figure 2.2: Representation of the slippage measurement as a function of the z in an actual
undulator. The slope €2;; is used to calculate the effective undulator parameter K.g.

The definition of K.¢ explained in this section is based on comparing the K-value of an
actual undulator and an ideal undulator (pure sinusoidal field) with K = K.g. This inter-
pretation guarantees that the spectral harmonics expected from an ideal magnetic field with
K-parameter equal K.q overlap with spectral harmonics numerically deduced by magnetic
measurement means [34,36].

Let us now turn to the equation that provides the relationship between the radiation

wavelength and the undulator’s features.

2.5 Undulator Equation

Consider that the electron beam emits, at the position z = Z;, electromagnetic radiation
with angle # in relation to z-axis and with wavelength A, as shown in Fig. 2.3a. Equa-
tion (2.38) demonstrates that when the electron travels one undulators’ period \,, the wave-

front emitted at z = Z; will have traveled

1 K2
i (I I VIS
272( " 2) "

If the separation between the two wavefronts is a whole number of wavelength as illus-

trated in Fig. 2.3b, then constructive interference takes place. Mathematically,
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Figure 2.3: Electron trajectory through an undulator emitting radiation at the point (a)
z =27y and (b) z = Z; + \,, in such a way that constructive interference happens.

1 K?
n\ = 2—72 <1 + 7) A+ Ay — Ay cosb. (2.43)

It is possible to simplify (2.43) by using the trigonometric identity 1 — cos @ = sin*(#/2) and

the approximation sinf ~ 6, given that 6 is small. By doing so,

1 K?
n)\:2—72(1+7>/\u+>\u(1—0089)
1 K> 0
=— (14 =) A\, + N\ysin® [ =
922 2 P
) ) (2.44)
= L 1+K Au+ A 4
242 2 )Ty
A K?
= 2 (1+—=—+6*2).
72( Tz 7)

Therefore,

A K?
_ U 1 o 2.2 ) 2.4
A 2n72(+2+97) (2.45)

This expression is known as undulator equation.

It is interesting to remark some of the main implications of the undulator equation. Since
the electron beam energy is usually on the order of GeV, ~ is typically a few thousand.
Undulators with a period of a few dozens of millimeters will produce light with a wavelength

on the order of nanometers. Besides, the undulator equation reveals the interest for a high
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peak field; for a fixed K-parameter, the higher the on-axis peak field, the smaller the undulator
period [see (2.36)] and, consequently, the smaller the photon beam wavelength. It should
also be noted that K-value defines the photon beam properties for given parameters \,,
v, and 0. For FEL facilities based on SASE — where dozens of undulators are aligned
withing very tight mechanical and field quality specifications — K-parameters must match
in less than a few hundred parts per million among all the segments!'. The tolerance for K-
parameter is commonly represented as its maximum allowable variation AK.g¢ with respect
to its operational value Keg (i.e., AKog/ Kef)-

So far, this thesis has focused on the basis of the undulator theory. The following section

will discuss the hardware technology available to build such devices.

2.6 Electromagnet and Permanent Magnet
Undulators

Typically, an undulator segment length lies between 0.5m and 5m [5]. Two common
designs are employed to create the periodic profile of the field: electromagnet-based (EM-
based) and permanent magnet-based (PM-based). The EM undulator excites the magnetic
field from a current in its conductors. Apart from the much higher currents and current
densities, superconducting undulators fall into the EM-based type. Although more complex
and pricey, superconducting devices allow reaching higher fields with short periods, being
both desirable features for an undulator, as explained in the previous section.

Figure 2.4 illustrates the basic layout of an EM-based undulator. This type of device is
capable of generating magnetic fields that quickly change over time, which is impractical to
achieve with motor driven PM-based undulators. The rapidly time-varying magnetic field has
been explored for helical undulators, enabling fast switching between different polarization
states of the radiation [4]. Such ability is essential for many applications in the study of
structural, electronic and magnetic properties of materials. For instance, several experiments

require specific circularly polarized radiation to probe electronic spin in materials.

!There are additional tuning considerations that must be satisfied in SASE-based FELs to guarantee
optimal operation. For instance, it is important to ensure that the phase error between the electron beam
and the radiation is minimum across each segment. Furthermore, the first and second field integrals (see
Section 2.2) must be smaller than specific tolerances.
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Figure 2.4: Two-dimensional sketch showing a fraction of an electromagnet-based undulator.

PM-based undulators are devices composed of rare-earth PM material, mostly NdFeB
and SmCo. As the name suggests, a Pure Permanent Magnet (PPM) undulator is a device
that combines only permanent magnets to produce the magnetic field. The magnetic field
is generated from arrays of PMs. The easy axis — the direction of alignment of the magnet
moments in the material’s lattice — of each magnet block rotates by 360° per undulator
period along the electron beam axis, as shown in the right side of Fig. 2.5.

An alternative for PPMs is the hybrid undulator type, which combines iron poles (or
some other high permeability material) with PM materials (see the left side of Fig. 2.5). In
comparison with PPM systems, the hybrid holds two advantages. First, the field depends
more on the geometry of the pole than the PM material quality (such a feature is not valid
for PPMs). Second, hybrid-type devices reach stronger magnetic fields by compressing the
poles, since the high permeability material concentrates the flux. As a result of the non-linear
behavior of such materials, analytical equations for the magnetic field within the undulator
are no longer available. Even so, numerical codes can be used for this task. Commonly

applied for both PPMs and hybrids undulators, the accepted expression fits [37—42]
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Figure 2.5: Schematic showing a fraction of a hybrid and pure permanent magnet undulator

[2].

B = Byexp [a (%) +b (%)1 , (2.46)

where By is a gap-independent parameter given in T that depends on magnet strength, and
a and b are dimensionless. The empirical parameters By, a, and b depend upon details of the
magnets’ and poles’ design, such as dimensions and material properties. Equation (2.46) also
reveals an outstanding feature of variable-gap undulators compared to fixed-gap devices: By
mechanically changing the gap, it is possible to change the photon beam wavelength, due to
the gap-dependence of the on-axis peak field and its relationship with K-parameter. Such an
aspect makes experiments highly robust, which justifies the interest of variable-gap devices
for lasing technology on the latest FEL facilities.

In the context of FEL and SR facilities, PM technology is well established; it is estimated
that more than 90% of all undulators and wigglers are developed with PM materials [5]. In
comparison with EM undulators, PM-based devices have a distinct advantage: They provide
magnetic flux without the need for electrical currents. Therefore, there are no operation

expenses in terms of electric power. In contrast, the electrical consumption of EM undulators

may reach hundreds of kW [4].
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Nonetheless, PM-based undulators may experience loss of the magnetic field strength
as a consequence of many factors, which affects performance and is usually an undesirable
event. For instance, temperature changes and radiation-induced demagnetization may change
the peak field and, consequently, K.s. Regarding the latter, many facilities have reported
radiation damage in undulators in the last few decades, which will be the subject of the next

section. The temperature effect in undulators will be mention in Subsection 3.5.2.

2.7 Radiation Damage Observed in FEL and SR
Facilities

A considerable amount of literature has been published on the hazards of radiation ex-
posure in PM materials. This section aims to present the results reported by some of the
FEL and SR facilities regarding the loss of magnetic field strength in undulators. Figure 2.6
compiles original plots obtained directly from the literature. The references are shown in the

figure’s caption. Each of these results will be examined in the subsections that follow.

2.7.1 APS

The Advanced Photon Source (APS, Argonne, Illinois, USA) is a 7 GeV storage ring syn-
chrotron light source that accelerates positrons. The storage ring has 1104 m in circumference
and uses 34 sectors to emit light from undulators and wigglers. The APS Sector 3 beamline
offers High-Resolution X-ray Scattering for users. It operates an undulator with a period
of 27mm (named U27). In 2001 this device was removed from the tunnel for inspection.
Figure 2.6a shows the peak field measurements taken in 1997 and 2001 [6]. The leftmost
and rightmost side of the figure corresponds to the downstream (DS) and upstream (US)
ends, respectively. Radiation dosimeters recorded uncommon high doses on this device after
retuning the undulator, which prompted its removal for checkups. As shown in Fig. 2.6b,

further damage was observed.

2.7.2 PETRA III

The Positron Electron Tandem Ring Anlage (PETRA III, Hamburg, Germany) is a 3™

generation storage ring that operates with electrons at a beam energy of 6 GeV. Several
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Figure 2.6: Magnetic field degradation observed in different facilities worldwide. (a) Undu-
lator U27 at APS between 1997 and 2001 [6]. (b) Undulator U27 at APS after uncommon
high doses in 2002 [6]. (c) Undulator U29 at PETRA III between 2009 and 2015 [7]. (d)
Test undulator at FLASH between 2004 and 2007 [8]. (e) Eight first undulator segments at
SACLA between 2012 and 2015 [9]. (f) Diagnostic undulator at Eu.XFEL after exposure
of 4.4kGy [10]. (g) Diagnostic undulator field change accumulated dose at Eu.XFEL [10].
(h) Segment S/N 30 at LCLS between 2009 and 2014 [11]. (i) K-parameter change versus
accumulated dose at LCLS betwwen 2009 and 2015 [11].
Note: All the figures were reprinted from the original manuscripts cited in this caption.
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hybrid undulators experienced demagnetization effects, which has been observed by spectral
degradation and direct magnetic field measurements [7].

Figure 2.6¢ shows the reduction levels of peak field of the undulator U29 over more than
6 years of operation, reaching a loss of up to 4%. Operating since the beginning of 2009,
the U29 is a 2m-long device with a nominal peak field of 0.81'T and 29 mm period length
(K = 2.2). On the US end (leftmost side of Fig. 2.6¢), the pattern of demagnetization
increases after the first poles. Towards the DS end (rightmost side of the figure), the field
reduction level decreases slowly. Between the measurements taken in 2009 and 2015, two

additional tests reveal that the demagnetization has occurred over time.

2.7.3 FLASH

The Free-electron-Laser in Hamburg (FLASH, Hamburg, Germany) is a high-gain free-
electron laser that generates ultra-short femtosecond laser pulses in the extreme ultraviolet
(EUV) and soft X-ray wavelength range. It has two undulator lines: FLASH1 and FLASH2,
being the latter the most recent one.

The FLASH1 undulator system consists of 6 fixed gap hybrid type undulators with 4.5 m.
The segments are PM-based (NdFeB), in which the gap is 12mm, the period is 27.3 mm, and
the on-axis peak magnetic field is 0.48 T (K = 1.23). A test undulator was produced with
the same structure of the segments, but only with 3 poles. It is placed on the US side of the
undulator hall to track radiation exposure and demagnetization effects. TLDs sensors are
read every week to check radiation exposure, and the test undulator is regularly removed for
magnetic field inspection. Figure 2.6d shows the field degradation level in each pole versus
the accumulated doses between 2004 and 2007. A degradation level of —5 x 10~% /kGy was

found for the worst case (middle pole) [8].

2.74 SACLA

The SPring-8 Angstrom Compact Free Electron Laser (SACLA, Hyogo, Japan) started
operating in 2011. Being the second hard X-ray FEL in the world (only behind LCLS)
and the first in Japan, its beamline accommodates 18 hybrid undulators made of NdFeB.

Every undulator has 18 mm of magnetic period and on-axis peak field of 1.3T (K = 2.2).



Chapter 2. Fundamentals of Undulators and Literature Review 51

In 2016, SACLA reported a substantial flux loss observed in permanent magnets in the first
segment [9]. Figure 2.6e shows the peak field deviation for the first 8 segments between
measurements performed in 2012 and 2015. Since the most aggressive loss of field strength
occurred in the US end of the first segment (over 35%), the scale of the top and bottom

figures are different.

2.7.5 Eu.XFEL

The European XFEL (Eu.XFEL, Hamburg, Germany) is composed of three SASE undu-
lator systems (named SASE1, SASE2, and SASE3), each one with a few dozens of 5-m long
NdFeB hybrid undulators. A diagnostic undulator (DU) is placed at the entrance of each
SASE system. The DU has the same magnetic structure of the SASE1 5-m long undulator.
It has 8 poles, period length of 40 mm, and peak field of 0.916 T (K = 3.28). Figure 2.6f
presents the relative field reduction for each pole of the SASE3 DU after radiation doses of
4.4kGy. For Pole 3 to Pole 6, Fig. 2.6g shows the field degradation level versus exposure for
SASE1 and SASE3 DUs. In addition, after an absorbed dose of 230 Gy, the Segment 3 of
SASE 1 showed a change of the magnetic field by 0.05% for the first 4 poles and degradation
of the first field integral up to 37 pTm [10].

2.7.6 LCLS

The Linac Coherent Light Source (LCLS, Menlo Park, California, USA) is the world’s
first hard X-ray Free Electron Laser. Located at the SLAC National Accelerator Laboratory,
it started operating in 2009. The LCLS generates ultra-short X-ray beams with fixed gap
hybrid NdFeB undulators [43].

Figure 2.6h shows the relative change of the peak field measured in 2009 and 2014 for the
Segment 30, which resulted in (—2.5 & 0.5) x 107* [11]. TLDs have recorded radiation doses,
and a reduction of AK/K has been observed. Figure 2.61 presents the relative change of K-
parameter versus the accumulated doses between 2009 and 2014. The data points correspond

to the average of AK /K for all the measured segments.
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2.8 Techniques for Measuring K-parameter After
Tunnel Installation

FELs using the SASE principle require long undulator systems, commonly varying from
30m (e.g., FLASH) to 220m (e.g., Eu.XFEL). Thus, the undulator system is usually com-
posed of dozens of segments. Over all undulators, the individual K-parameter must match
withing tight tolerances, so every undulator correctly adds to the radiation wave at the same
wavelength. Because of that, the undulators’ magnetic field is tuned before tunnel installa-
tion in a dedicated magnetic measurement laboratory. As briefly mentioned in Chapter 1,
measuring the field’s quality after installation becomes quite challenging. In most cases, set-
ting up conventional techniques (e.g., Hall probes, flip coils, and stretched wire systems) in
the tunnel is difficult due to the dense packing of accelerator components and the number of
segments.

Studies have proposed techniques to measure K-parameter changes after the installation
of the undulator in the tunnel based on spectral features of radiation. Hence, K is calculated
from the relationship among the parameters shown in (2.45), by accurately measuring the
radiation wavelength A, the angle of observation ¢, and the electron energy (related to ). In
November of 2005, the LCLS Beam-Based Undulator K Measurement Workshop took place
at SLAC [44]. One of the main ideas had been presented in the 2005 Particle Accelerator
Conference [24]. B. Yang explored the radiation features emitted from undulators based on

numerical simulations. It was shown that:

i) the slope in the photon flux obtained from angle-integrated undulator radiation versus
g g
photon energy is sensitive to K-parameter on the high-energy edge, which has a great

potential to be used to measure K for single undulators; and

(ii) by setting up a standard and test undulator in such a way that the intensity of the
radiation by each one reaches the same monochromator separately, the signal difference
will be directly related to the difference of magnetic field of the two undulators and,

therefore, to the K-value difference between them.

J. Welch et al. presented in 2006 shows how the slope in the photon flux could be used
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to check two adjacent undulators, given that different values of K between them would also
reduce the slope of photon flux versus photon energy on the high-energy spectrum edge,
depending on the relative difference [25]. The same author presented in 2009 the first in situ
measurements of relative undulator segment K-parameters using a monochromator [26]. The
technique was based on single-undulators measurement, slightly different from the method
proposed and described in [25] and [24].

First, the photon flux is measured from a reference undulator placed in its standard
position for different electron beam energies, while all the other segments are remotely moved
off from the beamline. Then, the reference undulator is removed, and the test undulator starts
lasing. The sweeping in energy is measured again, but also for different horizontal positions.
The energy at which the slope is maximum is plotted as a function of horizontal position and
a second-order polynomial is fitted to the data. The horizontal position in which the fitted
curve crosses the maximum slope energy of the reference undulator defines its horizontal
position. A reproducibility of 4 x 10™* for AK /K was achieved. The dependence of K-value
with the horizontal position relies on a conceptual design called canted undulators [45].

Recently, the testing results with a K-monochromator in the Eu.XFEL undulator were
reported [27]. In simple terms, the off-axis spectrum is characterized for a specific undulator.
The angle of observation # depends on the distance from the undulator to the detector and the
measured ring diameter. Taking into account the electron beam energy and the undulator’s
period, the undulator equation [see (2.45)] permits to calculate the K-parameter. The authors
measured K-value below the limit 3 x 10* — the specified tolerance for K-value variation
from segment to segment for the Eu. XFEL.

Even though encouraging results have been reported regarding beam-based K measure-
ments, the precision of these techniques is limited to the uncertainties of electron beam energy
and observation angle. Besides, full access to the control and data acquisition systems is re-
quired. An obvious way to keep checking undulators’ field quality is to remove and replace
segments from the tunnel for inspection periodically. However, as briefly mentioned in Chap-
ter 1, taking segments out of the tunnel brings several inconveniences as a consequence of
sizes, weight, and vacuum venting considerations.

As highlighted in Subsection 2.7.6, small levels of field changes have been observed in
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the LCLS-I. Nevertheless, its low repetition rate (120 bunches per second with up to 0.25nC
bunch charge [46]) and the ability to straightforwardly remove, remeasure, and retune (when
required) the segments have made radiation damage a low-risk issue. High-repetition rate
facilities, such as the Eu.XFEL (up to 27000 bunches per second with nominal bunch charge
of 1nC [47]) and the upcoming LCLS-II (1 million bunches per second with up to 0.1nC
bunch charge [29]), makes periodic removal much more complicated because of the higher

radiation exposure.

2.9 The New LCLS-II

After the first lasing in 2009, LCLS-I proved to be a powerful tool to perform advanced
research in chemistry, materials, biology, and energy [1]. SLAC has been planning an upgrade
of the LCLS-T [49,50]. One of the major improvements in terms of the capability of the new
LCLS-II will be photon beam repetition rate — moving from the current 120 Hz to 1 MHz. A
superconducting radiofrequency accelerator will provide beams up to 4 GeV. Two variable-

gap undulator systems will produce soft X-rays (SXR) from 200eV to 5keV and hard X-rays
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Figure 2.7: LCLS-IT soft X-ray (SXR) segment [48].
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(HXR) 200eV to 25keV [29]. The SXR undulator line will be composed of 21 segments
with period of 39 mm, while the HXR undulator line will have 32 segments with period of
26 mm. Figures 2.7 and 2.8 show the segment of the SXR and HXR lines, respectively. All the
undulators are 3.4-m long PM-based (NdFeB) hybrid undulators [51]. Figure 2.9 illustrates
the LCLS-II beamlines. The main parameters of both SXR and HXR undulator halls are
shown in Table 2.1.

STRONGBACKS MAGNET MODULES MOTORS AND GEAR SYSTEM

INTERSPACE COMPONENTS

GIRDER &

SUPPORT
POSTS

ALIGNMENT CAM SYSTEM

MAGNETIC FORCE
COMPENSATING SPRING SYSTEM

DIFFERENTIAL GAP ENCODERS

(TILT DETECTION) ABSOLUTE GAP ENCODERS

Figure 2.8: LCLS-II hard X-ray (HXR) segment [48].

In the LCLS-I, TLDs have detected radiation levels about 100 mGy /week at 120 Hz beam
operation with 0.25nC bunch charge. Because of the high repetition rate designed for the
LCLS-II, we may expect up to 1000 times more electrons per second. To mitigate the radi-
ation damage effects, protective monitoring systems that have been used in LCLS-I will be
set in LCLS-II, including a complete collimator system upstream of the final bends in the
linac-to-undulator section and a machine protection system that prevents beam operation
with trajectory outside a &1 mm limit or at high radiation doses [52].

The tolerance budget A K/ Keq and field integrals shown in Table 2.1 are obtained from

simulations of the FEL process, being required for individual segments. It is worth evaluating
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LCLS-II

Figure 2.9: Schematic of the LCLS-II beamlines [29].

Table 2.1: LCLS-IT undulator parameters.

Parameter SXR HXR
Max. electron beam energy (GeV) 4 4
Number of segments 21 32
Individual segment length (m) 3.4 3.4
Number of poles per segment 174 260
Period length (mm) 39 26
Min. operational magnetic gap (mm) 7.2 7.2
Max. operational magnetic gap (mm) 22 20
Beg at min. operational gap (T) 1.49 1.01
K. at min. operational gap 5.43 2.44
AKef/ Keogr +3.0 x 1074 +2.3 x 1074
First field integral of B, and B, (nTm) <40 < 40
Second field integral of B, and B, (nTm?) < 150 < 150
Undulator type Planar Planar
Undulator magnet type PM Hybrid PM Hybrid
Gap type Variable Variable
Magnet material Nd,Fe,,B Nd,Fe,,B
Pole material Vanadium Permendur Vanadium Permendur

the field integral equations numerically to provide an idea on how tight those specifications
are. From the electron energy of 4GeV, v = 7828 [see (2.3)]. Approximating v, and c,
e/(ymev,) = 0.075(Tm)"'. Given the tolerance for Iy, 1, and I, 9, shown in Table 2.1,
the maximum kick and the end position of the electron beam for each undulator are 3 prad
[0.075 (Tm) ™! x 40 pTm] and 11 pm [0.075 (Tm)~! x 150 pTm?|, respectively.

Based on the limit of AK.g/Keg for the SXR and HXR undulators, the resolution of
0.01% (10~*) specified in Chapter 1 represents an appropriate starting point for an in situ

diagnostic system, as will be presented in details in the next chapter.
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Chapter

In-Situ Radiation Damage Detection System
for Undulators

AVING explored the basis of permanent magnet undulators, the issues regarding de-
magnetization due to absorbed doses and the challenges for the undulator system of

the new LCLS-II, we will now proceed in presenting a novel approach for monitoring mag-
netic field quality of segments without taking them out of the tunnel. This chapter begins by
presenting the system’s principles and theoretical performance. Then, software and hardware
developments, results of short-term tests, long-term tests, and analysis are presented. This
work was conducted for the undulators of the LCLS-II. At the time this project began, only
the SXR undulators control system was fully commissioned at SLAC. Thus, the sensor layout

and other details of the proposed approach were developed for SXR segments!.

3.1 System Principles

The principle of the proposed RDDS is to measure the flux change in a flexible printed-
circuit coil with many segments installed in an undulator. By changing the undulator’s gap,
a voltage is induced in the coil. The electrical connection between adjacent segments must
guarantee that the opposite polarity of the field does not cancel the signal. Figure 3.1 presents
the schematic of the measurement system with the coil placed on the surface of the lower

array.

!This chapter is an amended version of the following manuscript: J. E. Baader, S. D. Anderson, and
Z. R. Wolf, “A novel in-situ radiation damage diagnostic system for undulators,” IEEE Transactions on
Instrumentation and Measurement, in press, doi: 10.1109/TTIM.2019.2936715.
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Figure 3.1: Schematic of the system for measuring flux change in hybrid undulators during
operation. (©)2019 IEEE [53].

The magnetic field B within the free space of the undulator must satisfy Maxwell’s equa-
tions in the static regime (e.g., V - B=0and Vx B = 0). Since both the divergence and
curl are zero, the magnetic field can be expressed as B = —V &, where ® is a scalar potential

that satisfies Laplace’s equation V2® = 0. The solution

A

¢ = _k‘E cosh(k,x) sinh(k,y) cos(k,2) (3.1)

Y
satisfies the Laplace’s equation and the boundary conditions, as explained in details in Ap-
pendix D. In (3.1), k;, k, and k, are wave numbers (given in rad/m), and k, = 27 /\,. From

=g

B=-Vo,

B, = sinh(k,z) sinh(k,y) cos(k,2) (3.2)

B, = B cosh(k,z) cosh(k,y) cos(k,2) (3.3)
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B
cosh(k,x) sinh(kyy) sin(k,2), (3.4)

where

2 2 2
K2 = k2 4 K2, (3.5)

Equation (3.1) shows that for any arbitrarily chosen z position, the magnetic field equipo-
tential curvature (where the field is perpendicular) obeys cosh(k,z) sinh(k,y) = constant. For
instance, k, = 0 makes the field independent of x because cosh(k,x) = 1 for any x. In this
case and given k,, the equipotential line corresponds to y constant along the z-axis. Due to
the high permeability of the poles, the field is practically perpendicular to them. Therefore,
the equipotential surface can be used to define the pole face profile, which for £, = 0 would
be a plane, infinite in x and limited in z according to k, (i.e., the undulator period). It should
be noticed that k,, k, and k, define the undulator poles geometry, while Bis primarily de-
pendent on the magnetic features of the materials (that is, iron properties, PM remanent
field, material quality, etc.).

Let Bpa be the maximum field on the pole p of the lower array. By combining (3.3) and
(2.46) for cos(k,z) = 1 and y = —g/2 (where the surface of the lower array is located),

BM@JﬁzBMM@m[aC%)+b(§>1cmﬁ%ﬂmm%<—@g> (3.6)

U
Our analyzes is limited to the region of the poles, where the field is approximately constant
along = axis. If the field does not depend on x, then we can set k, = 0, as aforementioned.

From (3.5), k, = k, = 2w /\,. With those assumptions,

Bm@m)—BMﬁwpk(%)4%(%)10%hc%). (3.7)

To simplify the notation,

Bra(g,p) = Bo(p)n(g), (3.8)

where
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n(g) = exp [a (Ai) + (%)2] cosh (7;—9) . (3.9)

The magnetic flux in the p-th segment, given by

bu(g,p) = // By = —g/2)da d=, (3.10)
S

may be express in terms of the field calculated by (3.7) passing through the effective area of

one coil segment, kg, or

¢s(9,p) = ksBra = ksBo(p)n(9). (3.11)

The term k, (given in area units) is a constant associated with the coil’s features, such as
dimensions, number of turns per coil segment, and position in the undulator?. An equation
to estimate the value of kg is presented in Section 3.2. If the coil has N, segments and the

windings direction guarantees that the signal sums up, then the total flux is

Ns+po—1 Ns+po—1
Slg.p0) = > ¢sp) =kenlg) D Bolp), (3.12)

where pg is the number of the first pole covered by the coil.
According to Faraday’s law, the voltage ¢ induced in the coil when the undulator gap

changes is

d
e(t) = —d—(f- (3.13)
Integrating (3.13) from ¢, to to,
t2
Y= edt = —¢(ta) + ¢(t1) = 1 — b2, (3.14)

t1
where t; and t, are the times when the gap is g; and gs, respectively, and the corresponding

magnetic fluxes are ¢; and ¢,. Combining (3.14) and (3.11), the integrated voltage induced

in the coil when the undulator gap changes from g; to go is given by

2Reference [28] uses a parameter named coil sensitivity (k) to link magnetic flux and magnetic field, being
equivalent to our definition of “effective area”. The term “sensitivity” will be used in this thesis to refer to
the “local sensitivity” of the RDDS (see Section 3.9). Thus, we will designate ks and related variables as
“effective area”.
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Ns+po—1
U(g1,92) = kaln(g1) = n(g2)] > Bolp). (3.15)
pP=po
Multiplying and dividing by N,
Ns+po—1
o) = Nelisln(a) = (gl — S Bo(p) (3.16)
g1, 92 sRs|T\ g1 nig2 N, = o\P), .
or simply
¥(g1, Ag) = keBoln(gr) — n(g1 + Ag)], (3.17)
where
ke = Nk, (3.18)

is the total effective area of the coil, Ag = ¢go — ¢; is the gap change, and B, is the average
of By(p) for all the poles covered by the coil.

Equation (3.17) shows that if the magnet strength changes due to radiation damage (i.e.,
if By drops), then 1 decreases proportionally. This fact demonstrates that field variation can
be measured by the change of the integrated voltage. The main advantage of integrating the
induced signal is that ¢ depends on the magnetic flux when the undulator gap is g; and gs,
being independent of the gap movement profile. Besides, integrating the signal reduces the
influence of electrical noise.

The higher the effective area of the coil, the higher the induced voltage [see (3.12) and
(3.13)]. Therefore, increasing the first improves the signal-to-noise ratio. The section that
follows aims to define a model of the effective area of the coil as a function of its features and

the magnet array’s geometry.

3.2 Mathematical Model of the Effective Area

Figure 3.2 illustrates the top view of a few segments of the coil. Each coil segment has
N,, windings per layer. When the coil is placed on the undulator magnet array, the windings

of each segment are wrapped around the pole.
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. N,, windings per layer

1st coil segment 2" coil segment 3" coil segment

Figure 3.2: Sketch of the top view of the coil and main dimensions.

Adjacent poles have opposite field polarity. Above the permanent magnets, the field is,
in theory, null, as illustrated in Fig. 3.3. Assuming a sinusoidal variation of the field along
the surface of the array in z direction, the magnetic flux concatenated with a coil segment

placed on the lower array of the undulator (see Fig. 3.3) is

Qbs = ¢p + wa, (319)

where ¢, is the flux linked in the region above the pole (—=L/2 < z < +L/2) and ¢,, is the
flux through the windings region. If the coil segment has n, layers of windings (total of ny N,

windings per segment), then

w/2  pL/2
= ny Ny, / / By 4 cos < ) dx dz, (3.20)
wy2J L2 Ay

where L is the inner length of the segment (not necessarily equal to the pole length), W is

the width of the pole that is covered by the inner winding (we assumed that the field does
not depend upon z-axis), x is the horizontal axis, and z is the longitudinal axis. Solving

(3.20), we find
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Figure 3.3: Position of the coil on the lower array of a hybrid undulator and field profile.

©2019 IEEE [53].

Let AL be the distance between adjacent windings. The 1°* winding (or group of stacked

wires if there is more than one layer) is located at z = L/2, the 24 at z = L/2 £ AL, the
39 at 2 = L/2£2AL, the 4™ at 2 = L/2 £ 3AL, and so on. We may consider that the field

between two adjacent windings is constant and equivalent to the field in the middle of them.

Then, the magnetic flux linked between the 1% and 2°¢ windings is

2m(L/2 + 1AL — AL/2
©1 =2np(Ny, — l)BLAWALcos{ m(L/2 + 3 / )}

Between the 2" and 3'¢ winding,

2 = 2nr(Ny — 2) BLaW AL cos {QW(L/Q + 2>\AL - AL/Q)} .

Between the the 3' and 4%,

03 = 2n1(Ny — 3)BLaWAL cos [QW(L/ 2+3AL— AL/ 2)} .

Au

(3.22)

(3.23)

(3.24)
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Following the same rule, the magnetic flux linked between the (N,, —1)-th and N,,-th winding
(the last two) is

2m(L/2+ (N, — 1)AL — AL/2
ON,_1 = 2nL(1)BLAWALCOS[ m(L/2 3 ) / )] ) (3.25)
The total flux through the windings is
Nu—1 Nu—1 :
N - , 2n(L/2 +iAL — AL/2)
w = i =2np BpaWAL Ny — : 3.26
o) ; © npBra ; ( i) cos [ " (3.26)
Adding (3.21) and (3.26), the total magnetic flux linked with the coil segment is
Ny B ) L
Os =Op + O = oL ralV sin (W—)
T Ay
Ny—1 , (3.27)
- 2w(L/2 +iAL — AL/2
+ 20 BLaWAL Y. (Nw—i)cos{ m(L/ HA / >].

i=1
From (3.11), ks = ¢s/Bra. If N coil segments are connected in series and the windings

direction alternates from pole to pole, then, according to (3.18),

NoAu . L
k. =Niks = ny, NW { sin (L)

T Ay
Ny—1 : (3.28)
- 12rAL +7nL — wAL
2AL Ny — 1
+ ; ( i) cos ( . >
Consider that the coil is designed to optimize the concatenated flux — i.e., the coil’s

geometry matches with the pole’s dimensions, the region of the windings covers half of the
surface of each adjacent permanent magnet [see the red area of the coil in Fig. 3.3], and the
center of the coil coincides with the center of the pole. Equation (3.17) gives the signal’s
strength as a function of the coil’s and undulator’s features. By knowing the magnet array’s
geometry (W, L, and \,) and the parameters that define the on-axis peak field as a function
of the gap (a, b, and By), one may define the number of layers, segments, and windings of the
coil according to: 1) the available manufacturing technology; 2) the undulator constraints
(e.g., minimum gap, gap velocity, gap positioning repeatability, etc.); and 3) the readable

strength for ¢ based on the available voltmeters and integrators. Section 3.7 presents the
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model validation based on numerical evaluation of (3.28) and measurements with the coil

and Hall probe.

3.3 Detectable Changes in Pole Strength

For a moment, let us assume that By(p) is constant over the whole length of the undulator,
which makes K proportional to By (AK/K = ABy/B,). From the tolerance of AK.g (see
Table 2.1), a system capable of detecting relative 1) changes better than 10~ designates a
reasonable aim. It means that the system would be capable of detecting relative changes on
By better than 1074, Because of the gap-dependence of v expressed in (3.17), such resolution
requires gap positioning repeatability in less than a micrometer.

Let A be the change on the integrated voltage (flux change) as the consequence of field
strength variation in the poles, represented as ABy(p). From (3.16),

1 Ns+po—1
Ay = Nokaln(g) = n(o2)l 5 > ABo(p). (3:29)
® p=po
Dividing both sides of (3.29) by (3.17),
Ns 0
Ay _ 1R AB) (3.30)
¥ N p=po Bo

Therefore, given the minimum detectable signal (At /1))qe and the number of coil segments

N, the relative changes in the pole strength covered by the coil must satisfy

()
¢ det .

Most of the results presented in Section 2.7 show that field degradation occur in a fraction

Nsipil ABQ(p)

0

> N,

(3.31)

Pp=po

of the whole undulator length, which justifies the design of a flexible coil that covers only
a few dozens of poles. Given that the SXR undulator has 174 poles, the flexible coil was
developed with 30 winding segments. Its layout will be presented in Section 3.5. For Ny = 30

and (A /1)) ger = 1074,

>3 x 1077 (3.32)

ABO
Z F(p)
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Section 2.4 explained how to calculate K. for an actual undulator considering that its
poles may have different field amplitudes. The next section will analyze how a field change at
some particular places in the undulator would affect K g considering the minimum detectable

field changes expressed in (3.32).

3.4 Simulations

Equation (3.32) establishes the constraint in field change to guarantee that the system
detects the change. We now wish to evaluate how different scenarios of field change af-
fect K.g. Although the representation of demagnetization due to radiation damage is not
straightforward — as one can observe in Fig. 2.6 — simulations allow pre-evaluating system’s
performance.

A Matlab program allows estimating K.g by using the equations presented in Section 2.4.
The parameters used for the simulations are presented in Table 3.1. Notice that many
parameters come from the SXR features in Table 2.1. The undulator end design was not

relevant here, and it was not taken into account for these analyses.

Table 3.1: Simulation parameters based on SXR undulator features.

Parameter Symbol  Values
Electron beam energy (GeV) E 4
Lorentz factor y 7828
Undulator period (mm) Au 39
Number of poles N, 174
K-parameter (specified) K or Kgpee  5.43
Nominal on-axis peak field (T) B 1.49
Sample spacing (pm) 1.5

First, the code calculates the amplitude of the vertical magnetic field as a function of K
by isolating B in (2.35). The components B, and B, are not considered. Changes in the
amplitude of specific poles can be performed manually, according to the desired test. The
results of the algorithm are shown in Figs. 3.4 through 3.9 for different scenarios. In each,
the magnetic field over the longitudinal axis and its relative change for each pole number are
shown in the upper left and right of the figure, respectively. Given B,(z) and the parameters
shown in Table 3.1, the program applies (2.14) and (2.16) to calculate the slope @(z) and the
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trajectory z(z), which are depicted in the middle left and right of the figures, respectively.
The slippage, presented in the bottom left of the figures, is calculated from (2.37), with Qy;
being computed from the fitted line and K¢ by applying (2.41). At the bottom right, the
figures present the values of the main input and output parameters, including A Ko/ Keg-

One way to ensure that the program works correctly is by simulating the case in which
the field behaves as a pure sinusoidal (i.e., with no errors). For this ideal scenario, there
should be no difference between the specified K and calculated K. In fact, this condition
is met for no field errors, as shown in Fig. 3.4.

On-axis magnetic field vs. longitudinal position Relative peak field variation
T T T T T T T

B,
AB/B (x107%)

-200 -150 -100 -50 0 50 100 150 200 1 20 40 60 80 100 120 140 160 174
2 (cm) Pole number

Electron trajectory vs. longitudinal position
T T T T T

Electron slope vs. longitudinal position
T T T T T
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& (mnr
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OO Slomnge © S Bipee =1.49113 T
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T or P K.y = 5.43000

e ‘ ‘ ‘ ‘ | Bejp=1.49113 T
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Figure 3.4: Simulation and K.g calculation for a sinusoidal field with no errors.

Two situations that are not related to radiation damage may cause every pole to change
the field by roughly the same amount: temperature changes and gap error. If every pole
changes its strength by —107%, then (3.32) would be satisfied independently of the coil’s
position in the undulator. Besides, it would be expected that K.z changes —10~* as well,
because the field in the undulator decreases proportionally along its whole length [see (2.36)].
Indeed, this relative change is confirmed in the results presented in Fig. 3.5, which reinforces
the programs’ validity once again.

We may now analyze how K.g changes when a single pole strength decreases. First,
consider that only the first pole had its strength decreased by 3 x 1073 [(3.32) is satisfied].
As shown in Fig. 3.6, K.z changed by 3.56 x 107°. This scenario also highlights how a small
change in one of the pole’s strength behaves as a small dipole, as depicted in the electron

trajectory. Changing the strength of a single pole in the middle of the undulator (Pole #87)
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Figure 3.5: Simulation and K¢ calculation considering that all the undulator poles strength
decrease by 0.01%.

by 3 x 1073, K.g changed less than the previous case, as presented in Fig. 3.7. Indeed,
decreasing the field of the poles one-by-one revealed that the maximum change in K.g occurs

when the first pole has its field altered.
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Figure 3.6: Simulation and K. calculation considering that Pole #1 (US end) strength
decreases by 0.3%.

The flexible coil acts as a magnetic field change sensor that monitors a limited number
of poles in the undulator. As mentioned in Section 3.3, the coil that will be presented in
this thesis covers 30 poles of the SXR undulator. Therefore, it is worthwhile to evaluate the

changes in K. when the strength of the poles covered by the coil decreases with respect to

the desired amplitude.
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Figure 3.7: Simulation and K¢ calculation considering that Pole #87 (middle) strength
decreases by 0.3%.

Let us assume that the coil is placed at the US end of the undulator, in such a way that
its length covers Pole #1 through Pole #30. Only these 30 poles covered by the coil’s length
have their strengths decreased by 107%, so (3.32) is satisfied. As depicted in Fig. 3.8, K.g
changed less than 107° for this case. Besides, the electron trajectory was not considerably
affected since 30 poles correspond to 15 pairs of poles canceling each other’s deflections. The
higher A K./ Ko occurred when Pole #72 through Pole #101 (assume that the coil covers
these 30 poles) had theirs strength reduced by 10™*, which resulted in a relative change in
Keg that corresponds to approximately a quarter of the detectable 1) change. Figure 3.9
shows this case.

After analyzing the effect of a constant change over the 30 poles covered by the coil,
we may also consider modeling the linear-changing tendency of field degradation along the
undulator length. One might notice that an approximate linear pattern of field change along
the poles is present in some of the plots shown in Fig. 2.63.

Figure 3.10 represents the results obtained with the code when the field degradation of
the first 30 poles changes linearly from —2 x 10~ (for Pole #1) to 0 (for Pole #1), which
satisfies (3.32).

By testing the same profile of field variation (i.e., 30 poles with their strength changing

3See, for instance, the approximate linear change with respect to the distance along the undulator length
in figures 2.6a, 2.6b, 2.6¢, and 2.6e.
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Figure 3.8: Simulation and K. calculation considering that the field decreases by 0.01% per
pole over the coil’s length from Pole #1 to Pole #30 (US end).

linearly from —2 x 10 to 0) for all possible cases within the undulator length, the sce-
nario that the relative K.s changed the most was for the degradation between Pole #78 to
Pole #107, being 2.57 x 107°. Figure 3.11 depicts the results.

Although not necessarily realistic, we used simulations to test a few “extreme” scenarios
considering the minimum detectable field change defined for the system. Such cases indicate
that the relative resolution of 10~ for v is appropriate for sensing K.g: The worst case in
terms of field degradation sensed by the coil corresponded to a relative change of 3.56 x 1075

in K¢ (well below the tolerance). Nevertheless, it should be noted that a straightforward
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Figure 3.9: Simulation and K.g calculation considering that the field decreases by 0.01% per
pole over the coil’s length from Pole #72 to Pole #101 (middle).
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relationship between ¢ and K¢ is hard to achieve, given that the coil covers a limited length

of the undulator.

As one may observe in the simulations, different scenarios, designed to

generate the same change in ¢, provide different calculated changes in K.

Having discussed the theoretical aspects, the remaining parts of this chapter addresses

the actual system, namely, coil construction, software development, peripheral components,

undulator gap motion, results, and discussion.

Before moving to the next section, let us comment on the tight requirements of undulator

field integrals. As illustrated in figures 3.6 and 3.7, a single pole strength change acts as a
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dipole field, deflecting the electron beam trajectory. To understand how this change “kicks”
the electron, we integrate the field along the damaged pole length (half undulator’s period)
and multiply by e/(ym.v,), as previously defined as the electron slope. For a change of 0.3%

in only one pole,

)dzz 000382

TMelz T (3.33)

3 /4 . 2
Tyick = ‘ / 0.003B cos ( ;\TZ
A

MU, uw/4 u

1
=0.075 (Tm) ' x 0.003 x 1.49T x 0.039m x — = 4.162 pm /m.
m

The electron would be approximately 14 pym away from the axis at the end of the undulator
if the kick happens at the first pole (4.1621um/m x 3.4m). If the kick occurs in the middle of
the undulator, the end position is half of this value (i.e., approximately 7pum). Both values
match with the simulation shown in figures 3.6 and 3.7. As explained in Section 2.9, the
electron end position must be smaller than 11 pum for the LCLS-IT undulators. For the other
cases, the effect on the trajectory was smaller, given that opposite polarity of adjacent poles

cancels each other’s deflection [34].

3.5 System Developments

3.5.1 Flexible Printed-Circuit Coil

Figure 3.12 shows the flexible coil designed to measure flux changes in the soft X-ray

undulators for the LCLS-II project at SLAC. The coil is a double layer flexible Kapton

66 cm

€ >,

Figure 3.12: Flexible coil used for flux change measurements for soft X-ray undulators.
©2019 IEEE [53].



Chapter 3. In-Situ Radiation Damage Detection System for Undulators 73

substrate with 40 windings per pole (or per coil segment) and 100 pm copper trace thickness.
Figure 3.13 shows the details of a segment. Being a polyimide film, Kapton exhibits a
good radiation resistance — with a threshold damage occurring at a dose of 8.6 x 10° rads
[54] — and an exceptional thermal stability [55]. The total thickness of the coil is 120 pm.

The coil length is 66 cm, which covers 30 poles, and the coil width is 5.3 cm.

Double layer with
40 windings

Figure 3.13: Detail of a coil segment. Each segment has 40 windings, and the winding
direction alternates from pole to pole. (©)2019 IEEE [53].

A program in Matlab creates the coil’s layout based on the undulator’s dimensions and
desired features, making it convenient to change parameters and fabricate new coils for dif-
ferent undulators. Since adjacent poles have opposite field polarity in undulators, the coil
winding direction alternates from pole to pole, so the signals add for all the windings around
the poles.

The effective area was calculated by using the model presented in Section 3.2. Based
on the features described above, n;, = 2, N, = 20 (total of 40 windings per segment),

Ay = 39mm, L = 11.2mm, and AL = 0.1mm. Since the width of the inner winding is



Chapter 3. In-Situ Radiation Damage Detection System for Undulators 74

33.8mm (see Fig. 3.13) and the pole’s width is 32mm, W = 32mm. Replacing these values
into (3.28), we find k. = 0.413 m?.

It is worthy of spending a few words pondering over the implications of the calculated
effective area. Given that the coil has 30 segments, each one has an effective area of 0.014 m?.
The on-axis peak field is in order of 1 T. A change of 10~* would be equivalent to roughly
1G. Such a field change would induce a signal of 0.014m? x 1074 T = 1.41Vs per segment,
higher enough to be read according to the available technology for voltmeters and integrators.
Therefore, the choice for the number of segments does not depend on the desirable signal
strength, but on a reasonable number of poles that should be covered to monitor the field.
Based on the literature review presented in Section 2.7, a length of about half a meter (0.66 m
in our case) appears to be enough to detect field degradation.

For initial tests, the whole coil was attached to the undulator by using layers of Kapton
tape, as shown in Fig. 3.14. This procedure avoids coil movement from air currents, which

might be one of the main sources of errors in the system.

3.5.2 Temperature Control and Measurements

The temperature dependence of PM material is well known. Typically, the strength of
permanent magnets is very sensitive to temperature, changing by approximately —0.1 %/°C
[56-58]. It means that a temperature change of 0.1°C in the undulator’s magnets would
be enough to change the field by 1074, the same order of the requirements for the system.
Therefore, the tests need to be carried out in a well-controlled temperature environment.

The room where we performed the tests was designed to keep the ambient temperature
constant within +0.5°C [58]. The local undulator temperature in the LCLS-II undulator hall
will stay stable within £0.1°C during operation, with an average undulator temperature of
20°C [52].

Five two-wire thermistors model Keysight 34308A were used to measure temperature.
Four were set in the undulator strongback, and one was used to measure room temperature.
The sensors were embedded into an aluminum case by using the 3M™ Scotch-Weld™ Epoxy
Adhesive EC-1838 B/A Green. This epoxy has high dielectric strength and thermal conduc-

tivity [59]. The encase was designed to be inserted in threaded holders that can be screwed
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Figure 3.14: Coil attached to the soft X-ray hybrid undulator with Kapton tape. (©)2019
IEEE [53].

into the sides of the permanent magnets, as shown in Fig. 3.15. Figure 3.16 illustrates the
design and the actual component. The wires of each thermistor were soldered to a 20 AWG
RG 58A/U coaxial cable of about 3m. An Agilent 34970A reads out the temperature from

all the thermistors and sends them to the computer via software through a GPIB connection.

3.5.3 Data Acquisition Systems

A program written in LabWindows/CVI, a National Instruments (NI) software, controls
the undulator gap, acquires the signal for voltage and temperature, and creates the data files
that contain the results. The software operates on a NI PXI-8840 controller. The voltmeter
used for voltage acquisition was a NI PXIe-4464, a 24-bit ADC with four input channels and

six full-scale ranges. At unity-gain (0dB), the full-scale range is £10V; at the maximum
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. | Thermistor holders
.

Figure 3.15: Temperature sensors set in the undulator.

gain (30dB), the module can measure signal within +0.316 V. We expect a signal level
within the smallest range, which gives a resolution of 40nV (disregarding the noise). To
read 1 part in 10000 (equivalent to 100 ppm or 107%), it would be necessary at least 14
bits (1/2' ~ 6 x 107°). Therefore, even with a noise level on the order of pV, the chosen
voltmeter guarantees, in principle, the desired resolution.

Both the PXI-8840 and PXIe-4464 modules were installed in a NI PXIe-1062 crate. A
7.5m 20 AWG RG 58A /U coaxial cable (50€2) connects the end of the coil to the PXIe-4464
channels. The sampling rate of the PXIe-4464 was set to operate at 100 Hz (minimum) to
reduce high-frequency noise effects. Before and after the undulator gap movement, the signal
is measured for 1s (100 samples) and 4 s (400 samples), respectively. These samples are used
to perform voltage offset correction. Many techniques for eliminating offsets were tested, and
the most successful one regarding precision is described below.

The PXle-4464 operates in two modes of input connections: differential and pseudodif-
ferential mode. Both can be used for measuring floating signal source (i.e., not connected to
building ground). We chose the differential mode since it offers a better common-mode re-
jection ratio (CMRR) than a pseudodifferential input, being suitable to deal with capacitive

coupling.
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(d)

Figure 3.16: Structure used to measure room and undulator temperatures. (a) Thermistor
encase. (b) Thermistor encase holder. (c¢) Thermistor encase and holder combined. (d)
Actual sensor (the thermistor was embedded into the case with epoxy).

3.5.4 Capacitive Coupling

The undulator gap drive system is based on servo motors with feedback from internal
rotary encoders and a gap encoder placed at the end of the undulator [60]. Given the
features of the flexible coil (e.g., its several windings), electromagnetic interference-related
issues inherent to these motors — or even from the environment — may affect the system.

During initial tests, we observed ground fluctuation between the measuring system and the
undulator. More specifically, for a fixed gap and powered servo motors, a voltage difference
of 3mV DC and 0.6 mVgys AC between the ground of the PXI crate and the undulator
strongback. The flexible coil windings and the array of magnets are separated by a Kapton
material. As a consequence, undesirable capacitive coupling between the undulator jaws
and the coil may appear, causing noise to the signal. Figure 3.17 illustrates the capacitive
coupling issue.

Let V; be the AC component of the voltage between the undulator strongback and building

ground. It is possible to demonstrate that the AC component of the voltage between the
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Figure 3.17: Representation of parasitic capacitances and equivalent circuit of the flexible
printed-circuit coil.

PXIe-4464 input is proportional to Vj, which represents an error in the measurement. To
overcome this problem, a 12 AWG wire was connected between the undulator strongback
and the PXle-4464 ground, reducing, in theory, V, to zero.

The use of a low-pass filter may be consider to reduce electrical noise. Nevertheless,
such devices must be carefully selected and applied, since it is necessary to ensure that the
filter’s components are stable to within the desirable resolution. Gain stability would be
also required when using operational amplifier as buffer to isolate the flexible coil from the
cable. Neither filters nor operational amplifiers were used for the tests we performed with

the RDDS.

3.5.5 Undulator Motion Parameters

The larger the gap change, the higher the integrated voltage [see (3.17)] and the longer the
sampling time. The choice of the initial and final gap ¢; and g5 is an attempt to accomplish
low sampling time and high signal levels or, in other words, to minimize the integration
of electronic noise and to increase the signal-to-noise ratio. A gap change from 7.3 mm to
11.3mm (or vice-versa) was found to give the best combination of signal and short movement

time. Each jaw’s speed was set to 0.4 mm/s and the acceleration was set to 0.25 mm/s%.
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The requirements of the motion control for the soft X-rays undulators establish that the
gap repeatability must be smaller than 5pm, and long-term gap stability (24h) must be
within £1pm [60]. The gap positioning variation for a specific gap was on the order of
0.5um. In this context, a cycle is defined as opening and closing the gap between two gap
distances. Depending upon whether we open or close the undulator jaws, the signal of the
integrated voltage will be positive or negative. The sections that follow will use absolute

values of 9.

3.6 Preliminary Measurements and Data Processing

This section presents the initial measurements performed with the RDDS. We took one
measurement with 10 cycles every 30 minutes during a whole day to observe system perfor-

mance, including noise levels, repeatability, and gap positioning.

3.6.1 Induced Voltage

Figure 3.18 shows all the voltage samples taken during the 24-hours measurement for

opening and closing the gap between 7.3 mm and 11.3 mm. Considering the delay before and

—> g1 = 7.3 mm (opening) —> g2 = 11.3 mm (opening)
20 "
z
\‘;” 10 Opening the gap
Q
£
g U N
n
()
-8_1 oF Closing the gap
o
>
=20
—> g1 = 11.3 mm (closing) —> g9 = 7.3 mm (closing)
! ! ! ! ! | ! !
0 2 4 6 8 10 12 14 16
Time (s)

Figure 3.18: Voltage signal induced in the coil for gap cycles between 7.3 mm and 11.3 mm
during one day.
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after the gap movement, the total time is around 16s. The amplitude is around 22mV, and
the reference integrated voltage (defined in Chapter 1) is approximately 0.17 Vs. For now,
two significant figures are enough for the discussion that follows. Figure 3.18 also gives a
qualitative idea about synchronism and repeatability.

The milliseconds of delay among the curves is not an issue, given that voltage samples
are taken during a few seconds before and after the gap movement. In theory, these voltage
samples are zero since the gap is fixed. Nevertheless, electronic noise and offset on the order
of 10 1V is present; for instance, integrating a 10 nV offset over 16 s gives 160 pVs — an error
almost ten times larger than the required limit. Before explaining how the voltage offset is
compensated, let us identify and explain four distinct moments of the induced voltage profile.
Consider the typical signal shown in Fig. 3.19. One of the curves of Fig. 3.18 for opening the
gap was selected for no particular reason since all of them are similar. It should be noted
that the signal profile for closing the gap has the same voltage profile, although flipped in
amplitude and time.

At the gap g1, the undulator gap movement starts from a stationary position, accelerating

251 ©)

N
o

=
a1

Voltage samples (mV)
o o

Time (s)

Figure 3.19: Typical voltage samples for gap changes between g; = 7.3 mm and g, = 11.3 mm.
The period (A) and (D) represent the accelerated motion of the gap. The period (C)
represents the constant motion of the gap. The period (B) shows small steps of acceler-
ation/deceleration of the gap to reach the specified speed. Figure adapted from [53].
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to its nominal velocity. The induced voltage linked to the acceleration corresponds to the
region (A) in Fig. 3.19. The curve observed in (B) appears due to the undulator’s motors
accelerating/decelerating in small steps to reach the specified velocity smoothly. Once the
nominal value is reached, the constant speed of the gap movement induces the profile seen in
(C), up to roughly the gap position go. Then, the control system decelerates the movement
on the same rate of the initial acceleration, generating the drop observed in (D). Notice that

(A) and (D) take approximately the same interval of time.

3.6.2 Offset Correction

To understand the offset correction technique that was applied to voltage samples, con-
sider the induced signal from a single gap movement. Zooming in on the samples around 0V
within the range of a few dozens of microvolts allows identifying the noise level clearer, as
shown in Fig. 3.20a. To perform the correction, a line is fitted (red dashed line) by linear re-
gression using 100 samples at the beginning and 150 samples at the end (blue). The corrected
voltage samples are calculated by subtracting the fitted line values from the original samples.

Figure 3.20b shows the samples before and after the jaw movement after the correction.

20
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Voltage samples (uV)
Voltage samples (nV)

n
o

|___Voltage samples before and after the jaw movement
(used for offset correction)
I——Main voltage samples
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Figure 3.20: (a) Original and (b) corrected voltage samples before and after the gap move-
ment. The first 100 and the final 150 voltage samples (blue) define a fitted line (red dashed
line) by linear regression. The corrected voltage samples (green) correspond to all the original
samples (blue and black) with the fitted line subtracted. (©)2019 IEEE [53].

The negative overshoot shown on the right side of Fig. 3.20a is caused by the undulator’s
motors correcting the gap position after the jaws overshoot their defined positions. Because
of that, it is necessary to take voltage samples for a few seconds after the nominal movement

stops. Since the jaws are stationary at the beginning, one second of sampling is sufficient.
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3.6.3 Flux Change Calculation

After the offset correction, a flux change sample is calculated by numerically integrating

the voltage samples. Mathematically,

ths

> (Vig + V)

=1

(3.34)

Y

¢samp = ﬁ

where f; is the sampling rate, V; is the ¢-th corrected voltage sample, and 7T} is the total time
of acquisition. Figure 3.21 shows all the flux change samples associated with positive and

negative gap movements.
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Figure 3.21: Flux change samples obtained from the 24 h test shown in Fig. 3.18.

A systematic spike appears in the samples for positive movements, more specifically at the
first opening of each set of 10 cycles. A close investigation showed that the spikes occurred
due to a small displacement of the initial gap ¢g; at the beginning of each set (so far for
unknown reasons). Figure 3.22 presents the gap values (initial, final, and change) read from
the linear encoders during the opening and closing of the gap.

Although the spikes are undesired, they show the high sensitivity of the system, given the
correlation between the peaks from the flux change samples and the gap change. Besides,

they prove that a linear correction can be applied to the data for small gap changes if the
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Figure 3.22: Initial gap, final gap, and gap change for opening and closing during the 24 h
test.

gap position is precisely known. Let Agr be a gap change reference during one cycle and
Ag; be the i-th gap change read during the i-th gap movement. The corrected flux change

@b;amp can be calculated as

AQR
Ag;

where 1) is given by (3.34). The reference Agg, is calculated by averaging all the Ag; associated

(3.35)

z/Jsamp 1/}samp

with the cycle except the first sample, which corresponded to a spike for all the cycles while
opening the gap. Figure 3.23 compares the previous result with the corrected samples.

The data depicted in this section, while preliminary, suggest two things. First, the peaks
in Fig. 3.21 are approximately 6 x 10~ higher than the “natural trend” of the curve. Since
the spikes occurred whenever the gap change is different by roughly 1 pm (see Ag for opening
the gap in Fig. 3.22), the correlation indicates that the system’s resolution level is better
than 0.06%. Notice that the spikes are not present for closing the gap, and the original
and corrected data are quite similar. Second, the smother profile of the corrected curve for
opening the gap in Fig. 3.23 implies that the gap correction technique is suitable for its

purpose.

Figure 3.23 suggests that the stability can be improved by applying gap corrections,
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Figure 3.23: Corrected flux change samples for opening and closing the gap, and comparison
with the uncorrected data.

mainly for cases in which the gap positioning is not as precise as micrometers. In our case,
the gap positioning is highly precise, and the spikes consistently occur in the first opening
movement; hence, the data associated with them can be removed from the set of data with

no loss of information.

3.6.4 Flux Change Repeatability

In the tunnel, the undulator is not expected to be available for the whole day as it was for
the measurements showed above, but rather available to perform a few gap movements. We
decided to define a single measurement as the average of 10 flux change samples, which are
calculated from (3.34) and (3.35). Indeed, this was the primary reason for taking a delay of 30
minutes between a set of 10 cycles. Besides, averaging helps in increasing the signal-to-noise
ratio. Considering the time that the undulator takes to move Ag and the further delays,
the system requires approximately 8 minutes to perform the data acquisition of 10 cycles.
The results with error bars (£10, with o being the standard deviation of the set of samples)
are depicted in Fig. 3.24 for opening and closing the gap. We adopted the variable 1 to

represent the averaged flux change associated with the k-th set of samples, as will be seen in
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Section 3.8. In relation to the total average, most of the data points fall into the £10~* limit.
The room temperature oscillated between 19.85°C and 20.54°C (AT = 0.69°C), while the
magnet array temperature changed from 19.98 °C to 20.09 °C (AT = 0.11°C). The long-term

errors are higher than the short-term errors, probably due to thermal drifts.
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Figure 3.24: Averaged flux change and error bars over set of 10 flux change samples for the
24 h test.

One may notice the difference between the samples for opening and closing the gap;
both curves have a similar profile, such that the separation is practically constant with a
discrepancy of roughly 60 nVs (approximately 0.03%). According to (3.17), for a fixed gap
change |Ag|, the absolute value of 1) should be the same, independently whether the undulator
jaws are opening or closing. Indeed, the |Ag| difference between the opening and closing of
the gap was always smaller than 0.8 um (disregarding the spikes), which therefore does not
justify the difference in 1. The coil is well-fixed in the undulator, and the difference between
the curves is systematic. Thus, we assume that the effective area of the coil is constant. A
possible explanation of the difference may be attempted by considering that the magnetic
field through the coil changes depending upon the gap movement orientation. Two sources of

error were analyzed: eddy-current losses and external noise from servo motors. Besides them,
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undulators may also exhibit some level of hysteresis. Nevertheless, it is unlikely that such a
phenomenon produces a change of 0.03% in the field strength of the SXR undulators [61].

The SXR undulator poles are made of Vanadium Permendur, a cobalt-iron soft magnetic
alloy. When the gap changes, the variation of the undulator field induces a circular current in
the pole in such a way that the magnetic field generated by this current opposes the change
that induced it, as dictated by Lenz’s law. As a consequence, the field variation over time
is reduced, which decreases the induced voltage signal. Fortunately, the integration of the
induced voltage overcomes this issue. The integrated voltage depends, in principle, only on
the magnetic flux at the gap g; and gy [see (3.14)]. If the system waits enough time before
and after the gap movement (when the jaws are stopped and, therefore, the eddy current
no longer exists), then flux change is not affected. As shown in Subsection 3.6.1, the RDDS
starts the voltage acquisition and waits a few seconds before and after the gap movement.
This feature of the system also demonstrates that the current induced on a metallic beam
pipe due to the gap movement would not be an issue. Indeed, no difference has been observed
between measurements with and without a beam pipe.

As known, servo motors may produce electromagnetic interference. We speculated that
the influence of the motors during the gap movement might be responsible for the offset
observed in Fig. 3.24. If this is the case, then the higher the gap movement time, the higher
the difference in 1 between the opening and closing of the gap. To test it, we performed
10 cycles for several different gap changes Ag. In a single cycle, the undulator gap starts
at 7.3mm, opens to 7.3mm + Ag, and closes to 7.3mm. Among the groups of cycles, Ag
was changed from 2mm to 13 mm in steps of 0.5 mm. We averaged the samples taken with
the opening (opening) and closing (ciosing) of the undulator gap, calculated the difference for
each gap change, and propagated the error. The movement time changes linearly with the
gap change. Given the constant speed and acceleration of the jaws during the measurements,
we calculated the movement time as a function of Ag. Figure 3.25 shows the results.

The increasing trend reinforces the hypothesis that something external that operates
during the movement (seemingly the servo motors) are the main source of interference between
the measurements. It should be mentioned that the offset is not necessarily a problem, given

that the system’s principle requires high relative resolution and precision — considered our
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Figure 3.25: Flux change difference between the opening and closing of the undulator gap
for different movement time.

leading figures of merit — rather than high accuracy.

By comparing the precision of the measurements for opening and closing of the undulator
gap, it is possible to observe that the results oscillate within a similar range. In practical
terms, we may assume that the precision for both are equal. Furthermore, the results of
this section demonstrated a higher signal strength for the measurements taken with the gap
opening, at least for gap movements between 7.3 mm and 11.3mm. Since it is desirable that
the relative precision (or relative error) is as smaller as possible, only the samples with the

gap opening will be used in what follows.

3.7 Model Validation and Effective Area Estimation

The Magnetic Measurements Facility (MMF) at SLAC has many different systems to
measure and tune undulators, including a Hall probe carried by a high precision Kugler mag-
netic measurement bench. On-axis peak field measurements for different gaps were performed
by using the Hall probe system, which allows fitting the data into (2.46) to determine coeffi-
cients By, a and b. Figure 3.26 shows the on-axis peak field for different gaps taken for the
undulator under test and the fitted line obtained by using the least-squares fitting method.
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The calculated coefficients are By = 4.0623T, a = —5.3938 and b = 2.1734, and the Root
Mean Square Error (RMSE) is 5mT.

On-axis peak field versus gap
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Figure 3.26: On-axis peak field of a SXR undulator and the best fit curve as a function of
the gap.

In addition, the flux change ¢ was measured for different gap changes Ag. The initial
gap g1 was set as 7.3mm, and the final gap ¢g» was changed by 0.5mm steps from 7.8 mm
to 20.3mm (i.e., Ag changed from 0.5mm to 13mm in steps of 0.5 mm). By replacing the
coefficients a and b calculated previously in 1 [see (3.9)] and fitting the data into (3.17), it
is possible to estimate k.By, as illustrated in the results shown in Fig. 3.27. By doing so,
k.By = 1.6946 Vs with RMSE of 2mVs. Assuming By = By,

ke = kgfo = 0.417m?, (3.36)

which is very close to the value 0.413m? from the model reported in Section 3.2.

The results presented in this section show the validity of the expected gap dependence of
the signal presented in (3.17). They also demonstrate that larger gap changes have diminish-
ing increases in signal strength. It is interesting to point out that the RMSE represents the
estimation of the standard deviation of the random component in the data. Small values of

RMSE observed for the results presented in this section means that the fitted model predicts
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Figure 3.27: Integrated voltage measurements and the best fit curve for different gap changes
Ag=g2— g

the data accurately.

3.8 Long-term Measurements

Let the relative deviation of each flux change measurement be

- ()
@)

where 1)y, corresponds to the k-th flux change measurement and (1)) is the mean over all ¢y,

€k (3.37)

values. Figure 3.28 shows ¢, and the undulator strongback temperature measured during ap-
proximately eight days. The time separation between each measurement was 30 minutes. The
standard deviation and mean over all the measurements were 12 11Vs and 0.170 976 Vs, respec-
tively, which gives a relative error (standard deviation divided by the mean) of 7.1 x 107°.
Mostly, temperature variation was responsible for 1, variation. For instance, if we sep-
arate the data points shown in Fig. 3.28 before and after 90 h — close to the time that the
temperature oscillations started going up — the relative error associated with each group
would be 5.2 x 107° and 4.6 x 107°, respectively. Error bars for individual set of measure-

ments are suppressed here since those errors were typically smaller than 0.005% and do not
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Figure 3.28: Long-term integrated voltage deviation and the average temperature of the
magnets for approximately eight days. (©)2019 IEEE [53].

add any significant meaning to this analysis. During the long-term test, the room tempera-
ture changed between 20.05°C and 20.71°C (AT = 0.66°C). The magnet array temperature
(shown in Fig. 3.28) kept within the range of 20.04 °C to 20.17°C (AT = 0.13°C).

Contrary to expectations, the thermal drift observed in Fig. 3.28 produces a positive
correlation between integrated voltage and temperature, in such a way that the tempera-
ture changes cause the signal changes. Although the field strength of permanent magnets
gets weaker when the temperature rises (AB/(BAT) ~ —1073/°C, as described in Sub-
section 3.5.2), we associate the opposite behavior with the encoder arm (responsible for

controlling the gap) changing with temperature more rapidly than the jaws.

3.9 Local Sensitivity Measurements

To test the local sensitivity (i.e., how a system’s output varies according to small changes
in a system’s input around a specific working point), small field changes were performed in
a pole covered by the coil. We used tuner magnets [62] — small permanent magnets applied
for field correction that can be inserted in the undulator — to change the field (the input

in this case) and measure the relative changes on ¥ (the output in this case) close to the
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reference integrated voltage. It should be noticed that the working point corresponds to the
reference integrated voltage, being associated with the given state of the magnetic strength.
Therefore, we are interested in the local sensitivity around this point rather than evaluating
the global sensitivity — over the entire range — of the system.

A picture of a tuner is shown in Fig. 3.29. Each tuner magnet changes the field by
approximately 30 G (3mT). One controls the orientation of the tuner’s field by rotating and

fixing it inside holes under the steel poles.

Figure 3.29: Magnet tuners used to adjust magnetic field in undulators.

The gap dependence of the added magnet’s field is different from the gap dependence of
the undulator field. The additional flux change that the coil measures depends on the gap
dependence of the added magnet’s field. Experimentally, we could modulate the coil signal
by £10~4.

First, we took 40 integrated voltage samples in the following order:

(i) 10 samples without the tuners (to define the reference);
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(ii) 10 samples with 2 tuners increasing the field;
(iii) 10 samples without the tuners (to define the reference);
(iv) 10 samples with the 2 tuners decreasing the field.

To avoid temperature changes, the samples were taken without delays between them.
Figure 3.30 shows the relative deviation of each flux change sample in relation to the average

of the first set of 10 samples.
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Figure 3.30: Flux change sensitivity measured by performing small field changes with two
tuner magnets.

The samples’ average with respect to the reference signal (i.e., first set of 10 samples)
changed by +2.6 x 10~* with two tuners increasing the field and —3.1 x 10~* with two tuners
decreasing the field. The third set of samples (also without tuners) showed a relative change of
+2.6 x 107°, being within the random error of the measurement. The changes are larger than
the rms variation, which demonstrates local sensitivity for both increasing and decreasing the
field. Even for a single slug, the system can detect changes in the order of 107%, as shown in

Fig. 3.31.
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Figure 3.31: Flux change sensitivity measured by performing small field changes with a single
tuner magnet.

3.10 Cable Length Tests

Measurements with 20 AWG RG 58A /U coaxial cables (the same cable used in the mea-
surements presented previously) of 30.5, 61, 100, and 200 meters were also performed to
evaluate noise issues. For all the cases, the relative error of the measurements was never
larger than 6 x 107°. It means that the acquisition system can be far away from the undu-
lators and, therefore, a central system may control and measure several undulators at the
same time. The combination of many PXIe-4464 modules operating in a PXI crate with an

embedded control makes it possible to concentrate the whole system at the same place.

3.11 Chapter Remarks

A novel in situ radiation damage detection system for undulators has been proposed,
modeled, built, and tested. Its development is based on using a voltmeter to monitor magnetic
flux changes on a flexible coil attached to the magnet array. The new approach proved to be
capable of measuring field changes with relative resolution on the order of 0.01%. The on-axis

peak field and flux change measured for a wide range of gaps have validated the model. It
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demonstrates that integrated voltage changes can measure field variations. The next chapter

describes a peripheral system design to test voltmeters used to sense magnetic flux changes.
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Chapter

High-Precision Reference Pulse Generator

LTHOUGH the profile of the signal depends upon the gap motion features (e.g., speed,
A. acceleration/deceleration rates, position compensation, etc.), integrating the induced
voltage makes the flux change dependent only of coil’s features, initial gap, and final gap.
The system is demonstrably capable of detecting small changes in the integrated voltage
changes — better than 107%, as specified for the LCLS-II project and presented in Chapter 3.
Nevertheless, a high-precision reference signal is required to ensure that any measured relative
changes in A¢ detected by changes in [edt with the diagnosis system comes from the
reduction of field strength and not due to voltmeter drifts. We designed a circuit for testability
that generates a reference signal that has a similar voltage-time area in relation to the typical
values from the RDDS. Its design, construction, and characterization are the subject of this
chapter!.

We chose a pulse as the signal’s waveform due to the simplicity to specify its features
based on the requested output. In principle, only two variables (namely, amplitude and
high time?, as shown in Fig. 4.1) need to be controlled. Disregarding the transients and the
electrical noise, the desired time integral of the pulse generated from the verification circuit’s

output must satisfy

!This chapter is an amended version of the following manuscript: J. E. Baader, S. D. Anderson, and
Z. R. Wolf, “High-precision reference pulse generator for testing radiation damage in undulators,” IEEE
Transactions on Instrumentation and Measurement, under review.

2The literature commonly refers to the amount of time that the pulse is at the high level as pulse width
or pulse duration. Nevertheless, the National Instruments — the company that the voltage acquisition and
timer modules applied in this project were purchased — defines the same parameter as high time [63], which
therefore will be the term used along with this chapter. Similarly, we will use low time to represent the
amount of time the pulse is at the low level.
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Figure 4.1: Typical signal from the RDDS (¢) and the desired pulse (o). Ideally, both
signals have approximately the same area of 0.171 Vs and the same time interval of 10s. The
initial delay, the pulse high time and the pulse low time are represented by tg, tg, and ¢,
respectively.

/50ut dt = Vyty = 0.171 Vs, (4.1)

where e, is the output voltage, V,, is the pulse amplitude, and ¢y is the high time. Even
though a pulse with 17.1 mV of amplitude and 10 s of high time satisfies the 0.171 Vs reference,
there are some degrees of freedom to choose V), and ¢y. For instance, once the amplitude is

established, fine adjustments on the pulse duration would allow reaching the desired value.

4.1 System Developments

4.1.1 Design

Figure 4.2 shows the schematic of the verification circuit. The fast switch Maxim MAX4544
controls the signal that comes from the low-noise voltage reference Maxim MAX6350 between
a positive value (during tg) and 0V. The timer module NI PXI-6608 controls the switch
and the signal that goes through the common terminal by sending TTL pulses. The switch

is considered to be ON when the common terminal is connected to the voltage reference
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(the same state shown in Fig. 4.2). Conversely, the switch is OFF when the common termi-
nal is connected to the GND. To adjust the signal’s amplitude to the desired amplitude, a
passive voltage divider with high precision resistors is used. Table 4.1 shows the electronic

components that compose the verification circuit and their main operational characteristics.

|
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Figure 4.2: Schematic of the verification circuit operation and main components.

The NI PXI-8840 controls both the PXI-6608 and PXlIe-4464 modules. The latter is the
same voltmeter used to perform the measurements with the RDDS. All these modules were
installed in the NI PXIe-1062 crate.

Two low-dropout voltage regulators of 12V and 9V LM2940 were used as the power
supply for the MAX6350 and MAX4544, respectively. A resistor R, was placed between the
voltage reference and the switch to limit the current that goes through them. A large value for
R, significantly reduces V},, while a small value increases the current, bringing considerable
changes to the voltage reference output stability. A resistor R; = 1.5k{) was chosen to
mitigate the issues just mentioned, while resistors Ry, = 12k{2 and R3 = 502 were selected
to guarantee a small output impedance and reduce the signal from 5V (the voltage reference
output) to 18.4mV, as follows.

The output voltage is

(4.2)

Vp, if the switch is ON
Eout =
’ 0, if the switch is OFF,

where
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Table 4.1: List of components and specifications [64-67].

Item Electronic component Parameter Value

Output voltage (Vief) 5V

Output voltage

Voltage reference Maxim MAX6350 temperature coef. 1ppm/°C
Output noise 31V pk—pk
Turn-on time 25ns
Switch Maxim MAX4544 Turn-off time 351ns
W (SPDT) On-resistance (Rop) 33 (typ), 602 (max)
On-resistance temp. coef. approx. +0.1Q/°C
Oven-controlled crystal
oscillator (OCXO) freq. 10MHz
Timer module NI PXI6608 Temperature stability +5ppb (0°C - 50°C)
Drift in frequency +0.45 ppm/day
Base clock accuracy 4200 ppm
Resistor 1 (R;) 1.5k
Voltage divider Resistor 2 (Rs) 12k
and current Metal Film Resistors — Resistor 3 (R3) 50
limiting resistor Tolerance +0.1%
Temperature coef. +5ppm/°C
‘/refRB
V, = =18.4mV. 4.3
" Ri+Ry+ Rs+ Ry o (4.3)
Substituting (4.3) in (4.1),
0.171
ty = =9.3s. 4.4
H v, S (4.4)
The output impedance when the switch is ON is
R3(Ry + Ry + Ron
Zout = 3(t 4 Fo + Fon) _ 49.8Q. (4.5)

Rs+ (Ry + Rs + Ron)

4.1.2 Error Analysis

From (4.2), the integrated voltage for one single pulse is

tr tot+ity
U = / Eout dt = / ‘/;gdt, (46)
0 to
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where ty is the time when the switch changes from OFF to ON and 7 is the total time of
the pulse. Equation (4.6) leads to ¥ = V,ty, the same equation shown in (4.1). Replacing
(4.3) in (4.6) and solving the integral:

U VietRst i
N R1+R2+R3+Ron‘

The systematic error associated with temperature changes can be calculated from the

(4.7)

specifications presented in Section 4.1.1. The room air conditioning system keeps the ambient
temperature constant within +0.5°C [58]. To guarantee the components were well-selected,
a change of +1°C was considered. Then, the variation on ¥ was estimated from the expected
error on each variable in (4.7) according to the specifications on Table 4.1. By propagating

the error [68] and assuming that ¢y does not change with temperature,

o (DU L (DU L (00N L
T\ W) T \ORs) T oty ) T

4.8
a\p22+a\1/22+a\1122 (48)
— ) o — ) o oL
OR, f OR, fi2 ORon flon
Combining (4.7) and (4.8) and representing the estimated result as Voy = ¥ £ 0,
Wy = (0.171000 = 0.000 002) Vs, (4.9)

which corresponds to an error of 12 ppm.

4.1.3 Circuit Layout and Fabrication

Figure 4.3 shows the circuit layout of the verification system based on the schematic of
Fig. 4.2. The components and connectors were mounted and soldered on a two-layer laminate
FR-4 epoxy glass. Figure 4.4 shows the prototype of the hardware?.

The board’s dimensions are 9.5cm by 8.6 cm, and the trace width is 0.6 mm. We used a

copper ground plane on the backside of the board to improve the signal integrity, accuracy,

3The operational amplifier OPA227 was initially set after the voltage divider (at the node £,y in Fig. 4.2)
to act as a unity gain buffer. This procedure reduces the circuit output impedance (Z,.t) and, therefore,
makes the circuit independent of the voltmeter input impedance (Zi,). However, Z, is at least 20000 times
larger than Z,,t calculated in (4.5) for the tested voltmeters, so we decided to perform the characterization
without the buffer.
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Figure 4.3: Circuit layout of the verification system.

and resistance to interference. Ceramic capacitors of 100 pF were placed near to the integrated
circuits’ ports, as filters for high-frequency effects and reducing the pulse overshoot.

The I/O connector of the timer module NI PXI-6608 is the 68-pin female SCSI-II which
connects to a 68 pine D-dub connector on the board to send the TTL pulses from the PXI-
6608 to the MAX4544.

4.1.4 Data Acquisition

Code written in C using LabWindows/CVTI software was used to control the TTL pulse
sent from the timer module PXI-6608 to the switch MAX4544 and to start and stop the
acquisition with the PXlIe-4464. A 20 AWG RG 58A/U coaxial cable (the same model
mentioned in sections 3.5 and 3.10) of about 1 m connects the output terminal of the circuit
to the PXIe-4464. The sampling frequency was set at fs = 100Hz, the same rate used
with the RDDS. The TTL pulses used to operate the switch had the initial delay ¢y, the
high time ty, and the low time t; set as 1s, 9.28s, and 1s, respectively. Consequently,
the acquisition time was t7 = 11.28s, with 1128 voltage samples (trfs) being read during
one complete pulse generation. The samples taken during the initial delay and low time (in
which the circuit’s output is, in theory, 0 V) are used to perform offset corrections by using
the technique described in Subsection 3.6.2. The program calculates the integrated voltage

sample ¥, by numerically integrating the voltage through the trapezoidal integration method
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Figure 4.4: Verification circuit hardware prototype.

expressed by

tTfs

> (Vi + Vi)

i=1

1
U, =
2fs

where V; is the i-th corrected voltage samples during a single pulse. Notice that we repeat

: (4.10)

(3.34) here as (4.10) for convenience.

4.2 Circuit Characterization
Two tests were defined to validate the verification circuit:

1. A long-term measurement to confirm the system has a (long-term) precision better than

5 x 107° (half of the resolution specified for the RDDS).

2. A reproducibility test to show that turning off all the components and changing the
feeding voltage (which would simulate the effects of variations) does not affect the

measurements.



Chapter 4. High-Precision Reference Pulse Generator 102

The long-term test must have at least 24 h to verify temperature variation periodically.
We decided to perform uninterrupted measurements for 38 h. This section presents the results

of the validation tests, including the main features of the pulse, as follows.

4.2.1 Pulse Features

Figure 4.5 shows a typical signal from the verification circuit. The amplitude V,, and
high time ¢y shown in Fig. 4.5a matches with the numbers calculated in (4.3) and (4.4), as
expected. Five hundred pulses were generated and measured to evaluate the main features.
The overshoot and undershoot were never larger than 9%, and the settling time was always
between 20 ms and 60 ms for a tolerance band of 2%. For each measured pulse, we compared
the area W, calculated from (4.10) and the area of an ideal pulse U;, free of transients. For
V; = Vpty, the amplitude V,, was measured as the voltage level at the stationary period,
while the high time interval ¢{5 was measured as the time separation between the moment
that the signal crosses the half of the amplitude. Figure 4.5b presents the same pulse shown

in Fig. 4.5a zoomed to show the transients. The red dash-dot line represents the ideal pulse,
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Figure 4.5: Typical pulse generated from the circuit (a) and the transients (b). The amplitude
is 18.4mV, and the high time is 9.3s. The blue line corresponds to the measured voltage
samples. The red dash-dot line represents an ideal pulse defined from the original samples.
The black dotted line draws the half amplitude V},/2.
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and the black dotted line represents the half amplitude.
The comparison between W, and ¥; allowed us to estimate the influence of the transients.

Figure 4.6 shows |V, — ¥,| over 500 samples.
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Figure 4.6: Absolute difference between the measured (V) and ideal (V; = V,ty) voltage
integral and its average over 500 samples. V,, and ¢y are the amplitude and high time of the
measured signal, respectively, being calculated from the voltage samples.

The difference between the area of the measured and the ideal pulse represents an error of
approximately 12 pVs (mean), which corresponds to 70 ppm. Given that the overshoot and
undershoot amplitude are random, averaging the integrated voltage reduces the error, and

will be discussed in the next section.

4.2.2 Long-term Measurements and Statistical Analysis

Figure 4.7 shows the histogram of 8270 samples of integrated voltage from the circuit
measured with the PXIe-4464. The bin width h was calculated by using Scott’s normal

reference rule [69], mathematically expressed as

B 3.50

h T
N3

(4.11)
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Figure 4.7: Mean, standard deviation, and histogram of 8270 integrated voltage samples taken
during approximately 38 hours. The bell-shape line corresponds to a Gaussian distribution
plotted from the calculated mean and standard deviation.

where o is the standard deviation over all the N samples. The similarity between the error
measured from the overshoot and undershoot in the previous section, and the error o esti-
mated from all the samples suggests that the transients are the leading cause of the observed
random errors.

The bell shape in Fig. 4.7 corresponds to the plot of a Gaussian probability density

function [68], which is given by

f(¥) = U\/%e‘i‘(fff, (4.12)

where p are the mean over all the samples.

Figure 4.7 suggests that the samples have a Gaussian distribution, as one would expect.
The x? test at 5% significance level failed to reject the null hypothesis that the data has a
normal distribution. Therefore, we assumed it as a Gaussian.

Let U,, = py £ 0y be the representation of a set of n integrated voltage samples (),

where 14 is the average over the samples and o, is the standard deviation of the mean. The
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parameter oy is estimated from the standard deviation over n samples (o,) divided by square

root of n, or

oy = % (4.13)

The relative variation of the measurements, defined by

A _
5= 2w _HeT 1 (4.14)
1t T
has to be inside the range of 5 x 107°, as we specified. Since the data shows a Gaussian

distribution, we express Au, as a constant k times the standard deviation o,. Small values
of k£ would exclude many samples, whereas increasing k£ values would not increase confidence
level significantly. For k = 2.58, the confidence level is 99%, which is good enough for this
application. Using the results shown in Fig. 4.7, u = 0.171 Vs, and ¢ = 10.1 nVs. Writing ¢
as a function of n and all the known parameters:

Apg  kog ko 1.524 X 1074

5: = p—
7 peooopn Vn

Solving (4.15) for § < 5 x 107° proves that n > 10 guarantees the required value. Also,

(4.15)

increasing the number of samples for averaging does not reduce the relative error significantly.
Therefore, one measurement result is represented as the average over 10 integrated voltage
samples (n = 10). Figure 4.8 shows the long-term measurements during 38 hours.

Most of the data lie within the (1 4+ ¢§) x p limit. We associate the systematic error
with temperature changes. As expected in theory, the standard deviation of p is 3.48 pVs,
approximately /10 times lower than 10.1 pVs shown in Fig. 4.7.

4.2.3 Reproducibility Tests

Three sets of five measurements were performed. The first set established a basis value
for comparison. Then, the second set was takes after shutting down all the equipment and
waiting for 1 hour. Finally, we changed the circuit power supply voltage from 15V to 14V
and took an additional set of data. Figure 4.9 presents the results.

No significant differences among the measurements were observed. Furthermore, the

samples fell into the limit defined by § = 5 x 10~ in relation to the reference p = 0.171 Vs.
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Figure 4.8: Long-term measurements over time showing the random and systematic errors.
We assume that the latter occurs due to temperature variations. Nevertheless, almost all the
results fall into the (1 £ ¢) x p boundaries.

Figure 4.9 expresses the reference as W,.s. This result shows the integrated pulse is unaffected
by turning off the circuit or by changing the power supply up to 1 V. The latter demonstrates
that the circuit’s stability is unaffected by small variations on the power supply.

The error bars amplitude were calculated by dividing the standard deviation over 10
samples of one measurement by /10 [68]. For the results shown in Fig. 4.9, the standard
deviation varied from 1.8 1Vs to 4.3 nVs.

4.2.4 Comparison between the PXIe-4464 and HP 3458

Because of the differences between the PXle-4464 and HP 3458 accuracy, the relative
error of the voltage-time integral measured with these ADCs may be higher than 5 x 1075.
However, the primary purpose of the circuit is to verify whether a specific voltmeter integral
voltage measurement has changed more than 5 x 107°. The results presented in the last two
sections show that the circuit has high repeatability.

To compare the variation of the signal between a set of measurements with two different
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Figure 4.9: Reproducibility tests. First, five measurements were taken to establish a reference
(blue). Then, the voltmeter and the circuit were turned off. After 1 hour, both were turned
on again, and five new measurements were performed (red). Finally, the third set of five

measurements were obtained, this time with the circuit’s power supply at 14V instead of
15 V.

voltmeters, we subtracted the average from each set — a process called demeaning — which
results in data with zero-mean and allows comparing variation. Figure 4.10 contrasts the
differences in the integrated voltage measured ten times with both the PXIe-4464 and the
HP 3458.

The HP 3458 has normal mode rejection for 60 Hz noise, which is not possible to set on the
PXlIe-4464. Thus, we believe that most of the random errors observed in the previous results
with the PXIe-4464 (figures 4.8, 4.9, and 4.10) come from non-filtered noise from power line.
The standard deviation of the measurements with the HP 3458 depicted in Fig. 4.10 was six
times lower than with the PXIe-4464.

4.3 Hypothesis Test

If the RDDS detects a variation of the integrated voltage larger than 100 ppm, the ver-

ification circuit performs a double-check test. In this section, we propose how to test the
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Figure 4.10: Comparison between the PXIe-4464 and HP 3458 stability.

hypothesis that the voltmeter used along with the RDDS changed the signal (and not a
damaged undulator). The test consists of measuring the signal from the verification system
a few times, according to the confidence we would like to have and the available time. Let

define the null and alternative hypothesis as follow:

e Null Hypothesis (Hp): the voltmeter changed the result less or equal than maximum

relative variation dy,,. Therefore, it measures properly.

o Alternative Hypothesis (H, ): the voltmeter changed the result more than the maximum

relative variation dy,. Therefore, it does not measure properly.
Considering 6§y, > 0, we express those statements as:
o Hy: |6] < 6tim
o H,: |6] > diim

Let the number of measurements be n,,. For less than 30 measurements (n,, < 30), the
one-tailed t-student test might be applied to test the hypothesis. According to the variable
we defined and by definition of Student’s ¢ distribution [70]:
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_ |5’ - 5lim
S/t

where S is the standard deviation of |§|. We reject the hypothesis Hy and accept H, when

' (4.16)

t > tan,,—1, where « is the significance level and n — 1 is the number of degrees of freedom;

when t <'t,,, -1, we fail to reject H, and, therefore, we accept it as true. In other words, if

|6| — 5lim
—— > tan,—1, 4.17
then we assume that the voltmeter changed the gain more than the threshold.
By manipulating |d], it is possible to demonstrate that its standard deviation is
Oy
S = . 4.18
\Ijref ( )
Replacing (4.18) and (4.14) in (4.17) and manipulating the inequality,
|/j,\1, — ‘Ijrefl Oy
——— > tam, - 1=———— + Olim- 4.19
\I]ref o o 1\Ijref Nm o ( )

In summary, if (4.19) is satisfied, then we assume that the voltmeter does not measure

within the required precision.

4.4 Chapter Remarks

A verification circuit capable of generating a high-precision reference pulse has been de-
signed, built, and tested. The reference of 0.171 Vs was established based on the initial tests
with the novel in situ RDDS presented in Chapter 3. Long-term measurements allowed sta-
tistical analysis and showed that averaging a few samples allows reaching a relative precision
better than 5 x 107°. Moreover, reproducibility tests confirmed that the circuit’s output is

invariable under small power supply instabilities and equipment shutdown.
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Chapter

Concluding Remarks and Perspectives

E successfully designed, built and tested a novel in situ radiation damage diag-
; » nostic system capable of detecting field changes with relative resolution and pre-
cision — considered the leading figures of merit — better than 0.01% (100 ppm), being
comparable to techniques available in dedicated measurements facilities, such as Hall probes
and induction sensors. Tuners reproduced local field changes around 3 mT, which have been
detected by the system. The complete system would take less than 10 minutes to perform flux
change measurements during the beam shuts-off if one flexible coil is set for each undulator
simultaneously. The data acquisition and analysis are straightforward.

Long-term runs proved the high repeatability, even in an environment with temperature
changes higher than 0.5°C. The magnet array temperature oscillated within +0.1°C and is
considered the primary source of error. For the LCLS-II, local room temperature stability
must fall within +0.1°C, hence the strongback temperature variation and errors related to
temperature changes would be presumably smaller.

As opposed to the beam-based techniques, this thesis presents the approach to monitor
field changes in undulators based on local magnetic flux measurements. The new technique
does not require full access to the control systems, but rather only the undulator gap. On
the other hand, because the coil is fixed to the undulator, relative K-value changes based on
vertical /horizontal positioning may not be deduced. Consequently, the proposed technique
is not suitable for alignment purposes as beam-based measurements are.

The effective area of the flexible coil depends, among many variables, of the number

on layers, which is the most effective way to increase the system’s sensitivity, if necessary.
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The tiny thickness of the board allows stacking up more layers without increasing the coil’s
thickness significantly. The number of coil segments and windings per pole also increases
sensitivity, although the former might make the coil unnecessarily longer, while the latter
would increase costs to produce the board.

Even though the flexible coil has been tested using hybrid undulators in the context of
the LCLS-II developments, its principles work for any planar variable gap undulator. Fixed
gap undulators have a constant magnetic field, therefore a different approach must be used
to evaluate magnetic field quality in such devices. For instance, a coil attached to the beam
pipe could measure flux change when the undulator is horizontally displaced by making use
of the common “roll-away” capabilities. Another option is to develop a system that moves a
few segments of the coil along the longitudinal axis in a reproducible way and integrates the
induced voltage. It should be mentioned, however, that most of FEL facilities in operation
or under construction will install variable gap undulators systems since they enable tuning
of the photon beam properties.

For the initial tests, the coil was attached to the undulator with Kapton tape covering
its whole extent. For real operation, a different approach to firmly fixing the coil to the
undulator magnet array needs to be explored. The board of the coil covers a fraction of the
magnet array length, given that its extension monitors 30 poles, whereas the SXR, undulator
has 174 poles. The number of coil segments is justified by the fact that most of the radiation
damage is likely to occur in a limited region of the undulator length. It means, however, that
the RDDS only detects field changes confined to the region where the coil is attached.

The position of the coil in the undulator was irrelevant during the testing stage. During
operation in LCLS-II, the coil will be placed near the upstream end, where we expect the
most substantial radiation damage. So far, simulations have demonstrated that a relative
resolution of 10~* of the RDDS detects smaller relative changes in the effective K-parameter
(Keg) — indeed, the desired characteristic — although they also have suggested that a
straightforward connection between the measured flux change (¢)) and K.q is challenging to
accomplish. Further studies must be carried in the future to evaluate the coil’s features (e.g.,
radiation-resistance and stability) and the relationship between photon beam characteristics

and relative changes detected with the RDDS over the years under the LCLS-II operation.



Chapter 5. Concluding Remarks and Perspectives 112

A high precision verification system designed for testability generates electrical pulses on
the same order of the signal generated from the radiation damage detection system (roughly
0.171 Vs) with relative precision better than 50 ppm. We expect to test the verification circuit
along with the RDDS in the LCLS-II, aiming to verify whether long-term component failures
are likely to occur.

The results are encouraging: The proposed RDDS lays the groundwork for developing in
situ magnetic measurement techniques to detect radiation damage in variable-gap permanent-
magnet undulators during real operation. Additionally, the proposed verification system is
suitable for testing purposes on instruments and applications designed to quantify the mag-
netic field by integrating voltage signals, as commonly used in induction sensors techniques,

such as harmonic coil, stretch wire, and flip coil systems.
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Appendix

Flip Coil System for Measuring Field Integrals

Various methods are available for the measurement of the magnetic field. The choice of a
method depends upon many requirements, such as precision, accuracy, speed, geometric con-
straints, field measurements range, etc. A complete magnetic measurement laboratory would
have most of the main available techniques because each method offers distinct advantages
and the ability to cross-check the results [28].

The available techniques for characterizing magnetic field at the SLAC Magnetic Measure-
ment Facility (MMF) includes a rotating coil for measuring magnetic center in quadrupoles, a
vibrating wire used to fiducialize the quadrupoles, a moving wire for measuring field integrals
and Hall probes used to map magnetic fields [71-75].

This appendix describes the development and initial tests of a new flip coil moving wire
system for measuring field integrals. The work was carried out at the SLAC MMF for the
LCLS-IT project. The theory of the technique, the design of the system, the set of tests

performed, and the results will be presented and examined®.

B.1 Field Integrals and Back Projection of the Exit
Beam Position

As shown in Section 2.2, the equations that describe the overall effect of an undulator on

the electron beam exit angle and position of the electron beam. For simplicity, we will limit

!This appendix is an amended version of the following manuscript: J. E. Baader, “Development and
commissioning of a flip coil system for measuring field integrals,” in Proc. 39th International Free Electron
Laser Conference (FEL’09), Hamburg, Germany, Aug. 2019.
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the explanation that follows only for the vertical field component B,. Let o be the horizontal

exit angle and d be the horizontal exit position. From (2.26) and (2.28),

e
= — I B.1
o ymae Y (B.1)
and
e
d=— L,. B.2
P 2y ( )

An alternative way to express the exit position is given by the distance p between the
magnet axis and the back projection of the final beam position to the center of the undulator,

as shown in Fig. B.1.

x (horizontal)

z (longitudinal) T

y (vertical)

Electron trajectory

T

20 204+ U/2 20+ U z

Figure B.1: Electron beam trajectory through an undulator and exit angle, exit position and
back projection of the exit position to the center.

Using trigonometric relations and given that tan o &~ « for small angles,

d—
tana ~ a = W; (B.3)
Isolating p,
p:d—%g. (B.4)

Substituting (B.1) and (B.2) in (B.4),
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p=—° (% Ly — ng) . (B.5)

C ymec
Consider now the definition of I;, and I, obtained in Section 2.2 and rewritten here as (B.6)

and (B.7) for convenience.

U/2
L, = / By(z)dz. (B.6)
—U/2

zo+U 29
Igy = / / By(Zl) le dZQ. (B7>
20 20

Let u = [7* B,(21)dz and dv = dz,. Equation (B.7) becomes

zo+U 22 zo+U zo+U zo+U
/ / By(z1)dz dzy = / udv = uv — / v du, (B.8)
20 20 20

20 z20
which is a solution based on integrating by parts. From the definition of v and dv, du = By(z3) dv

and v = z9. Therefore,

z0+U zo+U
— / ZQBy(ZQ) dZQ

20 20

22
Izy = 2’2/ By(21> le

20

z0+U z0+U
= (20 + U)/ By(z1)dz — / 29 B, (29) dzs (B.9)

20 20

z0+U
=(20+U)h, — / 29 B, (22) dzs.

20

Replacing (B.9) in (B.5) and joining the similar terms,

z0+U U
/ ZQBy(22> ng — <ZO + 5) [1y1 . (Bl())

6 |:
’ymec 20

The parameter zq is arbitrary in (B.10); the back projection p is independent of z5. This

fact may be understood in Fig. B.1. Notice that for the same trajectory profile and length
U, p would be the same, no matter the value that z, takes. Let zop = —U/2. Then,

e U/2
p= / 2B,(z) dz. (B.11)
YMeC J_y/2 Y

Comparing (B.11) and (B.5), we reach to
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U/2 U
/ 2By(z)dz = =1, — Iy, (B.12)
*U/Q 2

This relationship between field integrals will be meaningful later.

Equations (B.1), (B.2), and (B.5) are useful to analyze the requirement for no net effect
on the electron beam position or angle, which is fundamental to ensure the undulators have
the minimum possible effect on the electron beam. It is worthy to notice that the vertical
field component B, is used to calculate the horizontal exit angle and position. Similarly,
the horizontal field component B, determines the horizontal first and second field integral
I, and I5,, and are used to calculate the vertical exit angle and position. The next section

presents the concepts of the flip coil technique for measuring field integrals.

B.2 Flip Coil Moving Wire Technique

In the flip coil technique, a long coil is rotated within the magnet by 180° during the

measurement, and the induced voltage recorded, as illustrated in Fig. B.2.

Voltmeter/Integrator Undulator

L T
y : //

_\_\-\-1“'\—‘

;_-7-_7_-_“*%-1___‘ P g
i =~ i
; 5", X
.

~ End view of the coil

Figure B.2: Simplified sketch of a flip coil system.

The magnetic flux through a surface is defined by ¢ = [, 5 B- dg, where B is the magnetic
field vector and dS is the differential normal area. Tt is possible to calculate the integrated
induced voltage ¢ in a rotating coil by [edt = —NA¢, where N is the number of turns of
the coil and A¢ is the flux change.
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Let ¢g be the magnetic flux at the initial angular position 6 = #,. The magnetic flux at

the angular position 6y 4+ 7 is —¢g. Hence, when the coil rotates by 180°,

[ <t ==Nlon — (~én)) = =260 (B.13)

Given the coordinate system and geometry shown in Fig. B.2,

A5 =drdz@y = drdz(—sinfy @, + cos Oy @) (B.14)

The radial differential dr can be replaced by dx when the coil is placed horizontally and by

dy when the coil is placed vertically. Therefore, for these two scenarios,

= B if =
B.dS:{ ydwdz, it 0 =0 (B.15)

—B,dydz, if 6y =7/2,
where B = B, @, + B,d, + +B,d.. Notice that B, is parallel to the wire, which does not

change the flux through the wire loop when the wire rotates.

B.2.1 First Field Integral

Vertical First Field Integral (/)

If the coil rotates from 0° to 180° (6 = 0),

U/2 w2
¢o = / B, dzdz, (B.16)
—u/2J—wy2

where U is the coil’s length and W is the coil’s width. Assuming that B, does not depend
upon z (i.e., B, is constant over the coil’s width) and the coil’s length covers the whole

magnet’s length,

U/2
Qb() = W/ By dz = Wlly- (Bl?)
-U/2

Replacing (B.17) in (B.13) and isolating Iy,

_fedt

hy = =557

if By = 0. (B.18)
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Horizontal First Field Integral (/3,)

If the coil rotates from 90° to 270° (6y = 7/2),

U/2 Ww/2
-U/2J-wj/2

Replacing (B.19) in (B.13) and isolating Iy,

fsdt

L, =
= ONW?

if 0y = /2. (B.20)

B.2.2 Second Field Integral

By setting the coil’s width to zero at the downstream end of the coil, the system will
measure the second field integral only, as will be presented in what follows.

The magnetic flux through the geometry shown in Fig. B.3 (6y = 0) is

X
x,(z) =—az+b

—x1(2)

1
Ny

U

Figure B.3: Coil’s geometry for measuring second field integrals [76].

U/2 z1(2)
¢y = / / By dzdz, (B.21)

=U/2 J —z1(

where x1(z) = —az + b is the coil’s limit upon x—axis, with a and b constant and given by

a=W/(2U) and b = W/4. Assuming that B, does not depend upon z and solving (B.21),



Appendix B. Flip Coil System for Measuring Field Integrals 130
U/2 —az+b
b0 = / B,dxdz
-U/2 Jaz—b
U/2 —az+b
= / Byx dz
-U/2 az—b
U/2
= / 2B,(—az +b)dz (B.22)
~U/2
U/2 U/2
= —Qa/ 2B, dz + 2b/ B, dz
~U/2 ~U/2
W U/2 1974 U/2
=—— szdz—l——/ B, dz.
—U/2 2 J v
From (B.6) and (B.12),
WU W w
Replacing (B.23) in (B.13) and isolating I,
Ufedt
[2y = — ONTV 5 if 00 =0. (B24)
Similarly, as presented in the previous section,
Ufedt .
ng = INW s if 90 = 7T/2 (B25>

B.3 System Development

B.3.1 Mechanical Design and Motion

The flip coil is mounted in two towers, each composed of two motorized Newport stages

model MTMPP.1 with 250 mm of travel range attached at right angles for y (vertical) and

x (horizontal) movements. Each tower has one motorized Newport rotation stage model

RGV100BL that holds two manual Edmund linear stages with 13 mm of travel for fine ad-

justments in x-axis and y-axis. The Newport Motion Control XPS-Q8 controls all motorized

stages. Each end also has one linear stage that moves towards z-axis and is used to stretch

the coil. Figure B.4 shows the system. The mechanical parts of the system (plates, spools,



Appendix B. Flip Coil System for Measuring Field Integrals 131

brackets, etc.) were designed in the Autodesk Fusion 360 [77], as illustrated in Fig. B.5. A
zoomed picture of each end of the system (called End A and End B in Fig. B.4) is presented

in Fig. B.6.

m

Phase Shifter

=~

kf./'

I

I

I

I

I

I

I

I

I
o
I

I

I

I

I

I

I

I
v

Linear Stages Rotary Stages Linear Stages

Figure B.4: Flip coil system measuring field integrals of a phase shifter [76].

The coil is a single turn of a 100 pm diameter insulated beryllium copper wire — a high-
tensile conducting material — looped between two spools placed on each end, which forms
one continuous loop of 5 mm of width (the minimum LCLS-II undulators’ gap is 7.2 mm). The
coil’s length is approximately 60 cm. The End A has one manual Edmund rotary stage with
30mm of diameter that allows changing the coil’s width to measure second field integrals
(see details 7 and 8 in Fig. B.6). A low noise amplifier module model EM DC A22 [7§]
operating as a low-pass filter with a cutoff frequency of 15Hz is coupled to the wire. The
terminals of the amplifier’s output are connected to the voltmeter HP 3458 to record the

voltage signal induced during the coil’s rotation and determine the flux change. The angular
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Figure B.5: Workspace in the Autodesk Fusion 360 showing the system’s design.

speed and angular acceleration of the coil are 1.5 turns/s and 1.5 turns/s?, respectively. The
coil only performs half revolutions (i.e., an angular variation of 180°), starting either from
the horizontal position in 0° (measures vertical field component) or from the vertical position
in 90° (measures horizontal field component). Then, the coil reverses its direction to return

to the starting position, during which data is also taken.

B.3.2 Software and Measurement Procedure

LabWindows/CVI-based system software was developed to coordinate the motorized
stages and data acquisition. A graphical user interface shows the voltage and flux change
samples, with the latter being calculated by numerically integrating the voltage samples by
the trapezoidal rule, or

1

\Iji — g(‘/l + ‘/if].) -+ ‘IJ’L'*]J 'l = 2, 3, ...n, (B26)

where W, = 0, f, is the sampling rate, V; is the i-th corrected voltage sample, and n is the
number of samples for a single flip. The voltage samples taken during the initial and final
delay (before and after the angular movement) are used to perform offset corrections by using
the technique described in Subsection 3.6.2. Figure B.7 shows an example of the voltage and

flux change samples taken during the clockwise and counterclockwise movement for a test
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End B

Figure B.6: Zoomed picture of the ends of the flip coil system. At the End A: (1) Motorized
rotary stage; (2) Bracket; (3) Manual linear stages used for fine adjustments in the coil’s
transverse position; (4) BNC cable; (5) Delrin plates; (6) Spool for holding the wire; (7)
Spools on the manual rotary stage for changing coil’s width; (8) Manual rotary stage; (9)
Manual linear stage for stretching the wire. At the End B: (10) Motorized rotary stage;
(11) Bracket; (12) Manual linear stages used for fine adjustments in the coil’s transverse
position; (13) Manual linear stage for stretching the wire. (14) Spool for holding the wire;
(15) Insulated beryllium copper wire [76].

with a dipole field.

Once the user selects either vertical or horizontal field measurements, the software defines
the starting position of the coil as 6y = 0° or 6, = 90°, respectively. An integration period
of 3 power line cycles (sampling rate of 20 Hz) is used, which shows good performance since
it suppresses 60 Hz noise. The system starts the voltage acquisition, waits 0.5s, flips the coil
from 6y to 6y + 180° (clockwise rotation), waits 1s, and then stops the voltage acquisition.
One flip takes approximately 3s. Given the sampling rate and the delays, 10 samples are
read before and 20 samples are read after the movement. The software reads all the voltage
samples, applies the offset correction, and calculates the flux change samples using (B.26).
The total flux change —A¢ (or [ edt) associated with the flip is calculated by averaging the
last eight samples of ¥;, which increases repeatability. The same procedure is repeated with
the coil rotating back to the initial position (counterclockwise rotation). Since the integration
is applied for both clockwise and counterclockwise rotations, these integrals have opposite
polarity, being subtracted and divided by 2 to determine [ed¢. For instance, the example
shown in Fig. B.7 gives
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Figure B.7: Example of voltage samples, flux change samples (clockwise and counterclockwise
rotations) and value of the total flux change for a measurement of a dipole field [76].

1.1895 — (1.1
/edt: 895 é 933) = 1.1914 pVs. (B.27)

In addition, due to the short time separation between each rotation, such a procedure con-
tributes to cancel voltage offsets. After the coil rotates forth and back and [ edt is deter-
mined, the software calculates the field integral. A few seconds of delay between the flips
are required to ensure the coil is static. To improve the repeatability, a set of 10 samples of
[ edt is averaged?, and the error is expressed as the standard deviation over these samples.

The system takes less than three minutes to perform and measure this set of samples.

B.3.3 System Validation

The flip coil system was used to measure the first field integral of a small reference magnet
(Fig. B.8) that had its strength estimated as 126 Gem (Gauss-centimeter®) by an independent

system. We tested both vertical and horizontal field integral measurements by changing the

210 samples of [ edt corresponds to 20 flips: 10 repetitions of clockwise and counterclockwise movements.
31Gem = 1pTm.
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reference magnet’s field orientation.

Figure B.8: Reference magnet used to verify the flip coil system.

For simplicity, we will suppress the index “1” to denote the first field integral in what
follows. Let I,p and I,p be the first field integral of the background fields on y-axis and
x-axis, respectively. Furthermore, let I, and I,_ be the first field integral measured with
the flip coil system when a magnet is placed in such a way that its field points to the positive
and negative y-axis, respectively. If the magnet’s first field integral is I, then I, = I + I;p
and [, = —I + I,5. Therefore, (1,4 — I,—)/2 is, in theory, equal to I, and can be applied
to test the system for vertical field integrals measurements. The same is valid for testing
horizontal field integrals by setting the reference magnet’s field to point to z-axis.

It is interesting to notice that adding I, to I, (or I, and I, ) and dividing by 2,
the reference magnet’s field is canceled, and only I,p (or I,p) remains. In this case, Iyp
and I,p can be compared to the background field obtained directly with the flip coil system
without any magnets nearby. The next section presents the measurements we performed
with the reference magnet and background fields. We tested the system with and without
the amplifier module. An additional set of measurements were taken with a phase shifter.
Table B.1 summarizes the results of the measurements performed with the reference magnet

(lines 1-8), the background fields (lines 9-10), and the phase shifter (lines 11-12).
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Table B.1: First field integral measurements with a reference magnet, the background fields and a phase shifter [76].

With the low noise Without the low noise

# Magnet / condition conli‘lf)lrilent amp. EM DC A22 amp. EM DC A22
P Result! + Error? (Gem) Result! + Error? (Gem)
1 positive y-axis Iy +120.75 £ 0.20 +120.90 £ 2.13
2 Reference magnet’s negative y-axis I, -134.48 + 0.10° -133.54 &+ 0.843
3 field pointing to positive x-axis Iy +142.28 + 0.13 +140.99 + 1.67
4 negative x-axis I -116.73 £ 0.11 -119.09 £ 1.94
—
2 Reference magnet first field integral 831 ;Z:;ég iggg% i géé igggi i i;;
7 Background first field integral (Lys +1,-)/2 -6.87 £ 0.11 -6.32 £ 1.15
8 (estimated from the ref. mag. results) (4 + I,—)/2 +12.77 +£ 0.08 +10.95 + 1.28
9 . T 7736 £ 0.14 703 £ 2.16
10 Backgroud Fields I +11.37 + 0.12 +12.09 + 1.83
11 Phase Shifter 1, -10.93 + 0.15
12 (see Fig. B.4) I, +8.88 £+ 0.12

I Calculated by averaging ten measurements.

2 For (I £1,-)/2 and (I,4 & I, )/2 these values were estimated by propagating the error of the terms. For the other components, the
errors correspond to the standard deviation over the results of ten measurements.
3 A very similar result was obtained with the long coil and the fluxgate probe, as shown in the technical report [74].

B.4 Discussion

We designed, built, and commissioned a new flip coil moving wire system for measuring
magnetic field integrals. The system is capable of measuring field with a precision of 0.2 Gem
for a 60-cm long coil, and takes less than three minutes to perform a complete measurement.

Coupling the EM DC A22 module to the coil reduced the error (standard deviation of the
mean) in one order of magnitude — from 2 Gem to 0.2 Gem — which demonstrates the high
stability of the results. Besides, the field strength obtained with and without the EM DC
A22 module showed no significant difference. These facts support some of the main features
expected from the amplifier module, including high gain stability and low drifts.

Comparing the reference value of 126 Gem obtained by independent measurements and
the values calculated in lines 5-6 shows that the measurements performed with the flip coil
system agreed at the level of 3%. We believe that the error of the coil’s width determination
and small displacements of the reference magnet are the primary sources of errors that justify
the slight disparity. Further studies are necessary to define the optimal coil’s width.

We may assume that the most significant influence in the background fields comes from
the Earth’s magnetic field, which is supposed to induce a very weak signal to the coil. Even
so, the background field measurements exhibited the same order of error observed for the

other measurements, as shown in lines 9-10. It is essential to notice that lines 7-8 present an
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estimate for background field based on the measurements with the reference magnet — con-
siderable field strength in comparison with the Earth’s field strength. The agreement among
the results presented in lines 7-8 and 9-10 at the level of 1 Gem confirms that the system
detects small field integrals.

A mechanical adaptation was made as an attempt to measure second field integrals by
changing the coil’s width at one of the ends. The precision of 0.2 Gem for the first field
integrals suggests that the precision of second field integrals measurements would be about
0.1 nTm? for a 60-cm long coil. Still, further tests have to be taken to evaluate the system
performance for determining second field integrals. Although the coil’s length is suitable for
measuring small magnets (e.g., dipoles, quadrupoles, phase shifters, etc.), tests with a longer

coil need to be performed with LCLS-II undulators in the future.
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Appendix

Slippage Equation

An electron travels in an undulator at speed v, in the z-axis, while the emitted radiation
travels at the speed of light c¢. Since v, is slightly smaller than ¢, the radiation wavefront
moves faster than the electron. Let S be the difference between the wavefront and the electron
position — known as slippage. This appendix aims to deduce the slippage equations used in
Section 2.4.

After dt, the slippage changes by

dS = (c—v,)dt. (C.1)

Let z be a point on the radiation wave. In this case, ¢ = dz/dt. Isolating d¢ and substituting

in (C.1),

ds = (1 - ”—) dz. (C.2)

Cc

Assuming that the electron trajectory occurs only in the zz plane, v, = 0. Let § = v/c
be the electron velocity relative to the speed of light, where v? = v2 + v2. We also define the
relative transverse and longitudinal velocity 5, = v./c and 8, = v,/c, respectively, which

leads to 32 = 32 — 2. Replacing in (C.2),

dS = (1 — /B2 — B2)d=. (C.3)

From the definition of 3,
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v, dr dt dx

Bo=—=g o= =) (C.4)
Substituting (C.4) in (C.3),
ds = (1 VR :'cz) dz. (C.5)

Expanding the term /5% — @2 in Taylor series and keeping only first order terms for small

values,
- o L.,
VBE—12=p -5 (C.6)
Based on the definition of the Lorentz factor v [see (2.3)],

1

Isolating /32,
F=1-o (3)
= 2 :
Thus, (C.6) becomes
1 1 1
/82—$2:/32—§$2:1—2—,}/2—§[E2 (Cg>
Replacing (C.9) in (C.5),
.2
ds = (217 + ‘%) dz. (C.10)

Integrating from zq to z with @(z) = 0,

- [ (a2 o

Now, consider a pure sinusoidal field with undulator parameter K. From (2.32) and the

K definition,

i(2) = & sin (2”2) . (C.12)
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where @(zp) = 0. Substituting (C.12) in (C.11),

1 K*  ,[2mr2
S(z) :/z {2—72 + 2_7281112 ( " )] dz. (C.13)

1 cos(260) (C.14)

we reach to

P 2 2
= /ZO {QLVQ (1 + %) — %cos (Z{\Ljﬂ dz (C.15)
:L 1 £2) (z — 2 )—£2ﬁ {sin (47TZ) — sin (47TZ0)}
22 2 0 4~2 4 Au Ay
= 1 (1 + ﬁ) (z — 20) — )\u—K2 {sin (47TZ) — sin (47%0)} )
22 2 1672 Ay Ay

Let S, be the slippage between the points 2y and 2 in the z-axis that are a whole number

of A, apart from each other (i.e., z = 2y + n),). Under this condition, the second term of

(C.15) is zero. Therefore,
1 K?

where Az, = z — 2.
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Laplace’s Equation Solution

The conditions V- B and V x B = 0 leads to the well-known Laplace’s Equation V2® = 0,

where ® is scalar potential and B =-Vb. Applying the separation of variables method,

® = f(x)g(y)h(z). (D.1)

For a rectangular coordination system, Laplace’s equation becomes

0?® N 0?® N D hBQf
dz?  dy?  dz? ~ IV

32
+ %I 4 gy
dy

2

0*h

2p = — =0.
v dz?

(D.2)
Diving (D.2) by fgh,
102f 10% 16%h

Fdz  gdy T hd?

All the terms present in the sum are independent; hence, each one must be a constant,

~0. (D.3)

and the sum of these constants is zero. For convenience, we express

10%f

10%g

gip = o
2

L0 _ o (D.6)

hdz2 " F
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K2+ k.4 kK =0. (D.7)

Regarding undulators, we are interested in all solutions that are periodic in z, which

makes k. a purely imaginary number. Consider the solution

h(z) = As(n) cos(nk,z) + Ag(n) sin(nk,z), n € N*, (D.8)

where A5 and Ag are real constants. Replacing (D.8) in (D.6), k, = ink,, where i = /—1.

For our analyzes, the first harmonic n = 1 is sufficient. Thus, we define the solution of h(z)

as
h(z) = As cos(kyz) + Agsin(k,z). (D.9)
The z- and y-dependent terms f(x) and g(y) do not have periodicity requirement, so
f(z) = Ai(k;) cosh(k,x) + As(k,) sinh(k,x) (D.10)
and
g(y) = As(k,) cosh(k,y) + As(k,) sinh(k,y). (D.11)

where A;, Ay, A3 and A, are real constants. Substituting (D.9), (D.10) and (D.11) in (D.1),

® =[A; cosh(k,x) + Ay sinh(k,x)] x [As cosh(k,y) + Ay sinh(k,y)]x
(D.12)
[As cos(kyz) + Agsin(k,2)].

Since k, = ik,, (D.7) becomes

K2+ k= k. (D.13)

Even though simple, Fig. 2.1 represents the structure of a planar undulator properly
enough, being suitable to define the boundary conditions. In relation to the plane yz (z = 0),
the device is symmetric, which helps see the existence of a left-right symmetry for the mag-

netic field along the x-axis. As a result, A, = 0. The field in y points always towards the
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same orientation for a fixed x and z values (i.e., the vertical component keeps the same signal
independently of y for a given = and z). Since B, = —d®/dy, A3 = 0. At z = 0, the field is
maximum, so Ag = 0. With those conditions, (D.12) is simplified to

¢ = O cosh(k,x) sinh(k,y) cos(kyz), (D.14)

where &y = A;A4As. The vertical field component towards the z-axis (where x and y are

zero) is given by

o
By(z) = _((ii_y = —ky, g cos(k,2). (D.15)
z=0,y=0

Comparing with (2.30), rewritten here for convenience as B, (z) = B cos(k,z),

®y = —B/k,. (D.16)
Therefore,

A

B
o = = cosh(k,z) sinh(k,y) cos(k,z). (D.17)
y
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