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Abstract

The work for this thesis is in line with the field of Instrumentation for Particle Ac-
celerators, so calleBeam Diagnostics It is presented the development of a series of
electro-mechanical devices callgdluctive Pick-UpgIPU) for Beam Position Monitor-
ing (BPM). A full set of 17 BPM units (16 1 spare), named BPS, were built and installed
into theTest Beam LinéTBL), an electron beam decelerator, of 8i& CLIC Test Facil-
ity (CTF3) at CERN —European Organization for the Nuclear ResearechThe CTF3,
built at CERN by an international collaboration, was meant to demonstrate th@dak
feasibility of the key concepts for CLIC ‘Sompact Linear Collider as a future linear
collider based on the novel two-beam acceleration scheme, and in oeddriéve the next
energy frontier for a lepton collider in the Multi-TeV scale. Here the BPSaogeis first
described mechanically to after focus on the electronic design, electret@aépatures
and operational parameters according to the TBL specifications. Merdbwill be de-
scribed the two main test carried out on the BPS units at low and high freiggameeded
for their parametric characterization, as well as their respective s@dlgifitesigned test
stands. The low frequency test, in the beam pulse time scale (untjilD0gHz), was
built to determine the BPS parameters related to the beam position monitoring, which
is based on the precise motion of a stretched wire emulating the beam curretie O
other hand, the high frequency test, beyond the microwave X band anddithe beam
bunching time scale (832GHz), is for measuring the longitudinal impedance of the
BPS device in the frequency range of interest which is based on theaSpters mea-
surements of the propagating TEM mode in a matched coaxial waveguide ainhelkate
an ultra-relativistic electron beam. Finally, the beam test performance &RSeunits
installed in the TBL line is also shown.
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Resumen

Esta tesis se enmarca dentro del campo de Instruméntitectonica para Aceleradores

de Parfculas, tamk&n denominado Diagistico de Haz -Beam Diagnostics-. En este
trabajo se presenta el desarrollo de unos dispositivos electraniges para monitorizar

la posicbn del haz de pditulas —Beam Position MonitgrBPM—, concretamente del
tipo inductivo —nductive Pick-UpIPU—. Una serie de 17 unidades (4@ de repuesto)

de estos monitores de poginide haz o BPMs, bautizados como BPS, fueron construidos
e posteriormente instalados eniiada de deceleram de electrones TBL Fest Beam
Line—, perteneciente al complejo de aceleradores CTE34C Test Facility & phase—

en el CERN —European Organization for the Nuclear ResearehLa finalidad de CTF3

es la demostradn de la viabilidad de la nueva tecnolagle aceleradin de doble-haz en

la que se basax el futuro colisionador lineal de leptones CLICGempact Linear Col-
lider— para alcanzar la frontera de eri@rgn la escala de varios Tera-electron-\Voltios o
Multi-TeV. Las nuevas generaciones de aceleradores deylag, y en particular CLIC,
requieren de BPMs de predsi y alta resoludin debido a la necesidad de realizar proced-
imientos de alineabhn de sus nltiples elementos cada vezas exigentes para mejorar

la calidad del haz, y en los que los monitores de pésiciomo el BPS-IPU juegan un
importante papel. Sobretodo en &hicas de alineamiento basadas en el propio haz de
parficulas proporcionando la monitorizaai de la posidn, aderas de la corriente del
haz en el caso del BPS, en diferentes puntos a lo largo del acelerador

El proyecto BPS, llevado a cabo en el IFIC, se réalimdamentalmente en dos fases:
la de prototipado y la de produéei y test de la serie para TBL.

En la primera fase se construyeron dos prototipos totalmente funcionalEsgde
esta tesis se centra en los aspectos ddidiséectbnico de las tarjetas de circuito im-
preso PCB embarcadas en los monitores BPS, géa éstsadas en transformadores y
son responsables del sensado de la corriente y pasilgl haz. Asimismo, se describe
el diséio me@nico del monitor confasis en las partes involucradas directamente en su
funcionamiento electromagtico, gracias al acoplamiento de los campos generados por
el haz con dichas partes. Para ello se estudiaron sase#os operacionales, acorde a las
especificaciones de lmka TBL, y tambk&n se realizaron simulaciones con un nuevo mod-
elo circuital \alido para frecuencias en su ancho de banda de opargldiHz-100MHz).
Dichos prototipos fueron testeados inicialmente en los laboratorios de @sdieP|
—Beam Instrumentation - Position and Intensiydel CERN.

En la segunda fase de produimtide la serie de monitores BPS, construidogiseg
los estudios y la experiencia de los prototipos, el trabajo se facafida realizacin de
los tests de caracterizéti de los paametros principales de la serie de monitores, para
lo que se diskaron y construyeron dos bancos de pruebas con diferentégitapy re-
giones de frecuencia. El primero astestinado a trabajar en la reégide baja frecuencia,
entre 1kHz-100MHz, en la escala temporal del pulso de haz de elesttoneperiodo
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de repeticdbn de 1s y duradin aproximada de 140ns. Este es un sistema de test de-
nominadoWire Test-benclgue habitualmente se usa en instrumediacie aceleradores
para obtener los pametros caractesticos de cada monitor de medida de la pasicy
corriente del haz, como son la linealidad, prdwmisy respuesta en frecuencia (ancho de
banda). Gracias a que permite la emwacie un haz de paculas de baja intensidad
con un cable de corriente tensado y posicionado con pbaaisspecto al dispositivo bajo
ensayo. Este sistema se constregpetficamente adaptado para el monitor BPS y pen-
sado para realizar una adquisicide datos de la formaas automatizada posible, con el
equipamiento de medida y control de motores de posicionamiento del monitect@sp
cable, todo gestionado desde un PC. Con este sistema se caracteridasologamoni-
tores BPS en los laboratorios del IFIC y cuyoél@sis de resultados se presentan en este
trabajo.

Por otro lado, los tests de alta frecuencia, por encima de la banda X de nuasop
en la escala temporal correspondiente a los micro-pulsos de cada phoain periodo
de 83ps (12GHz), se realizaron para determinar la impedancia longitadhadonitor
BPS. La c@al debe ser lo suficientemente peflagpara minimizar as las perturbaciones
del haz al atravesar cada monitor, y que afectan a su estabilidad diargndpagadin
a lo largo de laihea. Para ello, se constiugl banco de pruebas de alta frecuencia que
consiste en una estructura déayde ondas coaxial de 24mm déutietro adaptada a 80
y con ancho de banda de 18MHz a 30GHZ&wwamente simulada, con espacio para la
insercbn del BPS como dispositivo bajo ensayo. De este modo, esta estructapaes
de reproducir los modos propagativos TEM (Transvesales Electgn@fiaos) del haz de
electrones ultra-relativista con 12GHz de frecuencia de micro-pulsas,ppder medir
los paAmetros deScatteringde los que se obtuvo la impedancia longitudinal del BPS en
el rango de frecuencias de intsr

Finalmente, taml@&n se presentan los resultados de los tests con haz realizados en la
linea TBL, con corrientes de haz de 3.5A hasta 13Axndisponible en el momento del
test). Para la determindixi de la ninima resoludn alcanzada por los monitores BPS en
la medida de la posién del haz, siendo la figura deamito del dispositivo, con un objetivo
de resoludn de mum a méxima corriente de haz de 28A seyglas especificaciones de
TBL.
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Resum

Aquesta tesi s’emmarca dins del camp de la Instrumenteictonica per Acceleradors

de Paricules, tamb denominat Diagnstic de Feix Beam Diagnostics-. En aquest tre-
ball es presenta el desenvolupament d’uns dispositius electranse@er monitoritzar la
posicb del feix de paitules —Beam Position MonitgrBPM—, concretament del tipus
inductiu —Inductive Pick-UpIPU—. Una serie de 17 unitats (¥61 restant) d’aquests
monitors de posié de feix o BPMs, batejats com BPS, varen ser coitstiyposterior-
ment instalats en lainia d’accelerad@ d’electrons TBL —Fest Beam Line-, que pertany

al complex d’acceleradors CTF3GLIC Test Facility 3 phase— al CERN —European
Organization for the Nuclear Researeh La finalitat de CTF3s la demostragide la
viabilitat de la nova tecnologia d’acceleraaile doble-feix en la que es basaria el fu-
tur collisionador lineal de leptons CLIC Compact Linear Collider per aconseguir

la frontera d’energia en I'escala dels Tera-electron-\olts o Multi-Tedé hoves genera-
cions d’acceleradors de pautiles, i en particular CLIC, requereixen de BPMs de précisi

i elevada resolu6i a causa de la necessitat de realitzar procediments d’alineament dels
seus naltiples elements cada vegad@&srexigents per a millorar la qualitat del feix, i en
els quals els monitors de posictom el BPS-IPU juguen un paper important. Sobretot
en les écniques d’alineament basades en el mateix feix décpéat proporcionant la
monitoritzacd de la posid, a banda del corrent del feix, en el cas del BPS, en diferents
punts al llarg de I'accelerador.

El projecte BPS, dut a terme al IFIC, es va realitzar fonamentalment efakes: la
de prototipat i la de produdtii test de la serie al TBL.

En la primera fase es varen construir dos prototips totalment funcionala, aie
aquesta tesi es centra en els aspectes de dissengeiecdt les targetes de circuit ings
PCB embarcades en els monitors BPS, que estan basades en transferesmimsables
de la mesura del corrent i la pogidilel feix. Aixi mateix, es descriu el disseny naedc
del monitor ambémfasi en les parts involucrades directament en el seu funcionament
electromagatic, gracies al acoblament dels camps generats pel feix amb les dites parts.
Per a0 s’estudiaren els seus panetres operacionals, d’acord amb les especificacions
de la Inia TBL, i tamke es realitzaren simulacions amb un nou model circuéfthper
freqencies en la seva amplada de banda d’opéerddiHz-100MHz). Aquests prototips
varen ser testejats inicialment als laboratoris de la 6eBEPI —Beam Instrumentation
- Position and Intensity- del CERN.

En la segona fase de produzale la serie de monitors BPS, con#iisusegons els
estudis i I'experencia dels prototips, el treball es va focalitzar en la realitzae els
tests de caracteritzaridels paametres principals de la serie de monitors, pels quals
es dissenyaren i consiran dos bancs de proves amb diferents psifg i regions de
frequencies. El primer eatdestinat a treballar en la régie baixa fregencia, entre 1kHz-
100MHz, en I'escala temporal del pols de feix d’electrons amb uiogerde repetici
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d'1ls i duracd aproximada de 140ns. Aquest un sistema de test denomiléite Test-
benchque habitualment es fa servir en instrumertiadiacceleradors per obtenir els
paametres caractestics de cada monitor de mesura de la pasial corrent del feix,

com $n la linealitat, preciéi i resposta en fragncia (amplada de banda). &&res a

gue permet I'emulad@ d’un feix de paiicules de baixa intensitat amb un cable de corrent
tensat i posicionat amb predisiespecte al dispositiu sota assaig. Aquest sistema es va
construir espdficament adaptat pel monitor BPS i pensat per fer una adquidécdades

de la forma nés automatitzada possible, amb I'equipament de mesura i control de motors
de posicionament del monitor respecte al cable, tot gestionat des d'uArRiCaquest
sistema es caracteritzaren tots els monitors BPS en els laboratoris de I'BAl€ailiézaren

els ardlisis de resultats, els quals es presenten en aquest treball.

Per altra banda, els tests d’alta fieéqcia, per damunt de la banda X de microonesien
I'escala temporal corresponent als micro-polsos de cada pols de feipetotie de 83ps
(12GHz), es varen fer per determinar la impedia longitudinal del monitor BPS. La
qgual deu ser prou petita per minimitzar aix les pertorbacions del feix akgsaveadascun
dels monitors, i que afecten la seva estabilitat durant la propagbltarg de lainia. Per
aix0, es va construir el banc de proves d’alta fiocia que consisteix en una estructura
de guia d’'ones coaxial de 24mm dedietre adaptada a &0 d’amplada de banda de
18MHz-30GHz, péviament simulada, amb e$peer la inserd del BPS com a dispositiu
sota assaig. D’aquesta manera, I'estruckg@&apac de reproduir els modes propagatius
TEM (Transversals Electro-Magtics) del feix d’electrons ultra-relativista amb 12GHz
de frediéncia de micro-polsos, i dixpoder mesurar els pametres deScatteringdels
guals es va obtenir la impadcia longitudinal del BPS en el rang de fiiégcies d'integs.

Finalment, tamb es presenten els resultats de els tests amb feix fetsiemald BL,
amb corrents de feix des de 3.5A fins a 13Aaén disponible en el moment del test). |
la determinad de la ninima resolud aconseguida pels monitors BPS en la mesura de
la posicd del feix, sent la figura de @mit del dispositiu, amb un objectiu de resofucie
5um a maxim corrent de feix de 28A segons les especificacions de TBL.
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Summary

The work for this thesis is in line with the field of Instrumentation for Particle Ac-
celerators, so calleBeam Diagnostics It is presented the development of a series of
electro-mechanical devices calledluctive Pick-UpgIPU) for Beam Position Monitor-
ing (BPM). A full set of 17 BPM units (16+ 1 spare), named BPS units, were built and
installed into theTest Beam Lin€TBL), an electron beam decelerator, of {Bié CLIC
Test Facility(CTF3) at CERN —European Organization for the Nuclear Researeh
The CTF3, built at CERN by an international collaboration, was meant to dstnate
the technical feasibility of the key concepts for CLICGempact Linear Collide as a
future linear collider based on the novel two-beam acceleration schewmhén arder to
achieve the next energy frontier for a lepton collider in the Multi-TeV sddledern parti-
cle accelerators and in particular future colliders like CLIC requires &ree alignment
and stabilization of the beam in order to enhance its quality, which rely heavidyb@am
based alignment techniques. Here the BPMs, like the BPS-IPU, play antanpoole
providing the beam position with precision and high resolution, besidesra beaent
measurement in the case of the BPS, along the beam lines.

The BPS project carried out at IFIC was mainly developed in two phasettyping
and series production and test for the TBL.

In the first project phase two fully functional BPS prototypes werettaoted, focus-
ing in this thesis work on the electronic design of the BPS on-board PCBsd&Circuit
Boards) which are based on transformers for the current sensihigeeam position mea-
surement. Furthermore, it is described the monitor mechanical design withasisaim
all the parts directly involved in its electromagnetic functioning, as a resulteottu-
pling of the EM fields generated by the beam with those parts. For that, ittwded
its operational parameters, according the TBL specifications, and itle@sienulated a
new circuital model reproducing the BPS monitor frequency respomstsfoperational
bandwidth (1kHz-100MHz). These prototypes were initially tested in therédboes of
the BI-PI section -Beam Instrumentation - Position and Intensityat CERN.

In the second project phase the BPS monitor series, which were buitt baske ex-
perience acquired during the prototyping phase, the work was foounstbe realization of
the characterization tests to measure the main operational parameters séeesimon-
itor, for which it was designed and constructed two test benches witdreint purposes
and frequency regions. The first one is designed to work in the lowémrey region,
between 1kHz-100MHz, in the time scale of the electron beam pulse with #ti@pe
period of 1s and an approximate duration of 140ns. This kind of testseali@dWire
Test-benctare commonly used in the accelerators instrumentation field in order to deter-
mine the characteristic parameters of a BPMgimk-up) like its linearity and precision
in the position measurement, and also its frequency response (bandwibib)s done
by emulating a low current intensity beam with a stretched wire carrying ardigignals
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which can be precisely positioned with respect the device under test. $hisetech was
specifically made for the BPS monitor and conceived to perform the measotalata
acquisition in an automated way, managing the measurement equipment ancetpe-wir
sitioning motors controller from a PC workstation. Each one of the BPS morsiéiss
were characterized by using this system at the IFIC labs, and the teks$ r@sd analysis
are presented in this work.

On the other hand, the high frequency tests, above the X band in the mierepec-
trum and at the time scale of the micro-bunch pulses with a bunching perio8psf 8
(12GHz) inside a long 140ns pulse, were performed in order to measitertyitudi-
nal impedance of the BPS monitor. This must be low enough in order to minimize the
perturbations on the beam produced at crossing the monitor, whittsato its stability
during the propagation along the line. For that, it was built the high frequierst bench
as a coaxial waveguide structure of 24mm diameter matched¢atabd with a band-
width from 18MHz to 30GHz, which was previously simulated, and havingrdothe
middle to place the BPS as the device under test. This high frequency test iseable
to reproduce the TEM (Transversal Electro-Magnetic) propagativéesioorresponding
to an ultra-relativistic electron beam of 12GHz bunching frequency, aotlie Scatter-
ing parameters can be measured to obtain the longitudinal impedance of tha BieS
frequency range of interest.

Finally, it is also presented the results of the beam test made in the TBL line, with
beam currents from 3.5A to 13A (max. available at the moment of the test)rdbr o
to determine the minimum resolution attainable by a BPS monitor in the measurement
of the beam position, being the device figure of merit, with a resolution goghmof at
maximum beam current of 28A according to the TBL specifications.
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Chapter 1

Introduction

1.1 Next generation of linear colliders

The Large Hadron Collider(LHC) is the latest and foremost accelerator at CERN-(
ropean Organization for Nuclear Resea)clnd it was set to provide a rich program of
physics at the high-energy frontier, exploring the new Multi-TeV (Telectron-\Volt) en-
ergy region for hadrons, over the coming years. The LHC entereddratipn after the
first official run with the circulation of two proton beams in September 2008. From 30th
March 2010 it became the most powerful collider in the world with the first c¢ofis at
an energy of 3.5 TeV per beam (7 TeV center-of-mass). The physgiEsienents in the
LHC should confirm or refute the existence of the Higgs boson to comple&tamelard
Model (see Figl'I]1), explaining how some particles get its mass througlo tbaled
Higgs mechanism. The LHC experiments will also explore the possibilities fasighy
beyond the Standard Model, such as supersymmetry, extra dimensiomewrghuge
bosons. The discovery potential is huge and will set the direction failpeduture high-
energy colliders. Nevertheless, particle physics community worldwide feaehed a
consensus that the results from the LHC will need to be complemented biyjregpés at

a linear electron-positrore(e™) collider operating in the TeV and also extended to Multi-
TeV energy ranges. During the last decade, dedicated and sudosssk by several
research groups has demonstrated that a future linear collider cariltbanioureliably
operated.

The highest center-of-mass energy aret collisions so far of 209 GeV (Giga-
electron-\olt) was reached at tharge Electron-Positron collide(LEP) at CERN. In
a circular collider, such as LEP, the circulating particles emit synchro&diation, and
the energy lost in this way needs to be replaced by a powerful RadiaxEiney (RF)
acceleration system. More precisely, the energy lost by synchrotdiatican increases
dramatically with the fourth power of the energy of the circulating beam, andaisis
inversely proportional to the square of the ring curvature radius. I, fid& example, in
spite of its 27 km circumference intended to have as large as possibléwervadius,
each beam lost about 3% of its energy on each turn. The biggesicenpgecting RF
system built so far, which provided a total of 3640 MV per revolution, juasenough to
keep the beam in LEP at its nominal energy. As the amount of RF powdredda keep
the beam circulating became prohibitive, it was clear that a synchrotrstor@ye ring is
not an option for a future lepton collider operating at energies significabibye that of
LEP for exploring new high energy regions.
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Figure 1.1: Elementary particle families of the Standard Model which descalb¢he
fundamental forces of the nature, the electromagnetic, nuclear andfareak; except
the gravitation force, with the predicted graviton as its carrier.

Linear colliders came out naturally as the only option for realizéngf collisions
around TeV energies, avoiding synchrotron radiation losses. The f@sciple here is
simple: two linear accelerators face each other, one accelerating ete@rprthe other
positrons €), so that the two beams of particles can collide head on. This scheme has
certain inherent features that strongly influence the design. First, tte Bioeelerators,
commonly known as linacs, have to accelerate the particles in one singleTpasse-
quires high electric fields for acceleration, so as to keep the length of Higeecavithin
reasonable limits; such high fields can be achieved only in pulsed oper&smandly,
after acceleration, the two beams collide only once. In a circular machineotheer-
rotating beams collide with a high repetition frequency, in the case of LEP latd4A
linear collider by contrast would have a repetition frequency of typically®@®Hz. This
means that the rate of collisions events, or luminosity, necessary for ttielgpahysics
experiments can be reached only with very small beam dimensions at theiiote @oint
and with the highest possible number of charged patrticles in a single b&adbminos-
ity is proportional to beam power, the overall wall-plug to acceleraticiency is of
paramount importance.

The International Linear Collider(ILC) is a 200-500 GeV center-of-mass high-
luminosity ee*linear collider and a possible future upgrade to 1 TeV. It has an overall
length of 31 Km and its technology key elements are the 1.3 GHz SuperdorgiRadio
Frequency (SCRF) accelerating cavities fed by L-band klystrons éimeggenerate a nom-
inal accelerating field gradient of 31.5 MV (see Fig_1]2). The use of SCRF cavities is a
well-known and proven technology representing the state-of-the-addeleration tech-
nology. It was recommended by the International Technology Recomrendanel
(ITRP) in August 2004, and shortly thereafter endorsed by the latiemal Committee
for Future Accelerators (ICFA).

In an unprecedented milestone in high-energy physics, many institutesdatioe
world got involved in linear collider R&D making a commoffart to produce a global
design for the ILC. As aresult the ILC Global Desigfidt (GDE) was formed. The GDE
membership reflects the global nature of the collaboration, with accelesqerte from
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(b)

Figure 1.2: Super-Conducting Radio Frequency (SCRF) cgvilly: (axdition of a beam
bunch passing through a SCRF cavf[iy;] (b) A super-conducting TESAtycmade of
Niobium.

all three regions (Americas, Asia and Europe). The first major goaleof3BE was to
define the basic parameters and layout of the machine (s€e Fig. 1.4)gDesrly a year
the Baseline Configuration Document (BCD) was used as the basis foztidited design
work and cost estimate culminating in the completion of the second major milestone, the
publication of the ILC Reference Design Report (RDR) [1]. With the combeof the
RDR, the GDE begun an engineering design study, closely coupled witloritiped
R&D program. The goal is to produce an Engineering Design Report (EYR2012,
presenting the matured technology design and construction plan for th)LC

In general, beam test facilities are required for critical technical detradims in-
cluding accelerating gradient, precision beam handling and beam dynamézgh case,
the critical R&D test facility is used to mitigate critical technical risks as assefisgug
the development of the RDR. Test facilities also serve to train scientific agidesring
stet and regional industry. In each case, design and construction of tha¢éy has
been done by a collaboration of several institutes. To demonstrate therialilzetion
of the superconducting RF technology and its application in linacs:tinepean X-Ray
Laser ProjectXFEL) is under construction in DESeutsches Elektronen-Synchrotron
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Hamburg, since 2007. In this complex the TFEASH linac, is the only operating elec-
tron linac where it is possible to run close to reference design gradientaaviiimal ILC
beams. The primary goals of the 9 mA beam loading experiment are: the demons
tion of the bunch-to-bunch energy uniformity and stability, characterizatidhe limits
at high-gradient, quantification of the klystron power overhead reddaecontrol and
measurement of the cryogenics loads. This facility will provide importantinédion
on several goals of theryomodule-string tesaind will be the only source of data before
2012.

An important technical challenge of ILC is the collision of extremely small bedms o
a few nanometers in size. The latter challenge has three distinct issuasngr&mall
size and emittance beams, preserving the emittance during acceleration resubitra
focusing the beams to nanometers and colliding them Aldoelerator Test FacilityATF)
at KEK, theHigh Energy Accelerator Research Organizatindapan, was built to create
small emittance beams, and succeeded in obtaining an emittance that almoss shésfie
ILC requirements. The ATF2 facility, which uses the beam extracted frofdeamping
ring, was constructed to address two major challenges of ILC: focusmdpeams to
nanometer scale using an ILC-like final focus and providing nanometstitstarhe two
ATF2 goals, first one being the achievement of 35 nm beam size, anddséeing the
achievement of nanometer scale beam stability at the interaction point &), deen
addressed sequentially, during 2010, near end of Technical DesageP (TDP), and in
2012, near the end of TDP-II phase, correspondingly.

drive beam 100 A, 239 ns
2.38 GeV - 240 MeV

quadrupole _
quadrupole power-extraction and

\l% transfer structure (PETS)

dcce RF -
ler, atl'ng & — “
H UC{‘
Ure S

——.12 GHz, 68 MW

main beam 1.2 A, 156 ns
9GeV-15TeV beam-position monitor

\

Figure 1.3: The CLIC two-beam acceleration scheme for reaching the WalMienergy
scale, with the main beam accelerated by the RF power provided from theéowegy
but higher-current drive beam.

At the same time, within the framework of collaboration on Linear CollidersCiba-
pact Linear Collider(CLIC) study [3] aims at Multi-TeV linear collider with a center-of-
mass energy range fere* collisions of 0.5 to 3 TeV, and foresees building CLIC in stages,
starting at the lowest energy required by the physics, with successvgyeupgrades that
can potentially reach about six times the energy of the ILC. The CLIC sclieiresed
on normal conducting travelling-wave accelerating structures operatafrequency of
12 GHz, and a very high accelerating gradient field of 100/iMMn order to reach this
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energy in a realistic and codfieient scenario keeping the total length to about 48 km for
the baseline design optimized for a colliding-beam energy of 3 TeV. Suthfieigls re-
quire high peak power and hence a novel power source. An innevativbeam system,

in which another beam, the drive beam, supplies energy to the main accejdredim.

The RF peak power required to reach the electric fields of 120@nvifmounts to about
275 MW per active meter of accelerating structure. With an active actaideagth for
both linacs of 42 km out of the 48 km total length of CLIC, the use of indialdRi-F power
sources, such as conventional X-band klystrons, to provide suicjingaak power is not
really possible. Instead, the key technology underlying CLIC istti®beam acceler-
ation schemea novel linear collider concept based on the production and distribution of
high peak RF power. In this system, two beams run parallel to each othenaihdoeam,
a low current beam to be accelerated from low to high energies, anditiedoedam, a low
energy but high current beam to feed the main beam accelerating stsuetith enough
RF power. In some sense this power generation and transfer princigtblmthought as
an analogy for a “big scale” electric transformer.

To generate the RF power, the drive beam (a pulsed beam of 12 Gldhibgrfre-
guency) passes through special Power Extraction and Transfat8as (PETS), and
excites strong electromagnetic oscillations, so that the beam loses its kinetijy @me
almost a 90% and it is converted into electromagnetic pulsed RF power. asubke
beam is decelerated, the RF power is extracted from the PETS and sevevéguides
to the accelerating structures in the parallel main beam. The PETS are travedeg
structures like the accelerating structures for the main beam, but Widretht parame-
ters. In FigCLB is illustrated theLIC two-beam acceleration schetnased on this power
generation principle.

The proposed CLIC layout is presented in the Eigl 1.5, where we dEaratitiate
the main sections. In the center region are the two main beam linacs facingthach
to boost electrons, from the left side, and positrons, from the right saderd collision.
The particle detectors will be installed in the interaction point (IP), where dlisions
take place, but just before two sophisticated beam delivery systems)(BB&for each
beam line, will focus the beam down to dimensions of 1 nm rms size in the vetare
and 40 nm horizontally, in order to achieve the luminosity that the experimentarde
Running in parallel to each main linac, there are the two decelerator linestréetethe
RF power from the drive beams through the PETS, and then transfer & todin beams
for accelerating them. In the top of the layout it can be seen the two-foldesl liteam
generation system which consists in two drive beam linacs fed by Klysfialwsved by a
sequence of three rings for each linac: a delay loop and two combiner(fr); leading
to the required drive beam features of average beam current (1Gdnérgy (2.4 GeV)
and bunches spaced by 83.3 ps (12 GHz) in pulse bursts of 240 ns @mghe other
hand, the main beams will also attain the suited features due to the main beam injection
system where the electron and positron beams will come from their respagtetors,
at 2.4 GeV, and finally accelerated to 9 GeV by the booster linac befordrente the
main linacs.

The CLIC Test Facility(CTF3) [4], built at CERN by an international collaboration,
was meant to demonstrate the technical feasibility of the key concepts fottled@ive
beam generation and the two-beam acceleration scheme, as requirethé&dnterna-
tional Linear Collider Technical Review Committee. The results of CTF3 stulzego-
ing to be presented in the CLIC Conceptual Design Report (CDR) [5]wikiexpected
to come out this year 2012 as a very important milestone of the road to CLIC.
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Figure 1.4: A schematic layout of the International Linear Collider, ILC
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Figure 1.5: The CLIC layout, showing two-beam acceleration scheme adidigsisions
(central part), the various components of the main beam injection systeer @a¥e) and

the drive beam generation system (upper side).
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The two collaborations agree that the ILC technology is presently more meatdre
less risky than that of CLIC. Nevertheless, the CLIC CDR which collect€th€ tech-
nology feasibility studies carried out during past years will help in redyttie associated
risk in the future. The ILC collaboration will focus on consolidation of théntexlogy for
global mass production. Both collaborations consider it essential to certtieudevelop-
ment of both technologies for the foreseeable future.

magnetic chicane pulse compression frequency multiplication

=
L

photo injector tests and laser ~ CLIC experimental area (CLEX) with 32A,140ns
two-beam test stand, probe beam and
test beam line

30 GHz test stand 150 MeVe™ linac
drive beam injector 35A 1.4 us

combiner ring

total length about 140 m

(@)

22m

...~ CALIFES Probe beam injecfor |

Figure 1.6{(d) Diagram of the CLIC test facility (CTF3), with 150 MeV lindejay loop
and combiner ring, together with the experimental area, CILEX. (b) Laybilte CLEX
hall in building 2010 where the TBL (red circle) is located at CERN.

1.2 The CLIC Test Facility 3

The layout of the CTF3 is depicted in FIg.1l.6a. It consists of a 150 Me\treletinac
followed by a magnetic chicane to provide for bunch lengthening befoegi@ssof two
rings, a delay loop and the combiner ring, in order to minimize coherent syinch
radiation dfects. After the chicane, the beam may be combined by a factor two in the
42 m circumference delay loop, and up to a factor five in the 84 m circundereom-
biner ring; alternatively, uncombined beams of 3.5 A can be delivered tCLh€ Ex-
perimental areg CLEX) bypassing the delay loop and performing only half-turn in the
combiner ring. Up to this point, the CTF3 is a scaled-down version of the Clrig
beam complex required to generate the drive beam as a combined beé&h-ofitrent
and high-frequency electron bunch trains as delivered by the contimigeit is intended

to demonstrate the principle of the novel bunch-interleaving technique Bétndeflec-
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tors to produce the compressed drive beam pulses. In CTF3 the caeghizsam, with
an energy of 150 MeV, 28 A of nominal beam current, a microbunchisgaxf 83 ps
(12 GHz) and a pulse length of 140 ns, is then sent into CLEX. In[Eig] 1.6hasn the
layout of CLEX, housing th@est Beam Lin€TBL) and theTwo Beam Test stardBTS)
where the CLIC acceleration scheme is tested, including the extraction ch\Rér from
the drive beam and the transfer of this RF power to the accelerating s&auatuich will
accelerate arobe beamn a full demonstration of the CLIC acceleration principle.

Main differences between the CTF3 beam and the CLIC drive beam are theg energ
and the current, being, respectively, 16 times and 3.5 times lower in CTF3rthha
CLIC drive beam parameters. The CLIC drive beam has a bearmtwfré01 A and is
decelerated from 2.4 GeV to 0.24 GeV giving up 90% of its energy, wheteaCTF3
drive beam has a beam current of 28 A and is decelerated from 150t®/1@.15 MeV
giving up also 90% of its energy extracted but at lower absolute scale.

Construction of CTF3 started after the closure of LEP in 2001, takingrddge of
equipment from LEP pre-injector complex. Its installation ran on schedulethétielec-
tron linac, delay loop and combiner ring which were operated with beam tandc
commissioning first. The CLEX building with most of the equipment installed in TBL
and TBTS saw the first beam on August 2008. A rush of activities fokbixem then,
with further commissioning and CTF3 beam operation improvements, remainimg- eq
ment installation, mainly at CLEX, and performance of planned test whichttede
demonstration of an important number of CLIC concepts and the release GDIR.

The main aims of the TBL sub-project of CTF3 are [6]:

— to study and demonstrate the technical feasibility and the operation of ebedwve
decelerator (including beam losses), with the extraction of as much beagy erse
possible. Producing the technology of power generation needed fowthbeam
acceleration scheme,

— to demonstrate the stability of the decelerated beam and the produced RFmpowe
the X band by the Power Extracting and Transfer Structure (PETS)ll asve

— to benchmark the simulation tools and computer codes in order to validate the cor-
responding systems for the CLIC decelerator design in the CLIC nomihahse.

Therefore, here is studied in detail the transport of a beam with a vehydrigrgy
spread, with no significant beam loss and suppression of the wakeffighdshe PETS.
Additional goals for TBL are the test of alignment procedures and they stfithe me-
chanical layout of a CLIC drive beam module with some involvement of itngtis build
the PETS and RF components, like waveguides. Finally, TBL is intended thupeo
RF power in the GW range which could be used to test several accelesatilogures in
parallel.

The TBL layout can be seen, inside CLEX hall, in Fig.1.6b, and it consigtseries
of FODO lattice cells and two diagnostic sections at the beginning and at thef ¢mel
line for completing the measurement of all relevant beam parameters. EXd20 Eell
is comprised of a quadrupole, a Beam Position Monitor (BPM) and a PEVigwnaof
a TBL cell design is shown in Fif. TJ7a. The quadrupoles, which perftmmslternate
focusing of the beam every two cells and also the necessary beam gti®rproper
beam transport along the line, are also equipped with remotely controlledrsnfore
beam based alignment. The FODO lattice was chosen because of its ecegptaace.
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Due to transient fects during the filling time of the PETS the first 10 ns of the bunch
train will have a huge energy spread from the initial energy down to thédimergy of
the decelerated beam. The lattice is optimized for the decelerated part oatheltigher
energy particles will see less focusing. The betatron phase advancellps close to the
theoretical value of 90 degrees per cell for a round beam.

The available space in CLEX allowed the construction of up to 16 cells with @leng
of 1.4 m per cell. As depicted in Fig._116b, the TBL is placed after the firsdingrmagnet
of the chicane toward the TBTS line. The diagnostic section in front of timelibg
magnet will be used for TBL experiments to determine the beam propertiesettitance
of TBL, but is formally (schedule and budget) a part of Transfer Lii€L2). Therefore,
TBL starts with a matching section consisting of a quadrupole doublet, a BEIM pair
of correctors to allow for parallel displacement of the beam to excite wakesfin a
controlled way. The matching section is followed by sixteen identical cells srided
above. At the end of the beam line another diagnostic section is installed al@win
characterization of all relevant beam parameters. This section consestguadrupole
doublet and an Optical Transition Radiation (OTR) screen dedicated wv&Eme beam
profile and emittance measurements. A spectrometer with an angle of 10glagtkta
second screen will provide a measurement of the energy and enegpdspt is also
installed a segmented beam dump enabling time resolved energy measurentents. T
section is completed by another BPM and a Beam Profile Radio-Frequemitpnm(@PR,
button pick-up type) which will provide a signal proportional to bunch tend he total
length of TBL is about 28.4 m including the decelerator line of 22.4 m with theell§ c
being a single vacuum sector, and the diagnostic section of 6 m.

Within the framework of a MoU signed in 2006 with CERN, the Spanish participa-
tion in CTF3 has been funded from national special actions, with the folgpsignificant
contributions to TBL: the PETS structures and the quadrupole movers, Withra preci-
sion [7], [8], were developed by Centro de Investigaciones Eieas Medioambientales
y Tecnobgicas, CIEMAT, Madrid; the BPM development, object of this thesis, along
with its alignment supports was made by Instituto d&da Corpuscular, IFIC, Valencia,
in direct collaboration with Universitat Padihica de Catalunya, UPC, Barcelona, respon-
sible for BPM analog front-end amplifiers. In FI[g._1.7b is also shown a sectidhe
TBL line with the BPS at first term in the photo, followed by a quadrupole ardtik
first PETS installed in TBL. The BPM design is a scaled and adapted veostbe TBL
specifications of an Inductive Pick-Up (IPU) installed in the Drive Beanat (DBL) of
CTF3[9]. The BPMs developed for TBL were labeled as BPS standingdam Position
Small or Spanish
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Figure 1.7{(d) 3D view of two consecutive FODO lattice cells in TBL with a PEAr,
the BPS monitor, and a quadrupole per cell (the beam direction is fromtddeétt)[(b)
Section of TBL at the beginning of the line after installation in October 2009 gptioto
are shown (from right to left) a PETS, a quadrupole, and a BPM labsl&PS.



Chapter 1: Introduction

12




Chapter 2

Beam Diagnostics in Particle
Accelerators

2.1 Introduction

Thebeam instrumentatioar beam diagnosticdeals with the design and development of
the great diversity of instrumentation devices and technology needexddioitoring the
beam properties iparticle acceleratorsAs part of any accelerator the beam diagnostics
devices are all along the machine to sense the various beam parametensicgriihem
into directly measurable signals for further processing. These sigralgirg the beam
parameter information, can then be acquired and driven through a deegdeut chain,
usually integrated in a control architecture, to the control room main semtgch finally
yield all the necessary information displaying the behavior and chardgnéthe beam
in the accelerator.

Particle accelerator performance depends critically on the measurenueobatnol
of the beam properties, so beam diagnostics becomes an essential enhsfitany ac-
celerator. Generally the beam is very sensitive to imperfections or de\sdtiom the
ideal accelerator design produced in any real machine, and withogtiaiediagnostics
one would “blindly grope around in the dark” for optimum accelerator afi@n. In num-
bers, about 3 % to 10 % of the total cost of an accelerator facility must beaded to
diagnostic instrumentation. But due to the complex physics and techniquéscicythe
amount of man-power for the design, operation and further developgreaeds 10 % in
most cases [11].

2.2 Overview of beam parameters and diagnostics devices

Some decades ago, particle accelerators were controlled and optimized nydodking
at phosphorescent screens, mostly based on zinc sulphide (ZdS)ngsle beam current
meters. Developments in the field of beam diagnostics have been benefitihg tg-
velopment of computers, sophisticated electronic circuits, and digital dgojiisodular
systems based respectively on standard buses like VME (Versa Modtoedtd), PCI
(Peripheral Component Interconnect) or Ethernet LAN (Local Atetwork), with their
respective standard bus extensions specific for instrumentation VXafXLXI (VME,
PCI and LAN eXtensions for Instrumenation). This development togetlitarpower-
ful simulation programs to describe beam particle dynamics and computersaitfedre

13
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for the accelerator design and control, has lead to more complex accedaratohines.
Nowadays, the operation and on-line control of modern accelerafmsated also in sev-
eral modes, require the availability of many beam parameters. Due to the fdande
chines, such as linear accelerators (linacs), cyclotrons, synchsptorage rings, and
transfer lines, the demands on a beam diagnostic system{tanfothm one to another.

Taking into account additionally the broad spectrum of particles such asais,
protons and heavy ions, and the more demanding trends on the beamddikiihigher
beam currents, smaller beam emittances and tighter tolerances on the lvearatpes, it
became essential in recent years the development of multiple and versatderereant
techniques as well as specific machine designed diagnostics devices.

Hence there is a large variety of beam parameters to be measured in kraoce
and furthermore all relevant parameters should be controllable for @ p@dormance
and stability of the beam. In the following it is given an overview of the main beam
parameters used for the characterization of the particle beams in an atmdlet—14].

2.2.1 Beam intensity

One of the first questions in the operation of a new accelerator is how naatigigs are
in the machine, or equivalently the flux of particles, thus for a chargditlegarbeam it is
defined the bearourrent intensity ) usually given in Ampere units, as the flow of a total
beam charg® per unit of timet

Q (2.1)
t
with the total beam charge beif@ = geN, whereN is the nhumber of particle =
1.602x 1071°C is the electron charge, ands the charge state of the accelerated particle,
which is an integer to represent a more general ion particle with some pasitiegative
charge multiple of the electron charge. With knowledge of the beam cunmemisity,
or just the beam current, it is possible to determine the beam lifetime as the adlecay
its current intensity, and the coasting beam phenomenon of debunched gagticles
forming a continuous current in storage rings, as well as tranfferemcies in linacs and
transfer lines.

current A macro pulse - macro pulse period .
<rf_period
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Figure 2.1: Typical beam time structure representation of an RF pulsetéestor.

Depending on the time structure of the beam in the accelerator three main fypes o
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beam currents can be defined, as it is depicted in[Eig. 2.1 for a gemseabt a pulsed
beam linac,

o Bunch Current Iy is the current within a bunch, sometime called micro-pulse cur-
rent, so it is given by the charge per bur@hover the bunch time lengthty, as

i)

Iy =
b Aty

(2.2)
The bunches can be separated at least by the RF period, as the wivdreeRF
frequency. In most of the cases this is given in number of particles agehmer
bunch, instead of Amperes units.

o Macro-pulse Current, or just pulse current, is the current average over the dura-
tion of the beam pulsat, which corresponds to the beam delivery time in a pulsed
machine. Since the pulse is composed of a train of many bunches separéted b
RF periodTgg, its current can be related to the bunch current through[Eq. (2.3)
assuming ideal conditions of constant bunch charge and length for ddutiehes
within the macro-pulse; or using E@. (R.4) for a more general case otoonstant
bunch currentp(t)

Aty
lp=1lp- — 2.3
P b TRF ( )
Ip = —1 AtpI d 2.4
_ 1) dt .
p ftp o b() ( )

where the pulse duration can be expressed in function of the numbenohés

Ny asAt, = nyTrr, and the ideal case in Eq._(R.3) can be easily recovered from
Eq. (2.3) provided that the bunch curréptis constant, and non-zero, only for the
bunches time lengthyAty,.

o Average Current |, is the beam current averaged over several beam pulses or a
given long time intervalty,. In pulsed machines the beam pulse shots are gen-
erated with a repetition frequency corresponding to the inverse of the pels
riod Ty, thus the average current can be likewise related the pulse curreagthro
Eq. (2.5) assuming ideal square current pulses of constant mals®qurent; or
using Eq.[(2B) for a more general case of non-constant pulsentiy(e

Atp
1 Atay
= — I (1) dt 2.6
o LG (26)

where the average time interval can be expressed in function of the noihdse
periodsN, asAtay = NpTp, and the ideal case in E.(R.5) can be easily recovered
from Eq. [2.6) provided that the pulse currépis constant, and non-zero, only for
the pulses time lengtNpAtp.
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These three beam current levels are affedent for a pulsed beam like in pulsed
linacs or pulsed cyclotrons. These can be used as injectors of symetwaypically long
pulse lengths are produced around 1800 perform the injection of the pulse bunches
in the synchrotron in several beam turns (multi-turn injection), needindeshymulses for
single-turn injection in the order of 16s. Pulse lengths in the nanosecond or even down
to picosecond scale can also be produced in some accelerator facilitiesowitined
machine structures. In continuous wave accelerators, such as cygslosed in atomic
or nuclear physics applications, likewise the pulsed accelerators thelzsabunched
time structure due to the resonant acceleration, but in contrast the lsusaehdelivered
continuously over a long period of time. In that case the macro- or pulsentuy and
the average curremy, both match up.

For accelerators producing unbunched and continuous beam a D&clevel is
produced and only,, measurement will make sense. Examples of these accelerators,
which were historically the first types of accelerating structures, ar&/dhede-Grag’
andCockcroft-Waltorgenerators using electrostatic acceleration with a constant high volt-
age instead of the RF acceleration power; and the Betatron that accekdeatieons in a
toroidal geometry with acceleration achieved by magnetic flux increase.
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Figure 2.2: lllustration of the beam position between monitor electrodes irikeical
plane which is obtained as thdi@irence signal between opposite pick-up electrodg$. (

2.2.2 Beam position

The next fundamental property of the beam to be determined in an acoelemuld be
the beam position in the transversal plane perpendicular to the beangatiopedirection
like shown in the Fid.2]2. More specifically the beam position refers to theicehgrav-
ity within the transverse density distribution of the beam particles, or beatrogknT his
can be determined only with a two-dimensional reference system, kégizontal) and
y (vertical) the two coordinates contained in the transverse plane. Theedalésigned
specifically to measure the beam position as the beam centroid are calledP®séion
Monitors (BPM) which are also commonly known as Pick-Ups (PU). Therbgasition
measurements are usually made by BPMs placed regularly along the machaudirex
their main task in the operation of any machine which is the determination of the beam
orbit, in circular machines, and the beam trajectory, in the linear ones. Iy feadback
systems to correct the beam orbit or to control other beam parametersnizfigure-
ments are necessary. More indirectly, they also give access to determide aumber
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of important accelerator parameters such as the deviation of the lattice persntiee
chromaticity or the tune.

2.2.3 Beam profile and beam size

A closer look into the shape and size of the beam bunches can be doneabyring the
density distribution of beam particles projected on every 3D coordinati¢,i@shown
in Fig.[2.3, so each projection will define theam profilefor the two transversalx( y)
axes and the longitudinal coordinates with regard to the beam propaggtiaxiq. The
beam spot size is directly observed in the transverse beam profile reeesis defining
the beam size in both transverse coordinates, as well as the beam bogithvidich is
determined from the longitudinal profile measurements. In acceleratoicghitss usual
to distinguish between longitudinal and transverse planes havifegeht description of
the beam dynamics, so the determination of the longitudinal and transversepoefiles
will also require diferent measuring techniques [15, 16].

Figure 2.3: Representation of a beam bunch in the three spatial dimensions.

The transverse beam profile, and so the beam size, change along thieamaainly
due to the action of the quadrupole magnets that focus and defocus thedysat from
other magnets in the the accelerator lattice like bending dipoles and correctigmotes
which, in general, can alsdfact the beam size. This gives rise to the need for many
profile measurement stations, and depending on the type of beam padigies)t and
energy, a very large variety of transverse profile monitors exist. Treebdghm spot size
can be controlled through the beam profile measurements which are fumiddifoe the
transverse matching betweertdrent parts of an accelerating facility as well as for the
determination of such an important parameter agrtiesverse emittances, andey.

The beam size measured at some accelerator locaimmainly determined by the
settings of the focusing magnets and the transverse beam emittances, yaadethe-
lated through the betatron functig(s), as the envelope of the beam particles oscillations
around the design trajectory, and the disper&dg) function, taking into account for the
off-momentum beam particles motion, as
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Txy(S) = \/Ex,yﬁx,y(s) + (Dx,y(s)o'e)z- (2.7)

In a synchrotron, the emittance in both coordinate plamxeg) (can be determined
from the profile measurements at some given locasiaccording to Eq[{2]7), wherey,
represent the beam size for their respective coordinate ptanthe momentum spread,
and provided that thg(s)xy and Dyy(s) functions at locatiors are a priori known or
can be measured separately. Normally, the profile monitors are locatedpatsilis-
free sections, avoiding the dispersion term contribution to the emitignae the beam
size can be obtained simply from tBdunction. In a transfer line or linac at least three
independent profile measurements are taken to solve for the transpetsmee. Then,
two common schemes are used to determine the transverse emittances, eitleanthe b
size is measured at threef@rent locations with dierent profile monitors for the same
beam optics settings, or with only one profile monitor producing indepermrh size
measurements by changing the beam optics settings through the strengéhasfroare
quadrupoles [14]. Besides the profile monitors, more direct measurenfangmsverse
emittance are also made with the slit-grid method sweeping in the phase spatiaatesr
[12].

In Fig.[2.2 is shown the image from an OTR (Optical Transition Radiation) monitor
of a beam spot and the beam size measurement obtained after fitting gausdath
coordinates to the beam profile. This OTR belongs to a multi-OTR system odévices
installed in the extraction line of the ATF2 (Accelerator Test Facility) at KEKdpah,
which is able to perform bunch-by-bunch beam spot captures alloisog@obtain fast
emittance measurements { min) [17,18]. In addition, the beam position centroid can be
also obtained from the transverse profile measurements just identifyingdheibtensity
peak value as can be seen in Eig] 2.4. More specific examples like the $thehno blow-
up of individual bunches under collision in a particle collider, and bealm diagnostics
rely mainly on measurements of the transverse beam profile.

The measurements of the longitudinal beam profile in z-axis can be pedaame
bunch level being able to determine the bunch center of gravity giving ehbphase
position relative to the accelerating RF sine-wave, the RMS bunch lengihalao the
bunch head, tail and core distributions. The beam time structure of théadsican also
be inspected and depending on the time resolution of the profile measuresmgrdared
to the bunch length (usually measured in time units) a more or less detailed image of th
bunch shape could be recorded. The observation and control ofripiudinal behavior
at injection and during acceleration is basic for the correct performaiitee machine,
but also allows beam manipulations like interleaving, combining or splitting bsnche
As well as for the transverse planes, the longitudinal bunch shapeecéakén from
capacitive, strip-line or wall current pick-ups of the same or shortgtletian the bunch,
and then used to get thengitudinal emittance; of the beam by several methods.

Other devices for observing the bunch longitudinal shape are used,specifically
for protonheavy-ions accelerators the secondary emission of electrons by arejtet
wire, and a streak camera capturing the synchrotron radiation genénatetdending
magnet. In Fig.Z]5 an image capture of several bunches from an sere@kaat the Duke
storage ring [19]. Moreover, to obtain the longitudinal phase spaceestligsmomentum
spread can also be determined by means of Time-Of-Flight (TOF) measussetween
pick-ups [11,12].
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Figure 2.4: Image of the transverse beam profile and beam spot sizarereast, where
the beam centroid is also identified, from one of the four OTR monitors congpasin
multi-OTR system installed in the extraction line of ATF2 at KEK.

2.2.4 Other relevant beam parameters: tune, chromaticity ad luminosity

In synchrotron machines the trajectory of the beam as a result of the a¢tiba guid-
ing and focusing elements describes periodic oscillation displacementslaieideal
circular design orbit, or central orbit, in both transverse directions. ntimber of these
so-calledbetatron oscillationsnade by the beam in one accelerator ring turn isttime
paramete. The tune is usually defined §= Au/2r in terms of the phase advance of
the betatron oscillation. Then the tune can be split in an integeiaaind a fractional
partqgasQ = Qn + gwhere O< q < 1. The tune requires precise control in order to avoid
resonances driving self-amplified instabilities that eventually after severes will lead

to an increase in beam size, chaotic particle motion, and therefore, partissloMost
measurement methods can only determine fractionalgpand the total integer number
of oscillationsQ, can not be seen, but this is normally of no interest as it is already known
from calculations.

Moreover, the focusing properties of a quadrupole are depenéémt particle mo-
mentum, resulting in a change of the tune parameter fteréint momenta in synchrotron
machines. This is described by thkRromaticitydefined as the proportional factor be-
tween the relative spread of tune with respect the relative spread of mamene.

& = (AQ/Q)/(Ap/p). In the case of linear accelerators the chromaticity parameter can
not be related to the tune since it has no meaning for a linear machine, but éxdss

for describing the fiect of quadrupoles focusing errors due to beam particles momentum
spread.

In contrast to other beam parameters, such as beam positions or trgjbeton cur-
rent, and beam profiles; tune and chromaticity are the first non-triveahbgarameters
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Figure 2.5: Image of the longitudinal profile of a train of beam bunchedandh length
measurement with a Streak Camera at Duke storage ring. The horizorstacakng
is 10 us for the bunch repetition and the vertical axis is 800 ps full scale for thetbu
structure, the bunch length is 60 ps (FWHM).

that can not be derived from a direct measurements on the beam [&8].tiipically rely

on a coherent beam excitation, followed by measurement of the drivelitaten, and
some post-processing. For example, in Eigl 2.6 it is illustrated the kick methddrfe
measurements. This method is based on the action of a kicker magnet whidé is ab
generate a fast perturbation on the beam, or kick, at a given lattice loda#idimg to

the excitation of coherent betatron oscillations. The kick has to be shoatertlle rev-
olution frequency and with moderated strength to prevent the complete beamTloen

the beam position is monitored with a pick-up turn by turn and it is stored ascéidan

of time. Usually, to get a good resolution the pick-up is placed at a lattice pdiatev
the betatron amplitude is large. Once the excited displacement oscillationgjaeda
Fourier transformation is applied to them to yield the fractional part of thequarel the
tune spreadQ which correspond to the excited harmonic line and its width, respectively,
of the Fourier spectrum plot in Fif. 2.6. The tune measurements are usetetmihe

the chromaticity parameter in circular machines, but alstedint momentum spreads
has to be observed shifting the RF frequency in the acceleration cavititisato The
proportional chromaticity factor can then be obtained representing thespmead versus
the momentum spread by a linear fit, which is only valid for small relative momentum
deviations.

Depending on the type of accelerator and its diagnostics needs, thereswilaby
other relevant parameters that can be measured with specific instrumeotat@nbina-
tion of usual monitors. For instance, it is also important to detechézen lossesxperi-
enced along the accelerator for what beam loss monitors are employeyémpdamage
to the accelerator, and to the other facility components, as well as for the ogttiioniz
of daily accelerator operation. Moreover, in heavy-ion machines dpdiagnostics are
used to measure the particle charge states and mass numbers.

Finally, it is mentioned here theuminosity Lwhich is one of the key parameters for
particle colliders. This parameter quantifies the collider performance reldiengross
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Figure 2.6: Example of tune measurement method by recording beam oscsllatiena
kick excitation in the time domain for 200 turns (right-top) and its Fourier transition
for g determination (right-bottom).

sectiono (a property of the particle reaction itself) with the rate of collision events, lwhic
is the primary concern for experiments, beiNg= Lo. While an absolute on-line lu-
minosity determination is sometimedfittult to provide, the determination of a relative
luminosity or simply a count rate which is proportional to it, is a very important fimol
the optimization of the collision (angle and position) of both beams via beam gjeerin
Then the luminosity tends to be maximized to achieve the best collider perforpfance
that, besides colliding beanffeets and crossing angles, the beams current should be as
high as possible, and the transverse beam size in the IP as small as psissibléhe
luminosity scales ak o« N2/oyoy [21].

Another parameter of interest would be the beam energy, but mainly éos,usnd
a description of the several methods to measure it based on spectronteimoatty on
particle detectors techniques can be found on [22]. In a lepton collideexiimple, it
defines the reaction energy which is available in order to produce newlesy while
in synchrotron light sources (third-generation as well as free-eletasmrs (FELS) it
defines the spectral characteristics of the emitted radiation.

Generally, depending on the operational mode of an accelerator thstelierent
requirements for beam diagnostics. Sometimes they cannot be fulfilled withoaely
device, in consequence, two or more instruments are needed in orderdormtee same
beam parameter underfiidirent operational conditions because the dynamical range of
a single device may not be fiicient. Nevertheless, as showed in this section, one kind
of diagnostic device could also serve to measure several beam prepartiab[Z.]L are
summarized the most important beam properties and the common diagnosties dedc
methods addressed to measure them [11, 23].
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| Beam quantity | Use || LINAC, Transfer line | Synchrotron |
Currentl general || transformer (dc, pulsed) transformer (dc)
Faraday cup
special || particle detector normalized pick-up signal
(scintillator, IC, SEM)
Position §,y) general|| pick-up pick-up
special || profile monitor (centroid) cavity excitation €)
Profile, beam size | general|| SEM-grid, wire scanner residual gas monitor
Oxy viewing screen, OTR screen synch. radiationd™)
wire scanner
special || grid with amplifier (MWPC)
Trans. emittance general|| slit grid, quadrupole scan | residual gas monitor
Exy wire scanner
special || pepper pot transverse Schottky pick-uf
wire scanner
Momentum, —spread general|| pick-ups (TOF) pick-up
p, oc magn. spectrometer
special Schottky noise pick-up
Bunch lengthr, general|| pick-up residual gas monitor
(I, At or Ay) wall current monitor
special || particle detector streak camerag()
secondary electrons
Long. emittance general|| magn. spectrometer pick-ups+ tomography
& buncher scan
special || TOF application
Tune, Chromaticity | general|| — exciter+ pick-up (BTF)
Q. ¢ special || — transverse Schottky pick-uf
Beam losses general particle detector
PolarizationP general particle detector
special Compton scattering with laser
Luminosity L general particle detector

Table 2.1: Beam parameters and most commonly used beam diagnostics device

2.3 Beam diagnostics requirements for dferent machines and
operation modes

One can roughly distinguish between twdtdient modes of operation and summarize
their impact on beam instrumentation [14]:

A. diagnostics for accelerator (section) commissioning:

— applied in order to adjust the beam transport throudgfedint accelerator sec-
tions,

— required for the characterization of the beam behind each accelezatmrs

— simple or more complex but robust devices with high sensitivity, allowing to
operate with several beam patterns (single or few bunches) of low itytens

— low or modest demands on accuracy,

— application of beam disturbing methods are possible and if necessareslevic
might be destructive for the beam, the importance is on the creation of reliable
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information about the beam behavior;

B. diagnostics for standard operation:

— applied for precise beam characterization in order to control and impghave
accelerator operation,

— required for daily check of performance and stability and for the diagrafs
unwanted errors and to trigger interlocks in case of machine malfunctions,

— devices are typically based on more or less sophisticated schemes,
— high demands on accuracy,

— application of minimum beam disturbing schemes and devices should be non-
destructive for on-line monitoring although allowing destructive but rernleva
devices with feed-throughs.

In general for measuring a particular beam property one has to clooassign the
most suitable diagnostic device, always attending to the operational neuite but also
to the type of accelerator and its particular beam features. For some lbepenties, the
main diferences in the type of instrumentation arise between linear and circulderacce
ators due to their dierent accelerating principles.

In a linear accelerator the beam passes only once so it has many aoogleasities
pushing the beam to higher energies as the beam travels through the madtarmam
in a linac is generated as a sequence of pulses which may vary from siaiti@and an
equilibrium state can not be settled like the beam orbit in circular machinedinicabe-
cause beam emittance and energy are both function of the location in theratare and
also the beam charge can be lost everywhere in the machine, many daé@aesjuired
for proper beam transport.

In contrast to a linac, the beam particles in a circular accelerator or ytnzh per-
form many passages around it so only a relatively small number of aatie@ecavities
are needed. A synchrotron is a continuous wave (cw) system, in the thextshe signals
from the beam are repetitive and stable for many turns. It is also possé#tléhthbeam
reaches a kind of equilibrium state as well as the beam generated sigrafeeaback
orbit corrections can also be performed. Therefore high precisinrbeaachieved by
averaging, and the signals are typically treated in the frequency domain. Bceitad
beam current are non- or slowly varying parameters.

Furthermore, jointly with accelerator type it has to be considered the spddieam
particles in the choice or development of the diagnostic devices. Electeonsbleave a
quite diferent behavior as compared to protons or heavy ions. A simple example is the
fact that electrons become relativisti# 1) very soon, just after the first linac accelerat-
ing modules; while for much heavier particles like protons, several hdndegers long
linacs or even a synchrotron is needed to reach significant relativisiditmns having
usually non-relativistic energieg k< 1).

Since most of the beam instrumentation like pick-ups rely on measurement&dfithe
fields produced by the charged particles of the beam, an important cmmszgjis that the
beam EM fields behavior depends on the velocity of beam particles. énofaslativistic
beams, wherg is close to one, the electric and magnetic fields of the beam are both
purely transversal to the direction of propagation what is equivalenttority EM signal
transmission in a coaxial waveguide and all the measurement techniquksaviédge
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on this issue can be directly applied to the device design and signal treatmdrd.rion-
relativistic case, for a loyg beam its EM fields can not be approximated as being pure
transversal field components, and axial or longitudinal componentaapumlifying the
usual device signals measurements of the relativistic case, and dealingegihsiignals

is, in general, more complicated. In particular, for pick-ups the signaitgpa and time
signal shape are dependent on the beam position, and signal nartiseand cross
couplings between coordinate planes become more significant.

Another diference between the type of beam particles arise concerning the emission
of synchrotron radiation. In circular colliders these radiated fields ane@ted due to
the beam trajectory bending and represent a loss of beam energg dagh of electron
beams this ect comes out at lower energies compared to proton beams.

2.4 Underlying physical processes

The instrumentation device concepts applied to particle beam diagnostics peiglity
on the following physical processes [11, 14]:

o Electromagnetic fields The beam moving charges generate electromagnetic fields,
as described by classical electro-dynamics and special relativity, dhdbes used
in two ways for beam diagnostics purposes. One is the influence of thedkM fi
bounded to the beam particles on its surroundings. This EM field gendratbe
beam and traveling with it, normally, is coupled to the metallic walls of the vacuum
pipe inducing so voltages and currents that carry information of the beapeip
ties. These electrical quantities can then be measured by a monitor on a lova or hig
frequency scale. Examples of such monitors are the beam currerfbtraess and
pick-ups. The other one is the EM field radiated by accelerated chdsgesadied
synchrotron radiation which propagates away from the beam particlesidted
photons. In this case the beam information is encoded in the photon beam inten
sity and spectral components, and the measurement techniques arerbapédal
methods and photon detectors covering the visible range up to the X-riaynseg
This radiation is produced significantly in circular accelerators at relativigam
energies, so this type of diagnostics will be mainly used in electron synchsotr
like the synchrotron radiation monitors for beam profile and time measurements.

o Coulomb interaction of charged particles penetrating matter Charged particles
lose energy as going through matter transferring it to the medium, either dioectly
indirectly, via the ionization or excitation processes of the constituent atens, a
described by atomic and solid state physics. The outcome of these enleagere
to the medium, in case of direct ionization, are currents of charged iohsatrans
which can be measured, for example, in gas ionization chambers, silicoclgar
detectors, residual gas monitors and secondary electron emission (3Hs1) In
case of atoms excitation and deexcitation processes, photons are emity usu
in the visible and near infrared range and can be measured by photodeed
optical methods, for example, in scintillators, viewing screens and OTR msnitor

o Nuclear or elementary particle physics interactions Nuclear or elementary
particle physics interactions can arise between beam particles and a figed ta
or between two counter-propagating colliding beams, with beam energiee ab
Coulomb barrier. The signal of interest is a flux offdrent particles coming out
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the interacting particles which can be measured with particle detectors teelniqu
From the beam diagnostics perspective the goal is mainly to obtain beamméaifor
tion as the luminosity with knowledge of the relevant cross sections, in coidras

more complex particle detectors intended to investigate the particle species of the

matter constituents and its fundamentals interaction forces in high energggqhys

o Interactions of particles with photon beams For the interaction of particles with
photons a high power laser beam is usually scanned across the pawitig@imile.

For electron beams the Compton scattering is the dominant interaction and monitors

based on it are laser scanners or Compton polarimeters which can gedaime b
profile by measuring the electron scattered photons with their associates adic
detectors. For heavier particle beams like hadrbhisions or protons the Compton
scattering is strongly suppressed and other methods are used. Asygrierathis

case, foH™ beamsitis produced a laser photo-neutralization mechanism where the

incident laser photons can knocK electrons fromH ™ ions and then the liberated
electrons are collected to provide a direct measurement of the beam.profile

2.5 Electronic readout chain

Once the diagnostic device senses the desired beam quantity, it predumgput usually
in form of electrical signals, or if device output is not electrical (e.g. @bptimitput) at

some point it will be converted to electrical, so that can be transmitted andgs®d by
electronic means. For that the electronic readout chain is essentiayfbeam diagnostic
system and it comprises several stages, from the specific monitor anaimgt op to

the servers where the acquired digital data is stored being then availabsplaydhe

information in the control room monitors or to use it in a feedback control wfapther

accelerator elements [24].

acc. tunnel local electronics room control room
— digital electronics ==
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Figure 2.7: Schematics of typical beam diagnostics readout chain (lparsitaon pick-
up). The beam signal is modified by analogue electronics and digitized irabhdtmsc-
tronics room. On the accelerator control room the measurement paraareteisplayed
and also the measurement settings can be modified.

In Fig.[2.7 is shown the electronic readout scheme normally implemented fanoelec
magnetic beam position monitors, although it could be applied to many types of msonito



Chapter 2: Beam Diagnostics in Particle Accelerators 26

as a generic and common scheme. Here it will be used only for descriptipogas, but
always bearing in mind that some diagnostic devices can have signifi¢gearedces in
the readout chain elements like, for instance, the OTR monitors where tloe dexput
is directly a digital image of the beam profile obtained by a CCD camera detecéng th
light coming out from the beam when passing through a thin target foil.

In this general scheme the yield of information from the diagnostic devicewsllo
three successive steps from the measurement up to the display of thiyoofinterest
which are described next and can be summarized as:

— the Analog Front-End (AFE) electronics with its particular analog signalgssing
scheme,

— the Analog-to-Digital Conversion (ADC) or digitalization,

— the storage of the acquired data and display in the control room.

Furthermore, besides the technical demands there is always the casetéddtronics
which becomes a strong design criterion with regard to the amount of monittaieds
in the accelerator looking for the best trad@&{metween cost and performance.

Analog front-end and analog processing schemes

There is first the interaction of the beam with the detector based on anjcetpree-
nomenon described before generates a measurable signal. This egitalithsis to be
amplified and shaped, usually by applying several frequency filtedshare the dferent
signals from the monitors can also be mixed using only analog electronics.nb®&
processing is also important at this step which in most cases this is done cltise to
beam pipe. The analog front-end electronics is mostly designed ad-kdo the special
requirements of the beam monitor where iffidult to find standard electronics. More-
over, all the electronics used in the accelerator area should be prdiectetthe radiation
generated close to the beam pipe and must have some radiation hardalégstion.

The choice of the analog bandwidth is a fundamental issue since it deterthenes
time steps for meaningful data presentation and this has to be matched to geefore
measurements and applications. For instance, the BPM systems coversrangdef
operational bandwidths depending on the detail level of the beam time s&ticat wants
to be observed. The highest bandwidth is required whether the strudtire individual
bunches has to be observed; for this case the upper limit of the bandwilth he above
the acceleration or bunching frequency by typically a factor 10. Fonatpy-bunch ob-
servation the signal from individual bunches has to be distinguishable¢heebandwidth
has to be at least comparable to the bunching frequency. For such a eamtiebunch
delivers a position value and they are used to monitor the dynamic behaviog ée-
celeration or to determine lattice parameters. For the turn-by-turn mode @atlareyron,
the position information of a dedicated bunch on each turn is stored and ladtiamp
eters like the tune are calculated. The required analog bandwidth is ctoseparate
one dedicated bunch from the successive bunches. A much lowewiskinds required
for monitoring slow beam variations with high resolution, like the closed orbitimigh
synchrotron, where the averaged behavior during thousands sfitudetermined. In the
case of linacs the beam use to be pulsed being the pulse repetition frequidew Hz
but every pulse can be made out of a train of bunches with bunchingenetes reach-
ing several GHz in some cases. Here one has to chose to measure déyrllsdath a
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bandwidth wide enough to capture the beam pulse shape with negligiblerdeimn, or

to observe the bunch train structure for which is required a broademwbdit including
much higher frequency components, that sometimes can not be achietbd &everal
GHz range. Furthermore, the analog processing bandwidth significafitigrices the
position resolution, jointly with the digital acquisition bandwidth, directly related & th
sampling rate and quantization step of the analog signal at the ADC which hastell
adapted to the analog bandwidth not limiting the desired resolution.

The more specific analog signal processing schemes, that are implemeateain
global readout scheme like the one in Kig] 2.7, can be divided in two c&sgoamely
the broad-band and narrow-band processing. Belonging to them th@oposar schemes
are mentioned here but a complete description and comparison of the amilog pro-
cessing schemes can be found on [12, 15, 25-27]. In the broatlelar, the behavior of
individual bunches can be monitored. Here is mentioned two commonly useessing
methods that belong to this category: one is based on linear amplifiers whichmergle
the diference-over-sum method by mixing the monitor output signals; the other one is
implemented with logarithmic-ratio amplifiers which leads to an improved linear posi-
tion readings and a large input dynamic range without switching gains, ¢k (& the
sum signal proportional to the beam current and the bandwidth is rédacénhe lower
frequencies as compared to linear amplifiers.

For the narrow-band processing, the individual bunch properteoat because of
the specific selection of a narrow bandwidth for the output signals, butinitean be
performed a significant noise reduction, which usually is spread outrder frequency
range, as well as resolution enhancement by the selection of the buficdlgogncy har-
monic where the signal amplitude is higher. This processing scheme is batdeslmin-
ciple of heterodyne signal mixing which is widely used in telecommunication equizme
like spectrum analyzers and AM radio. Here the beam signal is treatedvasefiorm
where the position information is encoded in the modulation of the amplitude of &me be
bunches with carrier being the bunching frequency so this demodulatiemscis needed
to extract the amplitude envelope representing the position averaged awboreches.

Another scheme used which also belongs to this category is the Amplitudeas®Ph
(AM/PM) conversion. Here for a selected frequency it is generated & [shéfs propor-
tional to the amplitude ratio of opposite electrodes outputs of the monitor, and éise ph
shift is then encoded into logical pulse widths (duty factors) so that the ditigiz of log-
ical pulses is straightforward and more cofiteeent compared to digitization of voltages.
Such analog electronics can be placed close to the monitor and the resulioag padses
are less sensitive to any electromagnetic interference so they can buittadwia long
cables out of the accelerator tunnel. The disadvantage is the relativelyl@oanalog
electronics dedicated to only one frequency and the fact that a beaemtproportional
signal is not available.

Digitalization

The amplified signal is then transferred out of the accelerator area tabdi@ctron-
ics room. The distance between these two locations can be around huneired so
base-band transmission would be enough with cables of low attenuationget poise
immunization and shielding. Further shaping can proceed here and thé migha be
combined with other parameters as given by the accelerator settings. Taigigndnost
cases with analogue electronics. The modified signal is then digitized by alogto-
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Digital Converter (ADC) which use to be embedded in a digitizer card with atleenents
as a memory hitier for storing temporarily the acquired data, digital and anglogriter-
faces for controlling the analog front-end electronics and passing i¢leeled parameters
respectively, as well as a CPU for the management of the digitizer arafpeniice of the
data transmission protocol link with the control room servers.

The options for implementing the digitizer are diverse and it can be done asing-
ple oscilloscope, a commercial instrumentation mainframe crates like CAMAC, ,VME
PXI or CompactPClI, or a custom developed digitizer, depending on thedeaator di-
agnostics requirements. For the data transmission to control room skmgmnedium
distance buses use to be implemented. For instance, Ethernet protocbAdVés the
most widely used since it is easily integrated in the accelerator system argtéteEor
that other field buses could also be used like like CAN or PROFI-bus, temmgh they
are usually addressed for control of the analogue electronics.

It must be noted that there exist many techniques of digitalization and dat tran
mission protocols not mentioned here which are are of great importancecangies a
significant g€fort in the implementation of a complete beam diagnostics systems, but that
are not a pure diagnostics subject. A review of common digitalization methadbeca
found in [28], in general their realization is comparable to a great variebther dig-
ital electronics applications for many other systems out of the acceleraeetogment
from which the diagnostic field is profited, without forgetting that many digiedteonics
advances came out from the technology developed for nuclear anchégy physics
experiments most of them at accelerator facilities.

Storage and display

The data, or in most cases a reduced subset of the data, are passtdrad more per-
manently to the system computer servers, PCs or workstations usually lacébedop-
erators control room. These are generally the same ones responsithie tmntrol and
management of the full accelerator machine operation running the assdsnétieare and
algorithms for this purpose. In the control room monitors the visualizationne goovid-
ing to the operators only the necessary information and controls of thecdiigdevice
and readout chain. Nevertheless for accelerator commissioning wiesrialsdiagnostics
are requested raw data are shown to visualize a more detailed monitor fafitgion

In order to achieve the desired performance of the accelerator and tgamd beam
specifications, the machine control is performed from the control rooversecorrecting
essentially the parameters of the magnetic elements and accelerating cavitiemfldrich
ence the beam and drive it to the right settings. The resultifegteon the beam is then
observed with a new set of measured data, which can also serve asfitipeifeedback
control loop for automatic beam parameter correction. Depending on thedspernse
restrictions demanded for the beam correction, a real-time feedbaclolceystem is
implemented or, simply, the control room operator close the loop changing ttigimea
settings for those parameters that do not need fast and periodic cdwtrekample is the
reading of the beam positions and the correction of the orbit to its nominad ealanging
properly current intensities of the steering magnets.



Chapter 3

Fundamentals of the Inductive
Pick-Up for Beam Position
Monitoring

3.1 The Inductive Pick-Up (IPU) concept

Beam diagnostics is mostly based on the electromagnetic (EM) fields creatbaiged
particles, as introduced in the previous chapter. We distinguished bethvepear field
which is attached or bounded to the charges andidhdield or radiation field which
propagates away from the charged particles that generates them, ldtea@yon radia-
tion. Particularly, under the denomination of Beam Position Monitors (BPMitaee all
the types of diagnostics devices that can measure, as its primary putpos@nsverse
beam position inside the accelerator vacuum pipe. The beam position i$ threeb®am
properties that can be measured for a great diversity of diagnosticedebut the most
popular and widely used in the case of bunched beams arddbgomagnetic pick-ups
These pick-ups are mainly conceived to detect tfieces of the near EM field induced
by the beam, in order to get a local measurement being not-sensitive tqodpagating
fields through the conducting vacuum pipe that could interfere [29]ntxadly, the mea-
surable quantities are voltages and electric currents produced by theibeéaced EM
fields in the pick-up electrodes, that can be coupled in mafigréint ways to the beam
fields to yield their output signals feeding the first stage of the readoir,alrsually, an
analog amplifier.

In general the pick-up concepffers relatively simple device designs, small and
adaptable sizes (some types of pick-ups can be introduced inside pakdmagnets) and
high reliable measurements, besides its very important feature of beingiataorepting
method of beam detection which is preferred whenever possible to n@diethe beam
itself. Many specific pick-up realizations have been implemented dependitigedarget
accelerator needs, but they could be grouped into the following typesdiag to the way
of coupling to the beam fieldslectrostatic pick-upsncluding here theapacitive pick-
up and thebutton pick-uptypes with plates as electrodes which both accumulate beam
induced charge but havingftérent electrode housing and plate geometries for each type,
as well as theshoe-box pick-uwvith the electrodes being the sections made by diagonal
cuts on its case-like geometrgtrip-line pick-upswith its electrodes designed as trans-
mission linescavity BPMswith waveguide couplers to measure the standing wave modes

29
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into its resonant cavity; and, finally, tidagnetic Pick-UpgMPU) and thelnductive
Pick-Ups(IPU), at which the BPS belongs, both based on same principle of sethging
beam magnetic field by means of transformer coils but witfedént electro-mechanical
designs. A more detailed description of the above mentioned EM pick-upsectound
on general readings on beam instrumentation like [11-13], [15] anld E&3ides the
many publications of their particular realizations for specific acceleratohimes.

Moreover, the, generally called, Beam Current Monitors (BCM) useet@lbo in-
cluded within the family of the electromagnetic pick-up devices. This is becauspite
of being designed mainly to measure the beam current intensity instead afahepn-
sition, most of them may have similar design concepts since they are alsodreadtM
sensing principles like the pick-ups, by either measuring directly the EM figddsrated
by the beam or through theall image currentvhich is induced by the beam fields on the
vacuum pipe conducting walls, as it will be described in the next section.

Some aspects of the BCM devices are next highlighted due their similaritie®and ¢
mon design features as compared to the IPU devices. These are essehtiadltypes:
the Beam Current Transformers (BCT), and the Wall Current Mon{t&M) which in
addition to beam current is also able to measure the beam position. Thedferstay have
many diferent designs but basically all are based on the same principle that isomgng
or various transformers surrounding the vacuum pipe, with the beang astitne primary
winding, to measure the magnetic flux generated by the beam current itself ighin
general, proportional to the beam current AC components. A particalaceldesign is
the DC Current Transformer (DCCT) which is also able to measure the D @eents
of the beam current. A key feature in the design of these devices is thmicenr plastic
insulator gap that would break the natural flow path of the wall curretit®@macuum pipe
inner surface. This is done, in the case of BCT designs, to let flow onliggben current
inside the transformer, being able to measure it, and bypassing the walhtaverhead
the transformer through some metallic housing what will prevent the bearentdields
to be canceled out by the wall current flowing inside the transformer. ©ottrer hand,
the WCM monitors type are based on sensing the beam-induced wall cunegit is
also proportional to the beam current. In this case an insulator gap is atsteit in the
vacuum pipe so the wall current is forced to follow a path through the monadrsur-
rounding the vacuum pipe gap, where several resistors are plapddntg around it and
connected in parallel, being able to measure the voltage drop across themisvhist
the parallel equivalent resistance multiplied by the wall current.

The IPU is able to measure the beam position and the beam current simugtigneou
for a pulsed beam modulation, as well as some WCM devices which can aési the
beam position because the monitor wall around the insulator gap has @sddinto
several independent strip electrodes. Particularly, these WCMs tsinélar design and
function principles to the IPU, both sensing the wall current directly on themitor wall
electrodes around the vacuum pipe insulator gap.

The main dfference arise in the way the output voltage signals are picked up from the
wall current flowing through their strip electrodes. For the IPU, like a Rig¥ice would
do for the beam itself, a few toroidal transformers are coupled at thefdteelectrodes
for measuring the wall current inductively, as it is shown further on inftéconceptual
scheme in Fid._3]7, instead of using a bridge of parallel resistors as in th té€igns.

In consequence, in some cases the IPU devices are included in the W€dbrga and
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both are referred respectively bluctive WCMandResistive WCMIn fact, first design
trials of MPUs difered from any WCM design, but it evolved towards a design solution
which eventually resembled to a WCM design.

In the following sections it will be presented the fundamental principles in hwihie
IPU devices base their operation, the performance issues common tecdBlkdesign,
while in Chap[# we will focus in the particular design features of the BP&éev

3.2 Characteristics parameters for beam position measure-
ments

The definitions included here are mainly taken from [26,27] with the p@rpdmtroduc-
ing the main parameters often considered, like for the BPS-IPU monitor, irethedap-
ment and design of a beam position measuring system:

o Sensitivity is the proportional constant specific for every pick-up giving its signal
strength from the beam position or displacement. It is defined as the slope fo
the linear approximation in the two orthogonal horizontal and vertical ¢oatel
planes, being more accurate for small displacements around the pipe tenser
to be expressed in units of mM(since typical beam pipe diameters are of few cm)
and the signal strength is given as a dimensionless ratio of the pick-up reéasu
signals. Also the fisets of the both coordinate linear relations are determined in
order to get the absolute beam position, although sometimes are not needid if
relative beam displacements are wanted.

o Accuracy is the ability to determine the position of the beam relative to the de-
vice being used for measuring the beam position. This is limited by some com-
bination of pick-up nonlinear response to displaced beams, mechanicaheliq
errors, mechanical tolerances in the beam detection device, calibratas ar
the electronics, attenuation and reflections in the cables connecting thepptok-
the electronics, electromagnetic interference, and circuit noise. Signadgsing
introduces additional inaccuracies such as the granularity of the Analdigital
Converters (ADC) given by its number of resolution bits determining thetipaan
tion step through the Least-Significant-Bit (LSB). All thesteets are reflected in
the position measurement errors usually having a random gaussian diistribu

o Resolution differs from accuracy in that it refers to the ability to measure small
displacements of the beam, as opposed to its absolute position (sée Fig.n3.1). |
consequence, it will represent the minimum displacement or beam positien va
ation the pick-up could detect. Typically, the resolution of a system, spdkifica
in a pick-up, is much better (lower) than the accuracy, being the accasatyw
as the resolution for the best performance case which will be eventually limited
by the noise background present in whole system, the pick-up and theutesand
acquisition electronics.

o Bandwidth. Some types of bandwidth are usually defined: the frequency response
of the monitor and the analog front-end electronics have to be matched tethe fr
guency spectrum delivered by the bunched beam time structure, de$imitie
analog bandwidth between the lower and upper fEdtequencies. For noise re-
duction, the bandwidth can be limited by analog filters. The acquisition bandwidth
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refers to the frequency range over which the beam position is recartedhould
be matched to the analog bandwidth. For monitoring fast changes of beamegsa
ters (like beam jitter), or within short beam delivery times, a much largeniiattiol

is required, resulting in a lower position resolution. The bandwidth candteated
to achieve a high resolution in case of slow varying beam parameters, likaés d
in the analog narrowband processing. Finally, real-time bandwidth is theatata
of producing an analog or digital position signal with predictable latency tesbd
as the readout in a closed-loop or feedback beam control.

o Dynamic rangerefers to the range of beam current levels over which the diagnostic
system must respond. Often large dynamic range response is achiegainb
switching at dfferent levels. Alternatively, special signal processing methods can
provide a large dynamic range response and eliminate the need for gaihisgitc
Also it is defined the input dynamic range of an ADC that should be matched to th
output signal level of the analog front-end feeding it.

o Signal-to-Noise Ratio (SNR)refers to the power ratio of wanted signal to un-

wanted noise. An unavoidable contribution is given by thermal noise erualing

of the first stage amplifier reduces this thermal noise. Other noise s@locesthe
system come from electro-magnetic or RF interferences (EMI) from analé-
vices, ground-loops in our system (behaving like an antenna) carimdastsignif-
icantly to be more sensitive to the unwanted signals. Careful shielding anddy

ing is required to suppress these disturbances. The SNR will place limits on the
ultimate resolution of the system.

3.3 Beam-induced electromagnetic fields and wall image cur-
rent

A static point-like chargej in free space generates an electric figlavith typical radial
distribution of field lines given by Coulomb’s Law. Nevertheless, the elefitrid of this
charge inside the beam vacuum chamber has to fulfill the boundary cersditié; = 0
imposed at the wall of the conducting beam pipe for the field components ptoatldn
Fig.[3:2 [32] are shown the resulting field lines #Brcoupled to a long conducting pipe
with circular cross section of radiuws where the field has only transversal components
E., due to the boundary conditions at the pipe metallic surface with the field linésgend
perpendicularly to the pipe wall. In consequence, a surface chamgityles induced on
the pipe wall depending only on the field transversal components as

O-\CI]\I = _EOEJ_’ (31)
with the induced charge distribution per unit length along the longitudinal tibres
being

Aq(s) = daw/ds = 2raoy. (3.2)

This line-charge density, also depicted in ig] 3.2, is obtained after integthtrsurface
charge density-, over the azimuthal direction, following the notation of theuperindex
representing the field induced quantity on the pipe wall, and the subindéxdicating

the source chargg. Thus, the total induced charge in the beam pipe wall, as being
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Figure 3.1: lllustration of the dlierence between the resolution and the overall preci-
siorjaccuracy parameters considered for the performance characteriabaio IPU [37].

For both coordinate planes, the gray circle represents the accu@ayn(land the red
one the resolution (0.@m) of a given device. Readouts of the same beam position are
depicted as black dots.

integrated over the longitudinal direction, would be equal to the originaigehut of
opposite sigmy, = —Q.

For a charge moving longitudinally with constant velocity= Ac, besides the elec-
tric field, a magnetic field appears as a consequence of the charge mqiieseming
a current intensity. The change in the electric and magnetic fields due toahgelof
charge motion from static to moving is described by the Lorentz transformaifespse-
cial relativity between two inertial reference frames as applied to the fi€kie is the
rest reference frame which is chosen to be always at rest with tebpetharged particle
g with its origin seated at the position gfand moving along with it. The other one is the
laboratory reference frame that will observe a change in the fields duetton ofg with
respect to it, but for the static case seeing the same fields as in the rest Traeme the
fields, separated in the parallel and perpendicular components to théatiretcharge
motion given by, are transformed from the rest frant&, {') denoted with prime to the
lab frame €, t) according to the Lorentz transformation as follows

E) = E; Hj=H;
(3.3)
E, = y(ﬁi —Vx I—T’) H, = y(l—T’l + 3V X E").
where the Lorentz factoy = 1/+/1 — 82 depends on the charge velocity. It must be re-
marked that the Lorentz transformation of the fields holds for any arbifields and it is
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J I\ 8
I

Figure 3.2: Electric field of a stafic {a) and a relativistic moving chayge 4) at 97% of
the speed of ligHt (b) in a cylindrical metallic chamber.

left implicit the dependence of the fields with the spatial positiand timet in each ref-
erence frame. For our particular case, there is only electric field in thé@aese because

q is static havingd’ = 0, nevertheless in the lab frame a purely azimuthal magnetic field
is produced due to the charged particle velocity and the electric field whiadwigime
varying. Both fields are related in the lab frame by

H = 1/?(Vx E) (3.4)

which is easily derived from Eq4. (3.3) [33].

Furthermore, from the equations can be seen that the perpendiculaoentg of the
fields grow with the Lorentz factor while the longitudinal components remain constant
so getting a more transversal fields as charge velocity increases. [B.Figre repre-
sented the electric field lines for a charge moving ai 4 corresponding to the 97% of
the speed of lightd = 0.968) as seen fom the lab frame at certain time instant. Accord-
ingly, at relativistic velocities the electric and magnetic field lines tend to be otrated
within smaller angle around the transverse direction, and subsequentlyntjiautbnal
distribution of the wall induced chargg](s) narrows with an average length given by its
RMS valueo, (not to be confused with the surface charge densjtyas

_a
yV2

decreasing proportionally to the inverseyofactor, wherea is the radius of the vacuum
beam pipe, as itis shown in top of Fig. 8.2 for the particular cage-o#t [29]. This quan-

tity indicates that eventually for this point-like charged partiglat the ultra-relativistic
velocity limit, 8 ~ 1 andy >> 1, all the induced chargg, tends to be concentrated in a
point sinceoy, — 0. At the same time, the electric field lines become purely transversal
and confined to a thin disc moving along with the partiglike is depicted in Figl_313.
This efect can also be seen as the Lorentz contraction of the space in the dimfction
motion observed in the laboratory reference frame.

OA (3.5)

The same situation described for a point-like charge can be used to tamietke
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Figure 3.3: Representation of the pure transversal electric and mageletscféir a charge
moving at ultra-relativistic velocity.

behavior of a highly relativistic beam bunch containing many charged [eeticThe
extent of the line-charge density of the induced charge for every fgavtithin a bunch,
given by oy, is reduced to much less of the bunch lengtynch >> oa. Therefore
the longitudinal distribution of the wall image charge induced by a buxth (s) will
reproduce the line-charge density of the bunch but with opposite clpaigaty being
ApuncH(S) = —AY,,(S) and provided thag ~ 1 andy >> 1 with the bunch associated
EM fields considered as purely transversal as illustrated il Eiy. 3.4.

Thus, a single bunch witN particles of charge traveling at velocitws = Ac in the
longitudinal directions along the vacuum pipe, will represent an instantaneous current of

la(t) = AY,_(s)BC (3.6)

which has a longitudinal profile given by the bunch shape line-changgitgeas it is also
plotted in Fig[(3:4).

In general, a beam is composed of a train of bunches with a given byacing
T, and either for a Continuous-Wave (CW) or a pulse modulated beamcteshe in
circular accelerators or linacs, the beam curigttj can always be expressed as a Fourier
cosine series expansion of the RF acceleration or bunching frequeney2z/T being
the fundamental frequency of the carrier signal:

Ip(t) = Tp + 2lp i Am cosrwot) (3.7)

m=1

wherely, = eN/T is the average beam current, so called DC current component, being the

total bunch charge over the bunching period. The fatgis the intensity amplitude of

themth Fourier harmonic. This factor will depend on particular bunch shapeahaing

others, can be gaussian, parabolic or even for very short bunitteebunch profile can

be approached by a Dirdc In this last limiting case all harmonics become equal to one

sinceAn, is normalized to one as the bunch lengthinchgoes to zero. Regardless of the

specific bunch shape, for the low harmonics of the fundamental bun@ieiqgency,Amn

will be close to one and with a peak amplitude about twice the DC current ampldfie
Since the EM fields accompanying a beam bunch traveling at ultra-relativédtici-
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Figure 3.4: Charges and current induced by a beam bunch in theraguipe walls.

ties become purely transversal, even though this is only exagt#ot, a bunched beam
will generate a nearly Transverse Electric-Magnetic (TEM) wave gyafiag down with

the beam at velocitg ~ 1. The beam-induced TEM waves propagate inside a vacuum
pipe of uniform cross section in a similar way as it does a signal (only thes¥ipiwp-
agating in a coaxial transmission line or a waveguide with vacuum or air adeztdie
filling, since both dielectric constants are almost equal bejng 1.00059 the relative
permittivity of air at 1 atm pressure. The ratio between the modules of the ormnhbg
electric and magnetic fields gives the characteristic impedance of free gpa@cuum)

for a TEM wave
E o 1
- — = |22 _ S 3.8
1m0 = \/ o HoC e (3.8)

which, from Eq.[[34), can be expressed in terms of the vacuum peilibhealy = 4r x
10-"Hm™* and vacuum permittivityy = 8.854x 10 12Fm*, and also related to the speed
of light in free space through its definitian= 1/ y/eguo = 2.998x 10mst, yielding a
value ofrg ~ 377Q.

The beam TEM fields, consequently, will induce a wall image current flgwimthe
vacuum pipe which is proportional to the induced charge density ancherice electric
field falling on its inner surface as related in E4s.¥B.1] 3.2, 3.6). Formloeatered in a
circular pipe of radiug with infinite length and conductivity, the wall current is uniformly
distributed on the inner surface of the pipe with the wall current densitygbein

Iw(®)
2ra
wherely(t) = —(Ip(t) — Ip) is the total wall image current integrated over the beam pipe
circumference and measured at titngvhich reflects the beam currelp(t) but with op-
posite charge and without containing its average or DC compdpe@nly a longitudinal
variation of the induced charge density along the pipe, and not a cocsiage density,

will produce a wall current including only AC components of the beamenirf29]. An
average or a constant uniform beam current induce a constamectiansity along the
pipe walls but it does not have to move jointly with the beam to satisfy the EM fields

iw(t) = (3.9)
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boundary conditions sindg, andE; = 0 are also constant through the pipe longitudinal
directions, and no net flow of charge is produced.
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Figure 3.5: Beam profile of two widely spaced bunches and the averad€ eurrent
signal baseline.

The wall current will then reproduce the time structure or waveform obtireched
beam current, so the longitudinal intensity profile of the beam could betlgiicatained
by measuring it. Although it must be considered the wall currefiedint aspects of
opposite charge sign and its lack of the average beam cug & component that rep-
resents anffiset with respect the beam current baseline, as it is shown il Elg. 3.5dor tw
widely spaced bunches.

For a pulsed beams like in linacs, the repetition frequency of the pulses ume to
low in the order of several Hz getting small duty cycles, with long pulse psr@sdcom-
pared to the pulse lengths, and hence a low beam average currentwksrdagh levels,
below the system noise, the wall current baseliffsed could be neglected, yielding a
correct measurement of the beam current amplitude. In contrast, féf beam like in
synchrotrons, the average current use to be the half of the peak aregittide bunch-
ing frequency, so the wall current measurements would have a nadigibkgoffset not
matching the beam current amplitude. In that case if the true beam curagmhtevbe
measured a DC current level measurement must be implemented. This canebgrd-
vided that the azimuthal and constant magnetic field of the beam DC compertast
only one not shielded by the metallic vacuum pipe so it exists outside the waltoaidl
be measured by for instance a DCCT current transformer.

Due to the change of sign of the wall current with respect to the bearertutwo
equivalent views can be used to describe the flow of the wall currecdnlbe seen either
as the wall current flowing in the same direction of the beam but with oppdsitge or,
alternatively, as having the same charge but flowing in the opposite diredtiba beam.

Regardless of the view chosen to describe the beam, the induced walhtsuand
EM fields associated with periodically spaced beam bunches may be aceasatethe
pick-ups excitation signal which will be treated either in the time domain or fregue
domain, and processed in many convenient ways for instance, workipgvith certain
harmonics of the full frequency range or performing some gating techsifpr time
signals.

In general, pick-ups are able to sense the position of the beam with téspgacuum
pipe because the wall currents, or equivalently the EM fields, inducdidedyeam on the
conducting pipe are position dependent and the wall current intensitgistnibuted in
function of the beam proximity to the walls. Then, the position measurement rely o
the relative amplitudes of the induced signals in the pick-up electrodes, whidly
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are distributed at uniform azimuthal steps around the vacuum pipe, in trdet the
horizontal and vertical position coordinate planes. This operation phas;iparticularly
focused on the BPS-IPU, are discussed below.

3.4 Electrode wall currents for beam position and current
measurements

As mentioned before, the wall current induced by a centered beam wrmhyfspread
over the vacuum pipe surface, but when the beam is displaced froneribercthe wall
current is redistributed according to the beam proximity increasing its magnituithe
closer pipe sections and, therefore, diminishing in the further ones. Jrake cross
section of a longitudinally uniform circular beam pipe of radais time-varying pencil
beam currenty(t) at transverse positiom,) inside the beam pipe, and running parallel
to it, will produce a wall currenk,(t) over the pipe inner circumference at radiys= a.
This wall current will not contain the DC or average beam current corapbas stated in
Eq. (3.9), and its densitiy,(t), in A/m units, can be obtained at the angular coordiggte
of the wall current element as

(s 1) = % [1 v2) (;)n cos{n(gw - 9)]] (3.10)
n=1

the wall current density is expressed in an infinite series with terms of therfarosfi0)
indicating solutions of cylindrical geometry which is often preferred whenust be in-
tegrated. Alternatively, there exists also an equivalent closed formessipn that some-
times is easier to deal with,

lw(® - ] . (3.11)

i R
w(dw. 1) 2ra | a2 + r2 — 2ar cosgpy — 6)

The derivation of Eqs[{3.10) and (3111) are based in, the solutionapméte’s equa-
tion in two dimensions with cylindrical geometry for the first [35], and, for $eeond,
applying the method of images considering that the potential at the pipe cinanoge
(without the pipe itself) is zero and then solving for théfetiential form of Gauss’s
Law [36]. Most recent derivations of these expressions of the watleat density can
be also found in [15].

Then for dual plane beam position monitoring, the beam displacement ferath
uum pipe center can be detected by dividing up the pipe circumferenddeasg four in-
dependent sections (without electrical contact) extended longitudinatyipelectrodes.
The wall current is thus running independently on the inner surfaceatf electrode and
parallel to the beam, so to eventually yield a measure of the beam proximity to ttem. T
four electrode sections are centered at azimuthal steps°td 96t the dual transverse
position coordinate planes, being the Right (R) and Left (L) electroatethé horizontal
plane and, the Up (U) and Down (D) electrodes for the vertical planeryeslectrode
section is chosen to have the same angular width up to a maximap2 eihere the four
electrode sections will cover the full pipe circumference.

Now, as illustrated in Fid. 36, for a beam at position in polar coordinat@y, the
induced wall current can be calculated by integrating the wall currevgiyen Eq. [3.1D)
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Figure 3.6: Cross section of the strip electrodes geometry used for thiatan of beam
induced wall currents.

over each of the four electrode sections of angular wigtht radiusa and angular co-
ordinateg,, covering the angleg,, = [-¢/2 + jn/2,¢/2 + jx/2] with the index for each
electrodej = 0, 1, 2, 3,4 corresponding respectively to the electrode (R, U, L, D). Then,
for the horizontal plane the resultant wall currents at the (R, L) eleetrade

0= S Feoman(®)] a2
[2()[()}
ﬂzm D] e
0= 01 S ool P o] 029

here one can realize that once it is set the wall current expressiotisefelectrodes of
the horizontal plane, the ones for the vertical plane are equivalemithut /2 rotation
performed to the electrodes plane what onffeets to the factor containing the beam
angular coordinaté since the vertical electrodes see the beam witiedint angle relative
to them.

From Eq. [[3.1ID) integrating the wall current density over the full pipeuonerence,
ow = [0, 27], it is recovered the total wall current induced by the beam. In the chse o
the four separate electrodes the induced wall current will be totally callextly if the
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electrodes cover the full pipe circumference, for an electrode angiddin of ¢ = /2.
In consequence, the idea when designing the electrodes is to cover ¢heingipmfer-
ence with the four electrodes to collect with their sum the induced wall duasemuch
as possible yielding so a “mirror” measurement of the beam current, lepirg them
independent or unconnected being able to measure beam position as well.

Therefore, for any given angular width of the electrodes, the geegpaessions of
the sum of the four electrode currenis= Ig + I + Iy + Ip, and the dierence of the
electrode currents for the horizontal and vertical planes respegtively= Ir — I and
Iav = ly — Ip, can be obtained straightforward from Edqs. (B.12) 0 (3.15) as

W(t)2<;5 1 /ry4n . (4n¢
I5(t) = [ v ;%(5) cos(ma)sm(T)} (3.16)
RO ry@n-1) . [(2n-1)¢
lan(®) = L; oD ()" cost- 1)0]S|n[—2 H (3.17)

w(t) = (t)4 lz e 1)( )(Zn l)cos[(Zn—l)(G—g)] S|n((2n . )"’)} (3.18)

where for the sum current of the four electrodes all the terms canteixaept the four
multiple terms 4 besides the zero order term or constant term representing most of the
wall current. For the dference currents of each coordinate plane, only the odd terms
(2n — 1) have survived, having been canceled the constant term, and withighifin

n = 1 being linear with the beam radial position

In order to get the beam position related to the electrode currents in thedipjeenx-
imation, the Eqgs. froni(3.16) t6 (3.118) of the sum anfiedence currents are written at
first order inn as

w(t)2¢

Is(t) = + h.of4n,n > 1] (3.19)

lw(t)4
T

Lan () = (a)cose) sm(‘;’) + ho[@n-1).n> 3] (3.20)

Lav(t) = W( )4 (a) sm(@)sm(g
where the high order (h.o.) terms are neglected at fourth power of tine taetal position
normalized to the beam pipe radiugg)* for the sum current, and at the third power
(r/a)3 for the diference currents.

) + ho[@2n—1),n> 3] (3.21)

At this point, the diference currents for each coordinate plane are normalized by the
sum current in order to remove the dependence of the beam curreogththe wall
currentl,,(t), from the beam position coordinates, where the horizontal and velrteah
position are given by = r cos@) andy = r sin(9), respectively. Thus, from Eq$.(3]119) to
(3:21), the so called fierence-over-sigma\(X) processing method will provide a good
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linear relation, up tor(/a)®, between the beam position in the central region of the pipe
aperture and the wall currents measurements as

lAH B 2sin(¢/2) ( x
e =R (5) (3.22)
lav _ 2sin(¢/2) (y
TR (5) (3.23)

where the time dependence of thdéfelience and sum currents is left implicit. It can
be easily seen that for a centered beam at the mechanical center ofdtiedss, and
assuming an ideal geometry of equally sized and uniformly placed electbtiessame
radius around the vacuum pipe, the wall current is uniformly distributechgrttte four
electrodes. In that case theffdrence currents are just canceled byt = lay = 0,
with the electrode currents having the same magnitude simply given by the stentcu
divided by four adgjec = Ix/4 = lwe/2r, according to Eq[({3.19). This also holds not
only for the linear approximation but for the general case as can b&ethét Eq. [3.16)
takingr = O for a centered beam. Moreover, only in the particular casg ef n/2,
corresponding to the electrodes angular width covering the whole vapipersurface,
the total wall current is once again recoveted- I, with each electrode carrying a fourth
of it, lelec = lw/4.

The proportional factor between the beam position and the currentslfdtio is
calledSensitivityhaving with units of mmZ. In general the sensitivities for each coordi-
nate planesyy will be different being only equ&y = Sy for an ideal electrodes geometry
so it is theoretically defined from Eq§.(312P).(3.23) as

S= Sy - Zsing/)/Z)(

The electrodes angular widi is usually chosen to give the maximum coverage,
typically around the 90%, of the vacuum pipe circumference. This is uspedfierred
in order to have a better beam current measurement by means of a higpertion
of the wall current collected in the strip electrodes as follows from the sumewt in
Eqg. (3.19). But in turn the sensitivity is reduced with widgralthough only less than
a 10%, according to its definifition above that ranges betweghdlLfor ¢ = [0, n/2].
Hence for a wide angular coverage the sensitivity is just approximated dsviérse of
the beam pipe radius

Also it must be noted that, usually for other BPMs, the sum current is takigrfar
the two electrodes corresponding to each coordinate plane, while in thetB®S-IPU
is taken the sum of the four electrode currents, so, in general, the gigngituld be two
times greater with a two electrodes sum current. This is done in order to hivere
channel for the sum signal yielding the beam current measurementsarutavided that
the foreseen output signal levels are high enough to accept a factoedlwotion of the
BPS-IPU sensitivity.

1

1
a) == (3.24)

a

The horizontal and vertical beam position coordinates will be finally obtsioethe
linear approximation from

1 (lan
X = Sx( I )+6X (3.25)
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y= i(IA—V)+6y (3.26)

Sy\ Iz

where the beam position is inversely proportional to the sensitivity meanihg gmaaller

beam displacement can be determined from a given currents ratio meastras the
sensitivity increases. Theosition gfSets also callecklectrical gfsets for both planesyy
represent the éierence between the true electrodes mechanical center and the electrical
center, which are defined as the position reading when the electrodmisucancel out

Ian = lav = 0. Ideally both centers should coincide but they usefi@ddue to non-ideal
electrodes geometry and also to an unbalanced measurements of the etectrod

3.5 Operation principles of the BPS-IPU

3.5.1 Basic sensing mechanism

In Fig.[3.7 it is shown a sketch drawing of an IPU longitudinal section whighhelp
to explain more in detail several particular aspects in the sensing mechdrttsismck-
up. Briefly, the IPU wall is divided longitudinally into four independent sk&lpctrodes
which are placed outside and surrounding a ceramic gap tube of the satnedss length
replacing a vacuum pipe section inside the device. Therefore the wedntus forced to
follow the electrodes path instead of the non-conducting inner path pordsg to the
ceramic gap pipeline section. As stated before, the four strip electroelesthogonally
spread over the pipe circular cross section so that the beam positioaritatiznd vertical
coordinates is determined just by measuring the wall current intensity flaiinogigh
them according to Eqd. (325) aind (3.26), as well as the beam cur@sbisbtained by
summing up all the wall electrode currents according to [EQ.13.19).

The electrode currents are then sensed by converting them into voltagdssamnd
sent to the monitor outputs. Basically in an IPU device this is done at the eratlofod
four strip electrodes by connecting a narrow conductor that can goghr@small toroidal
transformer being the responsible for the inductive sensing of elecivallieurrents, as
it is depicted in Fig[Z3]7. A Printed Circuit Board (PCB) located inside the IPWitop
will hold the four transformers for each electrode which acts as one tumapy winding
so its wall current component is converted to a voltage signal in the sagondnding
turns. The voltage signals are thus connected to their respective picktppts by a
small conditioning circuit in the transformer secondary side over the PG@&¢gfore, the
voltage amplitude at every output port will be related to its respective etictnarrent by
the characteristitransfer impedance #v) of the transformer plus the secondary circuit
and stray elements, that, in general, depend on the signal frequeneynor 27 f as it
will be described in the following sections.

For a complete characterization of the IPU performance one has to coitsithe-
havior in function of the frequency content of the wall image current tvigchat of the
beam excitation signal (except for the DC level). This will mostly depend erctim-
bined frequency response of the transformers circuits jointly with some oditstituent
mechanical parts with a functional role interacting with the beam fields. Isémeste a big
magnetic loop is formed by a cylindric ferrite core of high permeability filling thacgp
between the electrodes and the metallic external body, with the main purpioseting
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a high inductance in parallel to the electrodes current path in order to imtinevdevice
frequency response at the bandwidth lower region.

In general the IPU is designed to have an operational bandwidth acgam the
beam time structure specifications and, typically, it is able to measure the langitud
or time, profile of a pulsed beam from low frequency components in the ofdeHz
and up to hundreds of MHz, being considered, like the WCM as its resitiveterpart,
a broad-band device. In the following sections it is introduced the basatiun of the
BPS-IPU according the analysis of a single electrode channel which tygscal pass-
band frequency response profile, going into a complete description BRBalesign and
its behavior, through a more specific and accurate electric model, alondnépe &

| ‘ signal out (up) V+

transformer I| |IIII II ferrite rings
\ WHH« @

- .~ strip electrode
T
ceramic gap

-
—— strip electrode
wall

transformer I | | I I I I I

| ‘ signal out (down) V-

Figure 3.7: IPU conceptual scheme where are depicted the main funqgpiarnsl This
scheme shows a longitudinal cut view of the monitor vertical plane with theiespond-
ing output signal channelg, (Up) andV_ (Down) (being the same for the horizontal
plane).

3.5.2 Output voltage signals

Assuming that in principle the four electrode channels are independeBP®ePU out-
put voltages are here obtained through the transfer impedance of at®a@éechannel
and are also related to the beam position coordinates. The expressiersofgle channel
transfer impedance in function of the frequency is obtained and andlypeder to set the
basis of the device frequency response, which essentially has aietic pass-band
profile determining the device pulse signal transmission. The overall BBskrfor-
mance will generally depend on the combined response of the four eleathashnels,
which are indeed coupled at low frequencies, jointly with other mechanéctd pctively
involved in its function and leading to a more complex behavior as it will desgriath
the help of the BPS-IPU electrical model in Chap. 4.
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Each strip electrode ends in a smaller cross section cylindrical screwen torgass
through the center of its respective toroidal transformer core, thusgaasira one-turn
primary winding, as shown in Fif._3.8b. Consequently, as the wall imagentsrspread
over the four strip electrodes, every electrode current componenndilte a current in
the transformer secondary winding due to the magnetic flux variation peddoy this
time-varying current according to the Faraday-Lenz’s Law

dog

E = —W (327)

wheres is the electromotive force (in Volts) that would induce a time-varying cuiireat
closed circuit, anag is the magnetic flux (in Webers, Wb). This law states that the trans-
former will also not be able to detect DC-current component becausgyipooduces a
constant magnetic field magnitude, and so a constant magnetic flux, whiclocaduce
a stationary current into the secondary winding. In that sense, it is iofiportance since
the beam-induced wall current does not contain already the beam Déntweompo-
nent. Nevertheless, for the time-varying wall current the strip electroalesarry higher
frequency components than the toroidal transformer along with its segocideuit and
stray elements will filter, so imposing a high cut-fsequency to the device output signals
and limiting its operational bandwidth, as it will be described in next section.

The generated magnetic field from a cylindrical current source reptegd in
Fig.[3:84, as a good approximation of the electrode current going thriegtoroidal
transformer, is obtained from the Biot-Savart’'s Law

B(t) = uo%e;, (3.28)

whereB(t) is the magnetic field generated by the time-varying electrode currentesourc
leledt), r is the distance from the source current to the field padptis the azimuthal
unitary field vector, angg is the magnetic permeability of the vacuum. Instead, for the
field in a given materialig may be just replaced by the material magnetic permeability
u = prpo usually referenced to the vacuum permeability through its relative permeabil-
ity. The longitudinal current distribution in the electrode will fundamentallyeyate an
azimuthal magnetic field component, so the toroidal core shape is best suwitpdding

the magnetic field lines and measuring the primary electrode current.

The inductance of a winding in a toroidal transformer core can be obté&ioed

Hotr 2, To
with a lengthl, inner radiug; and outer radius,, for a magnetic material gf; relative
permeability and directly proportional to the squared number of winding fNrns

Generally for an ideal transformer, assuming it is working in its pass-batidno
frequency dependence, the ratio of currents and voltages betweprnirttagy [; and the
secondary, windings are given by

b, 1
L__21 3.30
LN (3.30)
V2 _y (3.31)

V_l_
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magnetic field B electrk‘e\k : JE secondary A
atradiusr: current windings
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Figure 3.8{(d) Magnetic field generated by the electrode cufrept, §x) beheme of an
electrode with its toroidal transformer afd,| (c) its ideal transformer cirepitesentation.

where N is a real positive number for the ratio of turns of the primé&ty and sec-
ondary windingN,, being represented a$1:N2 or 1N in the circuit notation, which
from Eq. [3:29) are also related to the ratio of their respective inductaase

N2 Lo

N=—=,/—. 3.32

For an ideal transformer it is considered a perfect coupling betwegprithary and
secondary windings having then no magnetic flux leakage, and also withmit losses
in their windings, so the powd? = 1V is fully transferred from the primary to the sec-
ondary since, multiplying Eq4. (380[, (3131), the sum of powers of #adsformer sides
is P+ Py = 0.

In the current ratios the negative sign just indicates the current flowtdirein the
windings according to the convention usually taken with the current goingrifsvfrom
the terminals to the winding, and also for the same relative windings orientasiamdia
cated by the the dots symbol convention for the circuit representation if818i¢). Each
winding orientation is given by the right-hand rule between the winding ntiaed the
magnetic flux, so accordingly, a positive sign in the currents ratio will spad to the
opposite relative orientation of the windings with the dots at opposite positids en

The output voltage at the transformer secondary with the impedancéglaadimply
obtained as

Vo= -Zilp (3.33)

then, dividing both Eqs[{3.B0)._(3131) and substituting in the above rejatican be
obtained theénput impedanceas seen from the input terminals,

Vv V
Z = |_11 = —N2|—22 = N2z, (3.34)

which is a very useful relation for analyzing a more complex transformeuitir
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allowing to refer the impedances behavior of the secondary to the primaryosithe
transformer, or viceversa, after after multiplying by the impedance scaliigriN2.
Besides the inductances, or self-inductances, of each of the traresfanndings, it
exist a mutual inductanck! between them reflecting the coupling of their respectively
generated magnetic fluxes, which is defined from the windings inductaaces a

M = K v/LiLs (3.35)

whereK < 1 is the coupling co@cient withK = 1 for a perfectly coupled transformer
as the ideal transformer case above, and with the sign of the winding$adidenalso
included. In the more realistic case of not perfectly coupled transfoittmeisecondary
current and voltages of the ideal transformer are proportionally setbgK < 1. This
is only for the pass-band of the transformer, but it will also ha¥kedint éfects on the
full transformer frequency response depending specifically on thégewation of the
primary and secondary circuits connected to it.

Particularly for every electrode-transformer channel of the BPS-H3lldepicted in
its circuit scheme of Fig.3.8b, the primary windingNs = 1 due to the single pass of the
electrode through the torus, so the turns ratio is given only by the the d&gowinding
turnsN = Ny, which will be an important design parameter. Thus, for a transformer
secondary winding loaded with a shunt or parallel resiBidhe output voltage level,
is written in function of the electrode primary currdatc = |1, just using Eq.[(3.33) and
substituting the secondary currdgt. = |, through Eq.[(3:30),

R
Vo = —Rlsec= (N) lelec = Zilelec (3-36)

whereV, is used for denoting any of the four electrode channels outputs, assigii@a
is used for any of the electrode current excitation inputs, withrdnesfer impedanceZ
expressed i or V/A, relating both for each electrode channel.

This relation stands only for the frequency components of the electrodentsignal
in the pass-band of the transformer circuit. Further on it is discussedetiera case
where the transfer impedanZgw) depends on the frequency defining so the bandwidth
of every electrode channel.

Every electrode channel outpug in Eq. (3.36) will implicitly depend on the beam
position through its beam induced wall current comporggt as expressed in Egs. from
(3.12) to [3.Ib), and thereby changing its voltage magnitude with the beatimjiyoto
the corresponding strip electrode in the same way as the electrode adgoesnsince they
are linearly related by its channel transfer impedafice

In consequence, the delta-over-sigmdX) processing method can be applied to the
voltage output signals of the device, so the beam position coordinate® cietdymined
from the electrode channel outputs of the BPS-IPU, where a more comgition is
followed further on to label them asi(, V.) corresponding to the (L, R) and (U, D) elec-
trodes for horizontal and vertical plane respectively. The beam pos#ithen obtained
from, the diference between the output paifsq = Vi, — Vy- andVay = Wy — W,
for the horizontal and vertical coordinate planes respectively, atidrimrmalized to the
voltage sum signals = V. + V- + Vv + Vy—. This method is commonly implemented
by mixing the four electrode signals in an external amplifier, as it is done ith@®BPS
and described for its readout chain in next chapter.
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Assuming the ideal case whefgis equal for all the electrode channels, these mixed
voltage signals can be easily obtained from the four voltage outputs, uging.B6), as
well as they are also related to the position using the electrode currentsmelation

Egs. [3.2R) to[(3.24), as

VA = Zilan = ZtSX|ZX (337)
Vav = Zlav = ZiSylsy (3.38)
Vs = Zils = Zls (3.39)

where Vs is a measurement of the total wall current proportional to the beam ¢urren
since the sum of the four electrode current componkntis is proportional to the beam
current, and approximately independent of the beam position, as statqd{@®.E9). The
difference voltage signalé, of Egs. [3.3VV) and (3.38) depend on the beam position like
for the difference currents in the linear approximation, but being also proportiotia to
transfer impedancg;.

The diference voltage signals can be explicitly written in function of the wall current
lw, by substituting the sum curreht of Eq. (3.19) in Eqs[(3.37) anf(3]38), yielding
where x stands also foy coordinate. Therefore, it is defined ti@nsverse transfer
impedances
which will carry the electrodes geometric dependence through their argnyaragep,
leaving

Va = Z, lwX, (3.42)
which is written in terms of the dipole moment of the beam that could be corredted w

higher order moments, as another view of the linear approximation [11].

Finally, equivalently as for the electrode currents in Hgs.(3.43)[and)3hE vertical
and horizontal beam position coordinates in function of the voltage sigraldisctly

obtained from Eqs[(3.37) t6 (3139) as

1 (Van

X = 5. ( Ve ) + 8y (3.43)
1 (Vay

y= s, ( Vs ) + Oy (3.44)

where in order to make the beam position measurement independent oathebeent,
both V, signals are normalized to the sum of all the electrode output siyfral©Often
the inverse of the sensitivity so-calledsition sensitivity k, = 1/Syy given in mm units
is used instead.
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The above relations for the beam position coordinate represent arcaeEaivhere;
is the same for all the electrode channels, so it is ruled out from them leawigghe
sensitivity factorsSy and Sy as they were defined in Eq._(3]124) depending only on the
electrodes geometry as defined in Hg. (B.24). In a real Zaienot canceled out and
contributes to the sensitivities because of theedénces between the electrode channels,
which may include not only the transformer circuits unbalance but also tlctrees
geometry imperfections due to fabrication tolerances. The position measurefiisets
with respect the device mechanical center, or electriffabts oxy will appear reflecting
also both circuit and geometryftirences of the electrode channels.

In order to know the sensitivity factors and thffsets, a characterization test pro-
cedure must be performed to measure these parameters which will becsfeeifich
monitor. Moreover, in order to establish the goodness of a pick-up npeaface are used
two main characterization parameters which were previously defined irf3S&cThe
accuracy or overall Precision in the absolute position determination, where besides the
uncertainties due to system noise, in the case of using a linear approximagionrih
linear deviations within the position measurement range of interest are alsdedc As
well as theresolutionthat will represent the minimum displacement or beam position
variation the pick-up could detect which is eventually limited by the noise backgk
present in whole system, the pick-up and the readout and acquisitioroelestr These
issues will be discussed in the further on in CHdp. 5 describing the ¢bdration and
beam tests carried out to determine the performance in measuring the bsitionpaf
the BPS units delivered to the TBL line.

3.5.3 Frequency response and signal transmission

The BPS-IPU transmission behavior of any arbitrary time-varying excitaigmal, like
is the beam current, can be analyzed in the frequency domain, withoutflgeaerality,
by means of the Fourier superposition principle, which states that anyl sigma com-
position of multiple frequency harmonics. Then, a beam current harmahioenof the
form, lpeam= lo(¢)€“!, with angular frequencyy=2rf, containing the signal frequency,
f andy the signal relative phase.

A pick-up, like any other electromagnetic device, will have a determined buipu
sponse, in magnitude and phase, for every frequency harmonic oigtie spectrum.
Hence, the BPS-IPU can be ideally characterized in the frequency daypé@mtransfer
function, defined as the ratio of the output over the input signal, for engikequency
harmonic; and, then, obtaining its typical frequency response patteielgvaluation of
the transfer function magnitude and phase in the frequency band ofsihtere

Each electrode-transformer channel of the BPS-IPU represented.{B.B0, can be
individually modeled using the equivalent circuit of Hig.13.9. This is a fipgiraxima-
tion of the BPS-IPU frequency response basic pass-band profilédbies not take into
account the combined behavior of the four electrode-transformemelsaand the sur-
rounding ferrite as it will be described in Ch&p. 4 and particularly in the P 8lectrical
model in Sed4]7.

In the equivalent circuit of Fidg._ 39, the electrode current of the prinsidg, as the
input excitation signal, is modeled as a current sourckgfin the secondary side, ac-
cording to the currents ratio of an ideal transformer (Eq.]3.30). This isuiallel to the
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inductancel of the transformer secondary winding, a capacitabgéor taking into ac-
count the stray capacitances present mainly between the transformedagcwindings,

and the load resistané® In this circuit model is also assumed an ideal primary electrodes
with low ohmic losses and inductance, so the frequency response wodéddyenined by

the elements of the transformer secondary circuit. Thus the equivalendamge of the
secondary circuis can be directly calculated from the parallel association of these three
element impedancgwl, 1/jwCs andR, yielding

iwlL
1+iwLl/R+ (iwL/R)(iwRCs)

which relates in the frequency domain the output voltage signal of eachda&iy channel
V, to the transformer secondary currégi:as

Zs(w) = (3.45)

Vo(w) = Zs(w)lsedw). (3.46)

The output voltage/, in function of the primary electrode currehfiec is simply
obtained by substituting the ideal transformer relation for the currentsi3E&80)(into

Eq. (3.46) as

25, o) = 21 tec) (3.47)
where the transfer impedance of one-electrode channel is just thedsegequivalent
impedances divided by the number of winding turns of transformer secondry his
frequency dependent relation is equivalent to the one correspotwdihg output voltage
V, in Eq. (3.36) for the pass-band region.

Then, the transfer impedance is defined as the ratio of the usable outmaltgitiage
V, and the input electrode currehiec which can be written explicitly in function of the
one-electrode channel equivalent circuit as

Vo(w) =

1 iwlL
4lw) = (N) 1+iwL/R+ (iwL/R)(iwRCs)

(3.48)

From the analysis of the transfer impedaZgén Eq. (3.48), it can be obtained the
typical frequency response pattern, and its characteristic freqerafiehe BPS-IPU
device for one-electrode channel. Therefore the transfer impedayoeptotic response
is obtained for the following frequency ranges of interest:

: R.
o Low frequency range assumingv << f:

In this case, the second and third term in the denominator of[Eq.] (3.48)ecan b
neglected. The resulting transfer impedance is then,

Zi — ~ (3.49)
The meaning of this equation is, that the usable output signal at the residmr R
creases proportional to the excitation frequency because the indedatxas a
short-circuit for the considered low frequencies. In particulaty & O no signal
is recorded. This reflects the well known fact, that a transformer cahadle
dc-currents.
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simplified equivalent circuit

|-source @ I °
represents

Isec(t):

le(®O/N “— ground

Figure 3.9: Equivalent circuit of the transformer secondary winding.

o High frequency range, assumingo >> ﬁ:
In this case, the third term in the denominator of Eq. (83.48), scaling with the fre
quency square, gets much bigger than the first and second term, sot ttenlde
neglected. The transfer impedance is then,

1
Z — - .
£ {WCsN

(3.50)

Due to the complementary behavior of the inductance and the capacitanaighfo
frequencies the current is mainly flowing through the capacitor, acting &likes
a short-circuit, and therefore the voltage drop at the resistor R will beloer

o Pass-band frequency rangeassumingf << w << gt

For this frequency range the second term in the denominator of Eq] (@ofai}
nates and the first and third term can be neglected. Then, the transfetangee
tend to its maximum magnitud® in the middle of the pass-band, and in the whole
region is,

Z~ —. (3.51)

This is the usable working region, since the voltage drop at the outputarests
is significant and proportional to its value. Therefore, in the pass-frandency
region or working region will stand the relation (3136) of the output voltagelle
for each BPS-IPU electrode, presented previously.

From the previous asymptotic analysis of the transfer impedance, it carstoe d
guished two characteristic frequencies which are the low fiift@quencywiow, and the
high cut-df frequency.whigh, corresponding to the lower and the upper boundary of the
pass-band, respectively. In a general case, the criterion to detdootimeut-dt frequen-
cies is at 1V2 (in linear scale), or -3 dB, drop from the maximum magnitude of the
transfer function, delimiting exactly the bandwidth of the pass-band retjidhe case of
our transfer impedance, the cut-trequencies, that agree the last criterion, are defined in
terms of the circuit elements as

R 1
Wiow = T Whigh = RGS’ (3.52)

and, thus, the bandwidth of the pass-band, or working region, caargdvwoadwey <<
whigh by selecting the appropriate values of the electronic elements.
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As the transfer impedance represent8%a2der passive circuit, there is another char-
acteristic frequency called the resonance frequency, which comdspexactly to the
point of the maximum transfer impedance magnit&land is defined as

1
Wres = \/Wiow Whigh = \/L—T’ (3.53)
S

where the first is a general definition for &2rder RLC passive circuit, which states
that the resonance frequency is the geometric average of the bandwidtalifpaced
in the middle for a logarithmic frequency scale); and, in second place is wiittemms
of the circuit elements. The resonance frequency can be identified initdete¢hm of
the denominator of the transfer impedance expression in[Eq. (3.48), t&ngut-df
frequencies relations in Eq.(3152).

In the Figs[3.10 and_3.111, it is represented the ideal BPS-IPU freguesponse
pattern, in magnitude and phase, respectively. These plots are obtgittezldvaluation
of the modulus and phase of the transfer impedance in a given frequemgy.rThen, in
order to get its magnitude and phase expressions, the transfer impedarioe written,
operating from its expression in Eq._(3148), in a more convenient form ségarated
terms ofR;, as the real or resistive part ant|, as the imaginary or reactive part,

Zi(w) = R(w) + iXe(w) = (1+iF(w), (3.54)

R
N(1 + F2(w))
where the~(w) term contains the frequency dependence of the transfer impedaudde, a
is written in terms of the cutf®frequencies as

(1_)2 w
) low (3.55)

Wlow Whigh) W

F(w) = (1-

or, likewise, in terms of the circuit elements, just by substituting the Gutrequency
relations[(3.5R) into the previous expression,

Lw

Thereby, taking the modulus of the new transfer impedance forml (3. &Hnégni-
tude of transfer impedance (Fig._3110) can be written as

Flw) = R(i - Csw). (3.56)

|1Zt(w)] = (3.57)

R
N+ @)

which has2 units, but it is usually represented in dB units just by making 20Zp@())).
And, the phase of the transfer impedance (Eig.]3.11), is simply written as
¢oi(w) = arctanf (w)); (3.58)

taking into account thav=2rf, for egs. from[(3.54) td (3.58), the same expressions can
also be written for the frequency variablie,making the changey — f.
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Figure 3.10: Frequency response pattern (typical) of the BPS-IPWferaimpedance
magnitude. There is also marked with red dots the magnitude of the three tehigrac
tic frequencies: the low and high cuffdrequencies fiow and fhign respectively, which
delimit the BPS-IPU bandwidth and are defined at -3 dB drop from the maximagni-
tude; and, the resonance frequeniys, in the middle of the bandwidth as the geometric
average of the cutfbfrequencies.
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Now, using the set of Eqd_(3/57), (3155), (3.58), it can be calculaeddhies of
magnitude (depicted in dB units in F[g.3110) and phase (depicted in degreigs[fh11)
for the characteristic frequencies:

o Low cut-off frequency, w = wiow:

if wiow << whigh, then F(wiow) = 1 — (wiow/whigh) ~ 1
= |Z] =R/(NV2), and ¢ = 7/2;

o Resonance frequencyw = wres = +/@iow Whigh:

o High cut-off frequency, w = whign:

if wiow << whigh, then F(whigh) = (wiow/whigh) — 1~ -1
= |z =R/(NV2), and ¢ = -n/2.

Finally, in the frequency response analysis, the secondary equicaieunt of a BPS-
IPU electrode, represented by the transfer impedance, could leaddsitaide oscilla-
tions for a frequency components close to the resonance frequestauide, as it was
mentioned before, this circuit is d@®order RLC that could have a resonant behav-
ior. To avoid this, one must be sure that the circuit element values, thitbieginansfer
impedance, are far away from giving a resonant frequency resgoghavior. Therefore,
the secondary circuit design must fulfill the following condition to have armsonant
behavior,

L
Whigh > 200w © R < —_— (3.59)
2Cs
where the second equivalent condition in terms of the circuit values is essidyned
substituting the cut4d frequencies definitions of Eq$. (3152) in the first condition. This
particular non-resonance condition can be derived from the moreajéoem for a 29

order RLC circuit in the Laplace domain,

ol <
| pol V2
wherepg can be either of the two complex poles of the transfer impedance expression in
Eqg. (3.48) evaluated in the Laplace domafg(p) (just by making the variable change,
iw — p), which is a more general complex plane using the Laplace varipl®eC; |pol
and Refp) are the modulus and the real part of the poles, respectively.

A more relaxed condition would be, if the poles of the transfer impedance pugely
real, then|po] = Re(po), and there would be no resonance since the general condition
(3.60) is fulfilled. As a result, turning to the particular non-resonancelition (3.59),
the resonant behavior would be avoided by selecting a low value for thataesistorR,
and a high secondary transformer inductamhgeesulting in an over-damping of possible
oscillations may appear, and, also, increasing the bandwidth of the dasiités the case
represented in Figs. 3110 and 3.11.

On the other hand, turning to time domain, the limited bandwidth of the BPS-IPU
frequency response willfgect to the transmitted beam signal shape, as it is shown in the
Fig.[3.12 for a beam pulse, and a beam bunch. Since the beam positiomrena@dkbe

(3.60)
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Figure 3.12: Beam pulse and bunch time signal shaping for a bandrpgesificy profile.

proportional to the amplitude of the transmitted signal, the device must let pasigtiad
shape without too much deformation. As a consequence two time parameteefiaed
from the characteristic cutfofrequencies

1 1
Tdroop = o Trise = m; (3.61)
ow ig

and, substituting the cutfiofrequencies depending on the secondary components,

Tdroop = E Trise = RGs. (3.62)

These characteristic time parameterge and rgroop, COrresponds, respectively, to
the exponential setup and decay characteristic times of a pass-bandrtyteresponse,
when it is excited with a step-wise function like a beam pulse signal.

Usually for a square-pulsed beam, the droop time parametesy, is the most impor-
tant since the beam position measure will be sampled from the transmitted puiak sig
and it must have a pulse top as flat as possible, in a predetermined time inted@hot
have diferent signal measurement in the same pulse. Hence the criterion usedittecon
a good flat-top pulse response is that the droop time constant might becduimies
larger than the beam pulse duratiofop ~ 102t|ou|se



Chapter 4

Design of the BPS Monitor for the
Test Beam Line

4.1 Design background of the BPS-IPU

First Magnetic Pick-UpgMPU) [31] were developed at CERN for beam position moni-
toring at theLEP Pre-Injector(LPI) of the Large Electron Positron Collide(LEP), and
installed particularly in the LEP Injector Linac (LIL) and the Electron-Posith@cumu-
lator (EPA) ring of the LPI complex.

The first IPU device was developed for the Drive Beam Linac (DBL}haf CTF3
at CERN, with a 168 mm overall length and 40 mm beam pipe aperture. It aseib
on previous MPU design, having essentially the same functional principlewith a
different geometry and improvements as required for the DBL, eventuallyridegdhe
precursor of later IPU designs [9]. Like tiecision Beam Position MonitdqiPBPM),
with a length of 95 mm and for two beam pipe apertures /6f #m, which was also
made at CERN for the future linear colliders in the framework of the EURCJesign
study [37].

The development of the BPS monitors for TBL was carried out at IFICWattsn the
framework of the CTF3 collaboration and with the help of the knowledgeiesxd|in both
mentioned IPU developments. The BPS is based in those designs basicabatedand
adapted mechanical realization to the TBL dimensions with a length of 126 mnoand f
a 24 mm beam pipe aperture, but also being specifically designed and tie$tefill
the performance requirements of the TBL beam. Sometimes these TBL BPMsrare
referred as BPS-IPU for recalling its pick-up base technology.

4.2 Main features of the BPS-IPU and TBL line specifications

Generally, an IPU or any other pick-up which are based on EM measuotsimenciples,
can be used and adapted to a wide range of accelerators, from linagsctoatrons
and also to dferent particles, but of course a particular pick-up choice will rely on the
accelerator requirements and beam specifications that makes a givampg®éhnology
more convenient.

The IPU devices have been regularly used in many accelerators bas rudten as
their pick-up counterparts based on electrostatic or RF measuremeripl@snd his may
be due to its main drawback of having a complex mechanics with an assembly vf man

55
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parts and with dierent materials. In turn, an IPU devic&ers many beneficial features
listed below

— simultaneous beam position and current measurements for pulse modulataedu
beams;

— the diference-over-sum method is used to measure the horizontal and veztical b
position ,y) by mixing the four BPS output signalsi(, V.) into (AH/Z, AH/X)
signals being proportional at first order approximation to the beam paosiliba
difference signals are obtained&d = [H, — H_] and AV = [V, — V_], which
are highly sensitive to the beam position. While the sum sigragart from being
used to normalize the fierence signals, it also gives a proportional measurement
of the beam current;

— broad bandwidth device operation with a typical flat bandpass resporweer
to work at beam pulse time scale. Starting around 1 kHz it covers 7 or @leeca
getting easily above 100 MHz. Due to its low frequency ¢utive device is able to
measure the position and current within relatively long beam pulses updgo Ih
turn, its high cutd determines the time resolution, being able to detect fast changes
down to 1 ns (typically surpassing 100 MHz);

— the BPS output channels drive an external analog amplifier to yield thedtigress
(AH, AV, %), which finally are converted to digital signals by a digitizer, as the main
elements of the BPS readout chain, and are eventually sent to the caunol r
where the beam position coordinates and beam current are displayed;

— two calibration input circuit€al. are used to compensate the readout chain influ-
ence as well as to get a good accuracy in the beam current pulse sraastiwith
a typical error less than 1%;

— high dynamic range for beam current levels from few mA and up to 4 odBrer
of magnitude until around 100 A, mainly due to the relatively high output votage
given by the high permeability step-up transformers of the device and limited by
the saturation of these magnetic cores;

— expected overall precision typically under B, which can be achieved just with
linear approximation for beam position within the half aperture radius;

— expected resolution belowbn at beam current levels of around 30 A, particularly
to the BPS in TBL with a 12 mm aperture radius. The attainable resolution will
be smaller for larger sensitivity going basically as the inverse of the apendudr
dius, and eventually limited by the system noise. Resolutions of 100 nm has bee
reported for the PBPM with 3 mm aperture radius [37];

— less perturbed by high beam losses experienced in linacs like TBL, qredttex
good immunity to the external magnetic fields that may come from the close
quadrupoles;

— all the position and current sensitive parts are placed outside the vathamber,
so the outer assembly parts could be replaced at some moment without greakin
the vacuum in the line sector, and also, from the design perspective agestiee
components material selection that is often much more restrictive for vacoimm c
ponents.
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TBL beam parameters

Beam current rangey, 1-28 A
Bunch train durationtpyse 20-140ns
Injection beam energy 150 MeV
Microbunch spacingfyunch 83 ps(12 GHz)
Microbunch durationtpynch 4-20ps
Microbunch chargeQy 0.6-2.7nC
Repetition frequencyf; 0.83-50Hz
Radiation level <1 kGrayyear
Emittance g,y 150pum

BPM/BPS parameters

Analog bandwidth 10 kHz-100 MHz
Beam position range +5mm (HV)
Beam aperture diameter 24mm
Overall mechanical length 126 mm
Number of BPMs in TBL 16
Resolution at maximum current <5um
Overall precision (accuracy <50um

Table 4.1: Specifications of TBL beam parameters and BB\ parameters.

Essentially, for the reasons above the IPU pick-up technology wasdeved the
most suitable to develop the TBL line BPMs, which could eventually match up toeall th
TBL requirements after careful design of BPS-IPU devices. In[Tdba#e summarized
the main beam characteristics of the TBL, taking into account also the BPaingser
specifications that the BPS monitor must fulfill.

Fig.[41 shows a scheme and a 3D view of one TBL cell of 1.4 m length, athieof
sixteen identical FODO cells composing the TBL of 22.4 m plus ending 6 m ohd&s
section. The beam in the TBL flows (from right to left in the figure) fromuadyupole
magnet, steering and focusing the beam, downstream to the PETS tan&,RFpower
is extracted from the beam to an RF load being thus decelerated. The BR&esd p
between them and has its own line alignment support for the beam positiontansiity
monitoring. A set of close-up pictures of the BPS are shown inFi§. 4.2, withand top
views of the first BPS prototype and other one of a BPS installed in TBL.

The electron beam arriving at the TBL line are injected with an energy 0fM&V
meaning that the electrons, with 0.51 M&¥ rest mass, are already in the ultra-
relativistic regime at practically the speed of light wighe 1 andy = 295. According
to Sec[3.B, for the beam coupling to the BPS monitor it is assumed that the leddsn fi
propagate as TEM modes along the line.

The beam time structure in the TBL is made of pulses of lemgitie between 20—
140 ns, typically with pulse shots repeated at few Hertz, which are commdsaicro-
bunches spaced by 83ps, hence with a bunching frequigpgy=12 GHz, and a bunch
width tyynch between 4-20 ps, as it is depicted in Fig]4.3. This pulse modulated beam,
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Figure 4.1: Scheme (top) and 3D view (bottom) of a TBL cell which compriesn(
right to left) a quadrupole, a BPS-IPU monitor and a PETS tank.

hence its induced wall image current, has a frequency content spvead @ery wide
spectrum that reaches the X-band microwave region because of thézZli@&n bunching
frequency, and far beyond continues extending over 250 GHz, estiragtie inverse of
the shorter bunch width 4 ps. This means a signal wavelength of around Within
the upper side of the microwaves region, that may go even into the infregézhrwith
harmonics produced by the particular pulse shape of the beam micradsinc
The BPS monitor is intended to work in the low frequency region around tambe

pulse time scale with a band-pass response profile of bandwidth deternyiried low
and high cuté frequencies, fronfio,=10 kHz to at leasthigh=100 MHz, according to the
TBL specifications. This operation bandwidth was set in order to measailEetim posi-
tion and intensity from the square pulse signals induced by the beam, whécbonaid-
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(b) ©

Figure 4.2 (d) Side view of the BPS monitor (BPS1, first prototype),[&jjdop view,
SMA ports: 4 position outputd., V.) and 2 calibration input€al., PCBs and closing
clamp plated. (¢) BPS installed in the TBL with its alignment support, six SMA serdi-rig
coaxial cables connect to the external amplifier placed just below in thergird

Pulse/Bunch

uBunch train duration:
spacing;: 20-140ns 20-140ns
83ps N > 83ps [* ] >

puBunch

== [

Y .-

Repetition Frequency: 0.83-50 Hz

Figure 4.3: Time structure of the TBL pulsed beam.

ered wide enough to get an acceptable low distortion for the pulse signsirtission to
the device outputs, following the criterion established in Chhp. 3 for theiepine con-
stants corresponding to the low and high ¢tgorgroop = 16 us andrise = 1.6 ns, being
respectively around hundred times larger or smaller than the longertgulse- 140 ns.
In the case of shorter pulse lendtlyise = 20 NS Tiise is Now only 12 times smaller, but
the original criterion can be relaxed here since it still provides fast gmqulse edges
and accepting a small shortening of the flat top pulse length. While is even longer
having better pulse top flatness from where the position and current reessuis are
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sampled.

In consequence, with this operation bandwidth the beam micro-bunchuseug not
observed at the monitor outputs, due to its high frequency components ¢hiitexred
out. Instead the beam is detected as a continuous pulse with the fastest angidandes
permitted by the high cutbfrequencyfhigh=100 MHz, in the order ofjse=1.6 ns.

Nevertheless, the beam high frequency content must be still consitheceder to
know the influence of the monitor on the beam itself. This is done by measurng th
longitudinal coupling impedance inserted by the monitor and seen by the bdaspias-
sage. Basically it represents the longitudinal voltage drop divided byehmlzurrent,
which is related to the generation of wakefields and resonances at seguericies that
may disturb the beam. Since the longitudinal coupling impedance depends fie-the
qguency, it is measured according the beam frequency content congitleat the beam
signal energy is spread until the very high harmonics mentioned befotet Wwill be
mostly concentrated around the bunching frequency at 12 GHz (X batidjlecreasing
amplitudes at higher frequency harmonics.

4.3 Outline of the BPS project development phases
The BPS project was carried out essentially in two phases:

o Phase t consisted in the design, construction and characterization test of two BPS
IPU prototypes [10], in Fid._4]12 are shown two views of the BPS1 prototypm
2007 to end of 2008. The first prototype (labeled as BPS1) was testedwath
different design options of the on-board PCB’s, leading to BPS1-v1 aSd-BR
prototype versions. Afterwards, the BPS1-v2 was validated and install&gIL in
July 2008.

o Phase II: this phase was for the BPS series production in order to build 15 more
units, jointly with its respective mechanical alignment supports, completing the
16 cells of the TBL line. It started with the series construction just after tke fir
prototype installation at the beginning of 2009. In March 2009 a pressefigvo
BPS units, labeled as BPS2 and BPS3, were requested in advance dBe to T
beam test needs. After their corresponding characterization testsuthigsevere
delivered and installed in May 2009, having thus 3 fully operational unitsen th
TBL. The BPS parts construction, and follow-up of processes, cosdinmmtil the
final assemblies when there were ready for the characterization test fltBPS
series at IFIC labs made during September 2009. Two specific testdmenene
also designed and constructed for these BPS tests, at low and higaricéeg! The
15 BPS units were finally delivered at the end of September 2009. Théatista
of all BPS monitors in the TBL finished by mid October 2009.

In total 17 BPS units were constructed which were labeled as BPS1, BPS3 for
prototype and pre-series; and BPS-1s to BPS-14s for the seriesc8®38t remained at
IFIC as spare to perform the test for evaluating the BPS responsehdtrdigencies and
measuring its longitudinal coupling impedance beyond the bunching fregu&a GHz)
in the X-band microwave region.
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The project historic is shown in Fig._4.4 where are outlined the main milestopes re
resented until the final BPS beam tests in the TBL which were performedder ¢o
measure the BPS resolution tendency with an increasing beam currenttaride main
goal of achieving the desired resolution belowr for the maximum beam current of
28 A, as the BPS monitor figure of merit.

|

IPAC™11
092014

Beam Test{13A)
BPS Resolution
2041

|

]

DIPAC'11 | |
Hamburg
w2099

+13 BPS units Install
(BPS5s, Spare unitat IFIC)
2008

]

- il |
— ;fi 315
‘;] o¥ =
gii! I Fes
ip i

DIPAC’09
Basel
052009

+ 1 Align. Support
Dieliwered on 142007

06/2008

Genova

EPAC’08

2BPS [PCBs v1, v2]

Pubs Outcome

Profect Milestones
Design & Contruction

.

Figure 4.4: Milestones of the BPS project for the BPM'’s development df llfi.
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‘ : | V5:Upstream split flanges (x2)

M10:Closing clamp plates (x2) |

M6:PCB (x2)
M7:Tranformer toroidal cores (x4)

~ I = M3:Electrode screws (x4)

I_l M13:Align. pins for M2/M5/M8 (x5)

M11:Screw & compression spring (x\Z—)|

M4:Magnetic core cylinderl

M13:Align. pins for M2/M5/M8 (x5)

M14:RF contact pring gaskets (x2)

M1:Vacuum chamber assembly

"ﬁw V1:Downstream flange

BPS monitor: Assembled X-section view

Figure 4.5: Exploded view of the BPS monitor showing its main labeled parte((iag
screws, RF contact springs and RF finger are not depicted).
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BPS monitor main parts
Label Name/Description Material Observations
Subparts  specified in
M1  Vacuum chamber assembly — Tab[Z%
. . Cu-OFE, Detailed view in Figs[ 4.1b,
M2  Strip electrodes piece gold plated 73
Cu-Be
M3  Electrode screws<4) alloy 25, M2x16 (mm)
gold plated
. . . : C2050,
M4 Magnetic core cylinder Ni-Zn ferrite Ceramic Magnetics [38]
M5  External body Cu-OFE —
Ring-shaped and half split,
M6  PCB (x2) — transformers circuits, see
Sec[4.6
. , W650,
M7  Transformers toroidal cores4) Vitrovac Vacuumschmelze [39]
. Cu-OFE, .
M8  PCB supporting plates@) gold plated Half split plates
23.SMA-50-0-13111N,
M9  SMA panel connectors<g) — Huber-Suhner [40]
: S. steel, .
M10 Closing clamp plates<Q) AISI 304L Half split plates
. . Ferrite fixing,
M1l Screw & compression spring  s. steel screw DIN913, M&8 (mm)
M12  Align. pins for M4M5 (x4) S. steel ISO 8734 6h6x14 (mm)
M13  Align. pins for M2M5/M8 (x5)  s. steel ISO 8734 4h6x16 (mm)
Cu-Be .
M14  RF contact spring gasketsd) alloy 25, BalShield BG. 15H.5’
Bal Seal Engineering [41]
gold plated

Table 4.2: Summary of the BPS monitor main structural parts and materials {fegsten
screws of the BPS assembly are not specified).

4.4 Layout of the BPS monitor: mechanical and functional de-
sign aspects

The main parts that made up the BPS monitor can be identified in the exploded desig
views shown in Fig[4]5. In the figure the device is disassembled in fferetht parts

that are joined together only by fastening screws and alignment pins. Timepauds
shown, labeled as M...N}, are involved in the final assembly of the device, as well asiitis
illustrated the way these elements can be assembled. It must be noted timat desteews

are not depicted in these design views for illustration clearness. In addhi®name, or

a short description, of these labeled M-parts are summarized il _Tab. dijiing also

the materials of which are made and particular remarks on their specificadigmisture

of these main parts belonging to a disassembled BPS monitor can be seer i@ Fig. 4
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Figure 4.6: Picture of a disassembled BPS monitor showing its main parts,eankded
one is also shown (overimposed on the photo is included the RF finger)se Turéts
correspond to the two first constructed BPS prototypes, the BPS1 dssefright) and
the diferent parts of the BPS2 spread around.

The mechanical design of the BPS monitor is conceived in two fundameniat str
tures; the vacuum chamber assembly (M1), and the outer non-vacutsnapaund its
vacuum pipe section. The vacuum chamber has more demanding requsdorethe
its manufacturing procedures and a very specific materials selection intorde com-
patible with an Ultra High Vacuum (UHV) environment. Below are describedeiait
the structure and mechanical design aspects of both the vacuum chardit@eauter
parts of the BPS monitor with an emphasis also on the functional roles of ttevaerds
involved directly in the beam position monitoring and based on EM considesation

The overall shape of the BPS monitor and also of its main elements aroundcthe va
uum pipe of circular cross section is essentially cylindrical, as can beisdeg. 4.5,
with a resulting revolution or axial symmetry except for some mechanical deftile
fundamental dimensions, only the ones relevant for the device descrgpgandicated in
Fig.[4.1 which shows the monitor longitudinal section and a detail of the strifretss
piece cross section. In Tdb. #.3 are summarized these basic dimensioredredetheir
corresponding device parts. The dimensions constraints directly impasedtie TBL
line requirements was on the length of the monitor which was set to 126.18 mm, with
its bellow in a relaxed state and giving a longitudinal stroke- df mm; and the vacuum
chamber inner diameter of 24 mm following the minimum aperture of TBL beam line.
The total weight of the fully assembled device is around 5 kg.

4.4.1 Vacuum chamber assembly

Since the device is inserted in the TBL line its innermost part is a vacuum chaeti®n
giving continuity to the TBL line vacuum pipe where the beam flows in the direcight
to left in Fig.[4.8. The vacuum chamber assembly consists of a ceramic t@héidzed
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R50

R30,85

() (b)

Figure 4.7{(d) View of the longitudinal section of the assembled BPS monitormath
dimensions in mm units]_(p) Detail of the strip electrodes piece cross sectiere it
depicted the inner and outer radius as well as the angular width of the elestro

Main dimensions of the BPS monitor
Monitor total length (bellow stroke) 126.1&1) mm

Vacuum chamber (M1) inner radius 12 mm
Electrodes (M2) length 53.8 mm
Electrodes inner radius 15.5 mm
Electrodes outer radius 20 mm
Inter-electrodes spacing 4 mm
Electrodes angular width (inner radius) 75.17
Ferrite cylinder (M4) length 49 mm
Ferrite cylinder inner radius 20.5 mm
Ferrite cylinder outer radius 30.5 mm
External Cu body (M5) length 57 mm
External Cu body outer radius 50 mm
PCB plates (M8) thickness 4.5 mm
Closing flanges (M10) thickness 4 mm

Table 4.3: Summary of the main dimensions of the BPS monitor depicted in its cross
section views (Fid.417), where it is also indicated the label of the main partkiththe
dimension corresponds.

to two Kovar collars at both ends, with one collar (V6) TIG (Tugsten IGas) welded
directly to the downstream flange (V1), and the other one, the connedlar ¢V7),
being part of a longer duct section which is connected to the bellow (V4ilegtron
Beam Welding (EBW), and it is also grooved to insert the PCB supportidgcksing-
clamp plates (M8, M10). The other side of the bellow is also welded by EBW lwd s
pipe section (V8) machined in order to fit in the upstream split flanges (V5).

For the steel parts of the BPS vacuum pipe it was used the type 316L siasides
(according to SAE steel grades designation). This type is a variant &liBestainless
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V1: Downstream flange V5: Upstream split flanges (x2)

V10: RF finger
(placement inside below)
V2: Ceramic tube

V4: Below

V3: Ceramicinner Ti-coating

TIG welding

'\./

Brazing
B weldlng

V7:Connection collar V2/V4
V6: Dowstream collar V1/V2
V8: Upstream end tube V4/V5

Figure 4.8: Detailed view of the BPS monitor vacuum chamber assembly indidegting
main parts and the welding techniques employed.

steel, and it dfers by having a lower Carbon content with slightly lower yield and ten-
sile strengths but, otherwise, with improved weldability and also reduces dsgbgiy

of lower the corrosion resistance around welded areas, what makes suiteble for
pipeline applications. In general, this alloy typéers outstanding properties, preserving
standard procedures and tools for proper machinability, in ductility, smmnaesistance,
non-magnetic intrinsic behavior (usually required a magnetic permeahijlity 1.01),
and UHV performance mainly given by its low outgassing rate required Tdf30vac-
uum specifications.

In general, standard welding techniques, TIG and EBW, were employkd imcuum
chamber assembly to make UHV connections of all metal parts. As it is reconaehend
these welding techniques use no filler material avoiding to add extra mateniadamo-
patible with UHV, and also in order to prevent contamination, weldings are doan
inert gas atmosphere like Argon. For welding thin materials usually is negespeaecise
EBW technique so, as mentioned before, it was used to weld the bellow (@ ofa
stainless steel, at its respective ends with the connection collar (V7) arKamd the
upstream end tube (V8) of stainless steel.

Vacuum flanges

The monitor vacuum flanges at both ends was custom-made due to the dpreiasions
required for the installation in the TBL vacuum pipe. The downstream fl§viggis a
custom-made fixed flange of 24 mm inner diameter but machined to be compatible with
a CF40 standard flange (Conffdtof 40 mm inner diameter) using a copper gasket (V9)
placed between coupling flanges with knife edges, at 40 mm diameter, toadre
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BPS monitor vacuum chamber assembly parts

Label Name/Description Material Observations/ Dimensions

Special fixed flange, com-
patible with a fixed CF40,
& int./ext. 25.6100 mm
A-480S, Kyocera [42],

2 int/ext. 2430 mm,
length 50 mm

Thin conducting film de-

S. steel,

V1  Downstream flange AISI 316L

Alumina

V2 Ceramic tube 99.7% @Al,O5)

V3 Ceramic inner Ti-coating ;I;'i':ja;('_l;m) Ni- posited by sputtering,
thickness [20-100] nm
s. steel Special bellow, Heitz [43],
V4 Bellow ' ’ length (stroke) 26.5541) mm,
AlSI 316L .
& int. 24 mm
s. steel, Special rotating flange, fit-

V5 Upstream split flanges®) 3161 ted to V8, ext. 60 mm

Kovar (Fes4% TIG welded to V1 with
Ni29% Col7%) & int. 24/ mm, brazed to V2

Kovar (Fes4% Brazedto V2, EBW welded
Ni29% Co17%)  to V4 with & int. 24/ mm

V6 Downstream collar VA2

V7 Connection collar VA/4

s. steel, EB welded to V4, machined
V8  Upstreamendtube V¥5 5306 10t V5, o int. 24/ mm
V9  Vacuum seal gaskets?) Copper for V1 and V5
: Cu-Be Placed inside V4 before in-
V10 RFfinger alloy 25 stallation, see Fid. 4.6

Table 4.4: Summary of the parts and materials of the BPS monitor vacuum chamber
assembly, corresponding to the monitor main part labeled previously as d/demicted

in Fig.[4.38.

ultra-high vacuum seal. On the other hand, the upstream flange (V5irialkesrotating
and split flange with special screw holes placement, having the same innetdraand
vacuum sealing type as the downstream flange, but with the knife edgenadadh the
upstream end tube and the copper gasket at 24 mm instead. This kindge i&achosen

to ease the installation of the monitor, with two flange halves to close the monitoitonce
is settled down on its alignment support, which can also be rotated to faca¢inetsues

of the fixed flange in the beam pipe side.

Ceramic gap tube

The ceramic tube (V2) has a key role in the BPS functionality that is to insertsan
lating gap in the vacuum chamber for bridging the wall image current thrtiugour
strip electrodes (M2) surrounding this gap, being also transparent toetira induced
electromagnetic fields, while keeping high vacuum conditions.

A high purity Alumina ceramics (Aluminium Oxid&l,O3, purity of 99.7%) is used
for the gap tube which after vitrification feature the same crystal structisapphire
and ruby. This is a widely used and cofiteetive oxide ceramic material for many in-
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dustrial and accelerators applications because it exhibits desirabsectdréstics of high
electrical insulation and mechanical strength, as well as high wear amdcdigesis-
tance [42]. Then the both ends of the ceramic tube are connected to niketed nwade of
a Kovar (Iron-Nickel-Cobalt alloy, Fe54% Ni29% Co17%) by brazinditeque, usually
preferred for ceramic to metal joints in high vacuum applications, wheredkertapped
surfaces, with a filler metal (AgCu alloy) in between, are sealed by melting ifimace
at high temperatures around 1000°Cand below the Kovar melting poin&6f €4 For the
Alumina-Kovar brazing process, the chosen high purity Alumina is bestmawended,
besides the other mentioned properties; Kovar is also a suitable metal tatwazszamic
because of their similar cfficients of thermal expansion. The last is required to keep the
integrity of a good high vacuum sealing thanks to a matched thermal expafdimth
materials during temperature cycles that undergo, not only in the brazingss, but also
when baking the vacuum chamber at high temperatures, often neededhopressures
in the UHV range [44, 45].

Additionally, the inner surface of the ceramic gap is coated with a thin layeitaf T
nium Nitride (TiN) which is deposited using the cathode sputtering technigdierped
at CERN. Although this ceramic coating is also useful to improve the ceramitsina
performance and to suppress secondary electron emission, its maisg@ugusidered for
the monitor design is to reduce and limit the beam coupling impedance at higlefrequ
cies. Thisis done, basically, because this thin conducting layer enablgsraropedance
path for the high frequency components of wall image current as anatitexiio the strip
electrodes path. This will be treated further on, since the Ti-coated cegamis a funda-
mental part for the functionality of the monitor jointly with the strip electrodes ahdro
parts actively involved in its EM behavior.

Bellow and RF finger

In order to relieve mechanical stress or to absorb vibrations transmittede binéhthat
might damage some fragile components of the device, like the ceramics tuber(i¥2)
ferrite cylinder (M4), the bellow (V4) is a necessary element permitting typietorma-
tions with axial and transversal strokes withtnl mm. On the other hand, the bellow
must be electrically shielded to prevent major disturbances in the beam timanody be
produced by some non-gradual and sharp variations along vacuermigs section, like
are the ripples of the bellow. Arffective shielding can be done by the RF finger (V10),
which is shown in Figl_416, byftering a smooth surface to the wall image current path
and the induced EM fields. The RF fingers are made of a Cu-Be alloy, ahtigiore
installation, all of them are placed inside the bellows of every monitor by pushirie
tabs at both finger ends, but being able to sliffettte vacuum pipe so as not to restrict
the bellow function.

Finally, as one of the most critical steps of the BPS construction all the pieass
be perfectly welded, with the techniques mentioned above, to ensure theldyelMe-
quired for the CTF3 and TBL vacuum sector, with a residual gas pressidithe order of
101% mbar and leakage levels of 76 mbar Js [6]. After their construction the vacuum
chamber of all the delivered BPS units were exposed to CERN standanirgepro-
cedures, CERNPS.TRO1, and passed the vacuum tests according to technical referenc
CERNPS.TRO5, giving the leakage levels specifications.
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4.4.2 Non-vacuum outer assembly
Strip electrodes and transformers PCB assembly

Fig.[4.9 shows a detailed design view of the strip electrodes channels dgsenith,
surrounding the vacuum chamber over the ceramic gap, is directly invoiving wall
current sensing to measure the beam position.

The monitor strip electrodes (M2) are formed basically by a cylinder sfliinto
four longitudinal strips and joined by a base plate which are machined iniene ®
achieve good mechanical precision as well as, to avoid resistive swtatacts with
poor conductivity, both issuegfacting in last term the beam position measurement.

M8:PCB supporting plates (x2)
M6:PCB (x2) |

M2:Strip electrodes piece

M3:Electrode screws (x4)

M7:Tranformer toroidal cores (x4)

M9:SMA panel connectors (x6)

Figure 4.9: Detailed view of the strip electrodes channels and transfoRG& assembly
where dashed arrows points the screwing direction of end electroelessurto the four
strip electrodes (part labels are from Tahb] 4.2). The wall curreeefgarrows) flow in the
opposite direction of beam (red arrow), and the electrode chandel$/() are labeled
according to TBL line specifications.

These strip electrodes are extended by four thin screws (M3) in orgassthrough
the center of the four small toroidal transformers (M7) which are the keyponents
of the PCB’s sensing circuit (M6) and are mounted on top of them. Thevscaow
a tight connection of each strip electrode to the PCB’s supporting platels (Wt@ tips
screwed on the electrodes and heads resting on the supporting plaescées. Then
the wall current, flowing in the beam opposite direction, follows the pathysétdostrip
electrodes, bypassing the ceramic gap, where it is split into four cusranthes run-
ning in parallel. These current components will converge again into thes@éter being
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channeled through the transformers by the connection screws. Altogle¢hstrip elec-
trodes, the connection screws and the PCB’s supporting plates bettiesame-turn loop
primary circuit for each transformer channel, with their secondary itgr@mplemented
on the PCBs. Furthermore, both ends of this electrodes assembly ardactowsith the
monitor vacuum chamber in order to give electrical continuity to the beam pipgiicg
the wall current. Thus to ensure good RF surface contacts for the biggnfrequency
components, two spring gaskets (M14) are inserted in their respectis¢sde Fid. 4.7a),
one between the downstream flange and the electrodes base plate, athe:tHeetween
vacuum connection collar and the inner sides of the PCB plates.

Due to monitor assembly needs, the transformer’s sensing circuit is diind®b
equal and circular PCB halves which are fastened by screws to thpéatége support-
ing plates halves. The on-board PCBs are hence responsible for actitedcurrent-
to-voltage conversion, from the electrodes current signals to the vadiggels at the
monitor output ports. The beam position is obtained through the four outmalports
of the BPS monitor with signal amplitude depending on the beam proximity to their cor
responding strip electrodes channels, which are labele®.a$1() for the vertical and
horizontal coordinate planes respectively, as it is shown i Ei§y. 4.9nathé BPS moni-
tor top view (Fig[4.2b) showing its four output ports, including @ed.. input ports going
into the PCB circuits that are used for signal calibration. The electrogemels labeling
is done according to the orientation convention given in the TBL line for anrelebeam
for which the beam position coordinate sigft is assigned respectively to the [Down
and RighfLeft electrodes.

All of the device ports (M9) are implemented with SMA coaxial connectorsaoigé
mount type placed over the PCB plates. Since the six connectors are dhénesiole
of the PCBs, a SMA type of straight connectors with an extended cemeluctor and
dielectric jacket are used [40], in order to go through the holes in the padeing
soldered on the PCB'’s top circuits. The connectors coaxial shielddsare@nected to
the plates that hence will act as a ground or potential reference platiefBPS signals.

The strip electrodes piece and the PCB'’s supporting plates are made@xygdn-
Free Electronic grade copper, or Cu-OFE, as a pure copper with omgp@mum of
0.0005 % oxygen content that achieves a high electrical conductivitpbi01% IACS
(International Annealed Copper Standard), as usually expressedeiemce to 100 %
IACS conductivity of 58001x 10’ S/m at 20°C. The Cu-OFE grade copper provides a
low resistivity rating needed to keep the overall resistance of these pdois as possible.

For the connection screws, as part of the electrodes primary chaitnebss used
a Cu-Be alloy 25 (Copper Beryllium CDA-17200 alloy). These screws daypical
resistivity of 10uQ/cm (conductivity~ 17 % IACS), higher than the Cu-OFE parts but
still keeping low enough resistance due to their short length. In turn tlesvsamade
of Be-Cu dfer well suited properties for their function like: better strength and elastic
properties commonly required for electric contacts, high thermal condydiwouring
heat dissipation and current carrying capacity. The last is a well suitégtiadgroperty
taking into account the high current level f A) coming from the strip electrodes and
concentrated in the screws smaller cross section.

The overall resistance of each electrode primary channel assemblgtisykecally
below 1mQ, what is important to fier a low resistance path to the wall current, as required
to have a good response at low frequencies for square pulse tralosnisthe monitor.
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In addition, the strip electrodes piece, the connection screws and thelRpPBrng
plates, as the set of parts composing the BPS transformers primary thaameegold-
plated as can be seen in Fig.]4.6. This is done for preventing corrosionxatation
of these parts that may degrade conductivity performance. The depgsiie layer is
around 0.5-1um and it has a the next good conductivity of 70.7 % IACS from copper. At
frequencies below 100 MHz in the operation bandwidth, the lower condltyadif the thin
gold layer will not dfect the overall resistance of the primary channels assembly since the
current conduction is mainly done by the Cu-OFE. But at higher freqasrabove the
operation bandwidth, the skirffect produces a current concentration near the conductor
surface which decreases inward exponentially, so at the 63 % fall ltinent intensity
is defined theskin depthwhich can be calculated from

o "
u

where the material resistivity is given lpyas the inverse of conductivity = 1/p, and
depending also on the signal frequencyis= 27f andu the magnetic permeability of
the material. For gold being a diamagnetic metal is essentially equal to the magnetic
permeability of vacuunug.

According to Eq.[(411), the skin depth for gold goes belown for frequencies
beyond 6 GHz, so only then the current conduction will be mainly condextia the
thin gold layer. As a result, the gold plating will produce a resistivity incredise much
30 % in the Cu-OFE parts, and compensated a bit by a 10 % resistivity dedrethe
the Cu-Be screws. Although still leaving an overall resistance of the etbtrprimary
channels below InQ, even at these high frequencies far above the operation bandwidth.

As can be seen in Fif._4]7b the four strip electrodes are separated chiptywith
a coverage anglke = 75.17° having then the most beam pipe circumference 84% covered
by the electrodes. This is convenient to have a higher level of beaentuneasurement,
while keeping the electrodes spacing for better sensitivity to the beam po$igoause
from Eq. [3.I9) on page_#0, the ratio of the beam current collected bguimeof the
wall current in the electrodes is proportional to the percentage of ciememée covering.
Although, it must be noted that a measurement of the beam current witlgle poecision
is always done after performing a current calibration available in the BRfanthrough
its Cal, circuits.

External body and ferrite cylinder

Fig.[4.7 shows the BPS longitudinal section where can be seen the nextayes of

the device: the magnetic core cylinder (M4) surrounding the four strigireldes which

is made of a Ni-Zn ferrite (C2050 of Ceramic Magnetics) and having a higheebility

of ur > 100 (at 28and increasing approx. linearly with temperature); and the external
cylindrical body (M5) also made out of Cu-OFE for best conductivityfgenance, en-
closing the center assembly of the device. A big magnetic loop for the wakmiuis
then formed by the external body jointly with the electrodes primary chanfedig a
cylindrical loop at both ends and with the ferrite load filling the space betwhesn.

Then, these parts have mainly a three-fold purpose. First, and being thel@esign
objective, is that this magnetic loop introduces a big inductance in the elestreale



Chapter 4: Design of the BPS Monitor for the Test Beam Line 72

current path in order to extend the device operation bandwidth towardnd®ence to
improve the monitor response to the square pulse signal induced by the beam.

Second is to provide a good shielding to the inner sensitive parts of theedmyainst
the influence of external stray fields. Generally, they could come froigheEfM radiation
environment, and more particularly, from near magnets where slow vamamgnetic
fields are canceled out due to the closed geometry of the ferrite loop.rtNeless, it
must be considered the presence of strong magnetic fields that could kstdrtation of
the ferrite due to its high permeability, reducing itseetiveness [23, 30]. According to
ferrite specifications [38], before going into saturation it can stand a atagtux density
Of Bgat = 370 mT.

Finally, using a highz ferrite helps to damp resonances at not so high frequencies that
occur easily in an otherwise empty metallic body [25, 31].

It must be noted that these design features and deriffedte are common to the
WCMs and the dferent IPU types, but havingfiierent geometries and arrangements for
the the metallic body and the filling ferrite depending on the device specifications

Other mechanical design issues

Finally, here are mentioned the rest of BPS monitor elements playing a relelarin
the mechanical stability of the assembly.

Four alignment pins (M13) are uniformly distributed over the top of the aslsemb
passing through the PCB’s plates and inserted into the external body, métaxtra pin
to fix the electrodes base plate also to the external body. This is to guaeanteeect
alignment of these assembled parts, and thus avoiding large linearity iertbesbeam
position measures, or changes in the monitor working parameters oncebigdraset by
the characterization tests. The ferrite cylinder is also aligned with the rést assembly
by four additional alignment pins (M12) inserted in the inner side of the eatdrody. In
order to prevent fractures of the fragile ferrite due to clearances iteitement, it is well
fixed by a screw that compresses a spring (M11) at one side of tlite faurface.

The BPS monitor set is closed by a pair of Aluminium split plates (M10) which are
clamped to the PCB’s plates and fitted to the connection collar of the vacuumbeha
They have slotted holes for the six SMA connectors and round holesdftoophalignment
pins as well as for the electrodes connection screws which are plaeedapletion of
the monitor assembly.

4.5 Outline of the BPS monitor function: the wall image cur-
rent paths

The monitor excitation produced by the coupling to the beam EM fields and afkis f
guency content is reflected in the wall image current induced on the metafiaces
around the beam, except for the DC level, as stated in Chap. 3. The thgemtanea-
surable frequency components will rely on the specific dimensions andejgoof the
device, like an antenna, being more sensitive to some set of frequendielermining
its frequency response profile. Then a global picture of the BPS monitmrpence can
be given in terms of the wall image current flowing through the device whisplisin
different paths depending on its frequency range [25].

According to the beam time structure of the TBL described before, twaémecy
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Image Current | Strip Electrodes J§ PCB with Transformers
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Output Ports

Ticoating @ Ferrite | Ceramicgap

Figure 4.10: View of the BPS monitor longitudinal section showing the two maimalter
tive paths for the wall image current induced by the beam (indicated by ¢iem gurrows):
le, the inductive path (low resistance) by the strip electrodes and the Cueodie loop,
andl¢, the resistive path by the inner Ti coating of the ceramic tube.

regions can be distinguished for a pulse modulated beam. One at lowriesiaround
the monitor operation bandwidth working in the beam pulse time scale, and thidathe
the high frequency harmonics generated by the train of micro-bunchegosing every
beam pulse. Basically, two main competitive paths are established respefttivibese
low and high frequency components of the wall current.

Taking into account the wall current azimuthal distribution over the cylidigeom-
etry of the device, these wall current paths are depicted in the BPS lomgitsection
of Fig.[4.10 beingie, the strip electrodes providing a path that goes through the toroidal
transformers and forms a one turn loop with the external body and thie fexmdl . going
through the ceramic inner coating. Thepath has the smallest resistance but also having
an inductive behavior determined by the intrinsic inductances of the stripades, the
bigger inductance is introduced by the ferrite loop, as well as the transfersecondary
circuits in the PCBs. Thé. path is fundamentally resistive with negligible inductance
and larger resistance of around @Get by the thin layer of the Ti coating.

In consequence, the the dominant path for the low frequency compafeheswall
current is thel path dfering the lowest impedance with their inductive reactances still
kept down at these frequencies, as compared to a higher resistiegcpath. The wall
current behavior through the electrodes path will be then responsibieedunction of
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the monitor determining its frequency response and operation bandwidtbrafrem the
device outputs.

Above the bandwidth low cufbfrequency (from~ 1-10 kHz), the wall current that
goes through the strip electrodes primary channels is also circulating bydyeférrite
loop, what inserts a big inductance in parallel to the strip electrodes, deces@ly to
increase the monitor sensitivity at these low frequencies and to extend itgiopdand-
width setting the low cutid frequency. At mid to high frequencies within the operation
bandwidth(up to~ 100 MHz), the loop reactance increases so that, the wall current stops
circulating by the loop with increasing frequency and eventually it is onlyedrby the
strip electrodes passing through the toroidal transformers of the PQRBkisAooint, the
monitor frequency response is determined basically by the intrinsic indesarfcthe
strip electrodes path as well as the transformers secondary circuite thiecbandwidth
high cutdt frequency is set by stray capacitances in the PCBs. This will leave bgsica
a band-pass profile for the monitor frequency response, but only wigngered beam
having a dfferent profile for an fi-center beam, as it will be discussed further on.

From the perspective of the beam the monitor inserts a longitudinal coupling
impedance; that, in principle, is determined by the strip electrodes as passing the wall
current over them. At frequencies far above the monitor operationvlidtid a stronger
inductive behavior is exhibited roughly due to the intrinsic inductancesys#testrip
electrodes length and diameter step. Therefore, if the electrodes irelpetii were
the only way for the wall curren would increase linearly with the frequency and it
would become too large for the high frequency components of the beang eyond
the 12 GHz bunching frequency. For that reason, the ceramic Ti-coatialgles then a
bypass for driving the high frequency components of the wall cumméieting a lower
impedance path, that will not grow up with increasing frequency, bectls mainly
resistive. In consequence, the Ti-coating path is intended for settingpem lipit to the
monitorZ; as seen by the beam at these high frequencies.

The transition of the wall current between both paths will be producedgatesm
frequency region depending on their specific path impedances. Paiticaleompromise
has to be taken for the resistance of the Ti-coating path. In principle, a gahad would
keep down the monitoz; at high frequencies what is directly related to the reduction
of the beam wakefields generated at each monitor, so minimizing the beanilithssab
and improving the beam transport along the line with a s&glh for the n number of
monitors. On the other hand, the Ti-coating resistance must be large eso@agmot to
limit the operation bandwidth at the upper end, as seen from the monitor aufjhigss
because a much smaller value would make the wall current to be significaiviy dry
the Ti-coating at much lower frequencies, and hence being reducee strifhelectrodes
what might lower the high cutbfrequency, usually set by the stray capacitances within
the transformers PCBs.

The BPS monitor has a quiteftérent behavior, with also filerent functional goals,
for the wall image current induced by the beam EM fields along its broayliémcy
content. Therefore, its analysis and design will be treated separately tighiollowing
two frequency regions:

o Low Frequencies (LF), in the beam pulse time scale determining the BPS oper-
ation bandwidth (10 kHz — 100 MHz) for its main function as a BPM with also
current intensity measurement. This is discussed first, in the following section
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from the point of view of the design of the BPS on-board PCBs and thériekdc
lumped elements model for analyzing the frequency response of theBP8wbn-
itor at low frequencies. Later on in S€c.]5.3, we present the LF teshlmsign for
the characterization tests of the BPS series, jointly with the test results dgdiana

o High Frequencies (HF) in the beam micro-bunch time scale extending from above
the BPS operation bandwidti>100 MHz) up to the beam bunching frequency
and upper harmonics>(2 GHz). In order to measure at these frequencies the
longitudinal coupling impedanca(w) of the BPS, and for which a specific HF
coaxial test bench was designed and built. This is presented il Sec. 5.4.

4.6 Electronic design of the on-board BPS PCB

The Fig[4. 1]l shows the schematic circuit design for the two PCB halves BRBepro-
totype. It can be seen that both halves are completely equivalent. We exatifyidhe
calibration primary circuit with one winding turn at the left side of the toroidah&form-

ers coming from the calibration inputs, Gadnd Cal; and the transformer secondary
circuits, with N turns, connected to the BPS outputs at the right side through a resistors
divider. The BPS electrodes end screws are not represented seyoerdiss the PCB and

the toroidal transformers, as it is depicted in Figl 4.9, but of coursé, electrode acts

also as a primary circuit for the wall image current when sensing the beaition.

The calibration circuits have 3Q input resistance (two branches of 1Q0n parallel)
at each input port to match the connected cable. They are used to excB® $hwith
pulsed calibration signals of known amplitude which will be equivalent to thetrelde
wall current signals but of 0.1% amplitude level. Then, from the controhrothe op-
erators will be able to calibrate and check the performance of the BPS amanblifier
A andX channels without beam. This is important, since the external amplifier are only
one meter away from the beam line and it is exposed to some radiation. Theiaitib
signals,Cal, andCal_, will excite each half PCB corresponding, respectively, to a pair
of outputs, the positivey, andH., and the negative one¥, andH_. Hence, when ex-
citing only one calibration input this will be equivalent to a have the beam inialiEstant
position from theV, andH, electrodes. Similarly, when exciting both calibration inputs
with identical signals, it will be equivalent to have a centered beam. Thidisituia also
useful to check the common mode rejection ratio (CMRR) of the amplfiehannels,
because they should get a zero output and only noise will be present.

In order to get the basic BPS output voltage relations in the pass-banthnsaler
each transformer electrode currelRfs., €Xciting its respective secondary circuits, shown
in the schematics (Fig._4.111), and inducing a secondary curtent= leec/N, using
the ideal transformer relation witN turns in Eq.[(3.30). From the secondary circuit of
the schematics with the resistd®g; andRs», and taking into account the resistor loads
RLoad = 50 Q when the outputs are connected, we can obtain the output voltage relation
for the BPS

Vo = ( Rs1Rioad ) _ ( Rs1RLoad
0= ec=

| = Zil 4.2
Rs1 + Rs2 + Rioad (Rs1+ Rs2 + RLoad)N) elec = “tlelec (42)
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BPS On—Board PCB 1st Half

BPS On—Board PCB 2nd Half

Rcal Rcal
100 100
JCAL1 JCAL2
| ) . 1:N o | . . 1:N
Cal + CPal_lbra“Oﬂ + VITROVAC_W650_F Cal %al}bfatlon + VITROVAC_wese_F
rimary Toroidal B rimary Toroidal
Transformers JB1 Transformers JB2
R, TORB1 R., TORB2

100 b

1:N

100 3|

1:N

SC1 SC2SC3 sSC4 VITROVAC_ W650 SC5 SC6SC7 scCs VITROVAC_W650

? ?? ? PCB fastening screws grounded ? C_R? ?

Figure 4.11: Schematic circuit design of the BPS on-board PCB halves.

which is equivalent to previous relation in EQ.(3.36) for a generic IRd, &here the
transfer impedancé; relate the input electrode currehfec to the output voltage/,
standing for each of the BPS output chann&s,H,,V_ or H_. In order to match
the output resistance to the load, avoiding possible signal reflections lafreiguen-
cies, and at the same time to be able to select freely the output voltage level gith th
resistor valueRss, the resistor divider of the secondary circuit must fulfill the condition,
Rs1 + Rs2 = Rioad = 50 Q. In this case, the general output relation in Eqg.](4.2) is
simplified, and can be written as

Vo = (m) Ielec-

Therefore, the output signals will depend on the varying electrodemtas the beam
changes its position, and from the more general output relation i Ed).Wé.2pn also
get the sum of the output signals,as

Rs1Rioad ) |
o

Vs =
> ((R31 + Rs2 + Rioad)N

wherely is the sum of the four electrode currents. The sum signal is then propalrtim
the wall image current,, flowing through the electrodes as it was related by Eq. {3.19).
Hence being a measure of the total beam image current magmidgvithin the pass-
band frequencies of the BPS.

As for the particular output relation of Eq._(#.3), the sum voltage siypas simpli-
fied by matching the output resistor divider to the load, and it is likewise writen a

Vz:(zN)'z‘

In these relations for the PCB design it is assumed that the electrodes eperiient
with no electrode crosstalk or couplinffects between them, so the transfer impedance
Z; is the same for each electrode channel outputs and their sum. Hence $ai¢bted

Ry (4.3)

4.4)

Rs1 (4.5)
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BPS On-Board PCB :
Inductive Pick-up BPMs for Test Beam Line of CTF3

[BPS Series Design 002C]

R 15.00 mm

1.50 mm

4 Signal Layers PCB

TOP SILK MAX. PCB HEIGHT:
1.6 mm

TOP
o Si?
TYPICAL HEIGHT:
BOTTOM DO NOT MASK BOTTOM LAYER 1.2 mm
(or add a protective layer) .

WINDING CONFIGURATION

DRILL TABLE
Hole Dia (mm)|Symbol{Quantity|Plated N P1 P1 A
2.600 + 24 | Yes s1, 2 S1
1.300 X 6 Yes o P2 P2 : "
2.500 Y 4 No 12T 2 2
2.600 s 4 Yes S2 A8 8 A S2
2.700 X 4 Yes VITROVAC _WB5@V2_ F: VITROVAC_WE50V2:
TORA1, TORA2 TORB1, TORB2

PRIMARY: Tturn (N1= 1 turn);
SECONDARY: Bifilar Winding, 15 double turns (N2=3@ turns)
WIRE DIAMETER: ©.15 mm

Figure 4.12: Layout of the BPS on-board PCB halves depicting their mainndiores,

layers structure with drill table and specifications detail of the two transfiermimding
configurations (with bifilar type coil).
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Figure 4.13: Picture of the BPS PCBs mounted on top of gold-plated suppgittes.
Each PCB has two toroidal transformers corresponding to two BPS elsanfor each
transformer a calibration track (at PCB center) ends in a one-turn dadibrarimary
winding (purple wire), and having 30 turns in the secondary winding (biue) going to
the output channel circuit (at PCB sides).

design values oN = 30 secondary winding turns amts; = 33 Q and from Eqgs.[(4]2)
and [4.4), we get the magnitude of the transfer impedance within the BP Siokimd
zi= Yo = V= _ o550 (4.6)
lelec Is
as a characteristic design parameter representing the output voltaijeisetsthe elec-
trode current variation. In the next S&c.14.7 is obtained the frequempsndence of the
transfer impedance from the analysis of the BPS-IPU general electrielmod

Once this parameter is fixed, we can get the maximum output voltage levelsefor th
given nominal beam current for TBL and assuming that is a maximum vaiubdavall
current sumly < lpeam = 28 A.In Tab[4}b are summarized these BPS nominal output
voltage levels calculated fdpeam = 28 A corresponding to: the sum signél, each of
the four BPS electrode signals with a centered beam the electvdesvs /4, and the
maximum diference signals for the maximunff@enter beam displacement for each co-
ordinate pIan¢VA(H,V)|maX =V /2, which can be obtained takingfiiirences in Eq[{46).
These voltage levels are used as the maximum inputs feeding the externaleanplifi
order to properly select the gains that match the signals to the ADC input apatnis
described in Se€. 4.8.
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Also in Tab.[4.5 are shown the relative increment of thigedence signalgV,v)
per beam position step of 1 mm anduBh has been estimated directly frdwh(H,Vﬂmax
over the BPS beam pipe aperture (24 mm dia.). The PCB design valueselected in
order to get a high enoudf,v) signal variation above 3 mV (typically measurable and
far above thermal noise levels) for the smallest wanted beam position siegprofwhich
would represent the BPS resolution goal.

BPS nominal output voltage levels

¥ signal,Vy 15.4V
A signals (at max. displacementyan.v)|..... 7.7V
Electrode signal (at center positiov), 3.85V

A signal increment per 1 mm position stéWyanlimm 642mV
A signal increment per pm position stepgVanlsum  3.2mV

Table 4.5: BPS nominal output voltage levels for the siyrdifferenceA(H, V) and elec-
trode signald.., V... Below, the relative voltage increment of thesignals corresponding

to a 1 mm and ,um beam position steps (resolution goal). The voltage values would cor-
respond tdpeani=28 A the maximum nominal beam current.

The layout design of the two PCB halves of the BPS is shown inFigl 4.12PTfe
tracks were chosen to have at least 30 milsO(8 mm) in order to reduce as possible
the track resistance for typical flowing currents in the order of 1 A. TG8 Fayered
structure is composed of the components layer or top layer (in red), tharbye@r
used as the ground plane (in green), and an intermediate ground planel€ih closer
to the top layer. This layer is intended to help in keeping the secondaryntueteirn
paths concentrated below each transformer secondary circuit, ancethere the ground
coupling in the other secondary circuits when, as the worst case, trentig totally
balanced to one electrode.

Notice the room left in the PCB layout to place the toroidal transformers, withlar
footprint and holes for the screw electrodes that will act as the primargimgrfor sens-
ing the beam position. It was used the Vitrovac W650 core for the tramsisrwhich,
according to its specifications [39], has a high relative permeahility: 10°, getting
then a high inductance with few turns. This permeability value could be redireenat-
ically if core magnetic flux hits its saturation level, also departing from linearatjos.
In consequence, it was checked to be far from saturation accordihg teelected core
specifications and for the TBL beam structure. Considering the low vdlthe@verage
current per electrode (as the one-turn primary of the transformer)0af @A (0.2 mA
for x4 electrode current) for the maximum ratings of TBL beam, with 28 A pealeourr
140 ns pulse length and 50 Hz repetition frequency.

This is important in order to decrease the low ¢tifiiequency of each transformer as
much as possible by increasing their inductance, according t6 Eql (8re2). Eq. [3.2P)
the relation of a toroid-shaped transformer, and knowing the core syatitfis, it was
obtained the maximum estimated values of the inductance per square turnuartdeh
primary and secondary winding inductances with 1 and 30 turns resglgctiv

L/N? = 3535uH;
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Li(N = 1) = 35.35uH;
Lo(N = 30) = 31.8 mH.

At the bottom of the PCB layout design in F[g.4.12 there are also detailed the two

orientation arrangements of toroidal transformer windings. The secpmdadings of

30 turns are implemented as a bifilar coil with 15 double turns which is betteafandp

a lower inter-winding stray capacitan€®;, and thus a higher cufiofrequency at the
transformer outputs. The transformers were made with tfieréint winding orientations

for placing one by each side of half PCB, having then the same relativetati@n with
respect the single turn primary, the screw electrode or the calibrationituvas selected

an inverting winding orientation to yield a negative output pulse polarity foglaotron
beam pulse flowing downstream, i.e. an electrode positive current pogadl upstream
through the transformers, in agreement with the electron acceleratoesntiom.

Finally, in Fig.[4.I38 it is shown a manufactured on-board PCB halves with tadun
components and responsible of the BPS inductive current sensingpadedoefore. There
were performed the validation test on all the on-board PCBs of the BIRS $mfore in-
stalling them into the units in order to check their correct function. As it caseem in
Fig.[4.12, an identification number to ensure traceability of validation test dadeag+
signed and printed to each PCB half ring, which is of the form X-H1 and2{ftdicating
its BPS unit number and corresponding PCB half ring respectively.

4.7 BPS electrical model and frequency response simulations

In Fig.[4.13 is presented the electrical lumped element model of the BP SetRhkflow
frequencies around its operational bandwidth. This new model wasopeeeduring the
BPS series production and testing in order to reproduce, and to betterstanttd, some
cases of the measured frequency response of the device, gengr#igiprevious IPU
model in which the BPS electrical model is based [9].

In the BPS electrical model of Fig._4]14 can be identified the four strip elbesro
modeled by four circuit branches at the primary side of the toroidal toamsfrs with a
1:N turns relation. Their respective secondary sides represent as@&@ndary circuits
in which are also mounted the transformers, as it was shown in previoud.8ec

The beam image current flowing through the four strip electrodes, i.e. dhew-
rently, is then modeled by four independent current soutgeg:. 4) which build up the
sum currenty proportional (at zero-order) tly,, as they were geometrically related by
Egs. (3.163.19).

Each current source feeds its corresponding strip electrode cireuicl going into
the transformers, and also the inductance of the single-turn magnetit.joopparallel
to all of them. This magnetic loop is made up from the strip electrodes and thedu-b
walls enclosing the outer ferrite cylinder as it can be seen in the BPS phigsioat of
Fig.[4.10.

For each strip electrode in the model there are considered the following tLcimpait
elements: the electrode intrinsic inductarigg: and the parasitic resistané®ec, the
last mainly due to the assembly connections of the electrodes at both erafidition,
since the strip electrodes are physically arranged circularly to form ticr@dies piece
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Figure 4.14: Electrical lumped element model of the BPS-IPU for repiondube fre-
guency response behavior within its operational bandwidth.

cylinder, and connected at both ends, there exists an inductive coupliwgén the strip
electrodes which is modeled by the inductancesonnected between them in the circuit
model. Both electrode inductanckgec andLc play an important role in the frequency
response of thé signals particularly determining their low ciiidrequencies for both
coordinate planes.

The toroidal transformers and the secondary circuit resisRgrsand Rs, of every
electrode branch are included in the model as real elements of the PCRsci{sze
schematic circuit in Fig._4.11), as well as the external load resRigyy. In contrast,
the stray capacitancé®s are added to the transformers secondary side as lumped ele-
ments and in parallel to the transformer, which are originated mainly betweesethe
ondary winding turns and are responsible for setting the highicinémuency of the BPS
bandwidth.

In Fig.[4.1% is shown the schematic used for the PSPICE simulation of the BBS-I
frequency response which corresponds to the BPS electrical mo#ea.¢t.14 with the
specific model components values. Notice that the coupling resiRtons the simula-
tion schematic are not considered in the model but just added with negligibkesvdue
to PSPICE circuit simulation requirements to avoid pure inductor loop with thermur
sources. Those coupling resistd®s could have been also considered for taking into
account possible losses though they are expected to be very small.

The wall image current distribution between the four electrode primaryches
which depend on the beam position, is controlled by four independergrtwsources.
Then it is possible to simulate the two maitiftdrent behaviors of the BPS-IPU frequency
response which are: for the centered beam case, the wall curreptabyedistributed or
balanced between the four strip electrodes at equal distance fromdhe b& the df-
center beam case, the wall current intensity increases in the closdst@dscdo the beam
and decreases in the distant ones, thus producing a current urdobktaeen them.

The resulting frequency response simulations corresponding to ther eentedt-
center beam cases are presented respectively in[Figs. 4.16 ahd dr. iffe Eenter beam
case, the wall current is uniformly balanced among the strip electrodethesimter-
electrodes coupling inductancks in the model do not take part because of no net cur-
rent flow through them. In that case the circuit model can be simplified jusgrgving
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Figure 4.15: Schematic of the BPS lumped circuit model simulated in PSPIQH, fro
which are obtained the BPS-IPU frequency response for the cerdesfiacenter beam
cases, respectively shown in Figs. 4.16 andl4.17.

them. This is the BPS simplest frequency response case (as it was dispussgiously
in Sec[3.5.8) which corresponds to the typical bandpass profile ofedactiode signal
channel H., V.) and their sum signall), shown in the simulation output frequency re-
sponse of Fig. 4.16. The low cdfdrequencyfioux is then set by the ferrite single-turn
loop inductance.y for the electrodes and thiesignals, where tha signals are canceled
out in the centered beam case. Concerning the hightfduéguency it is set by the stray
capacitance of the toroidal transformers windings modelgddgf each output electrode
channel.

In the case of anfé-center beam, the current is unbalanced between electrodes, more
wall current flowing through the electrodes closer to the beam than thitbegther ones.
Thus, in the circuit model there is reproduced by a net current flonugirahe inter-
electrode coupling inductancés. This will modify the typical bandpass profile of the
BPS electrode channels for the beam centered case, as showrin Bigl delindividual
electrode responses show how they start to be sensitive to the beammuaiietion
only at higher frequencies from the low ctitaletermined by the bigger inductance of
the ferrite magnetic loopsy, that is for the centered beam case. Hence when making the
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Figure 4.16: Simulation plots of the BPS circuit model frequency resparsesponding
to a center beam case, where the wall current is evenly distributed rethe&our strip
electrodes and fully balanced among them. [Measurements &t Fig. 5.11].

difference of the opposite electrode responses they are canceled ovtrafrémuencies
yielding a higher low cutfi fiowa that explains theféect of the low cuté's increase for
the A signals.

The BPS electrical model simulations were compared to the measurementsgerfo
with the low wire test bench (presented in next CHdp. 5). Thus, the cieteitents
in the model were tuned in order to reproduce the measured BPS fregresponse.
The particular values of the lumped elements in the model were obtained aftertfiting
model frequency response to the measured lowftftequenciesfionz and fiowa, and
also to the high cut® frequency fhign, which are shown in Talp. 5.2 and correspond to
their average values of all the tested BPS units. In consequence, theéEPP8idel of
Fig.[4.I% was used to estimate the lumped circuit elements of the BPS-IPU capefstin
the inductanced,y related to the low cut® of the electrodes and signals, and_¢ and
Lelec related to the low cuts of A signals; the electrode resistariRgq. related to both
cutdfs; and finally, the secondary stray capacita@geirectly related to the high cufio
frequency limiting the monitor operational bandwidth at the upper side.

In Tab.[4.6 are presented the estimated values of the lumped elements as @gtermin
by the BPS model simulations for the average of the measured frequendis dste
Tab.[5.2). Beside are included the frequency figtobtained from the relations derived
in the equivalent circuit analysis of the model, as described in detail fustheApplying
the lumped element values estimated with the PSPICE simulations,ahdA low cut-
offs are calculated respectively from Eds. (4[22,14.24), and the commoitighfrom
Eq. (4.10), which coincide with the simulated ones.

The simulated BPS frequency response for the centerféitegtnter beam cases repec-
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Figure 4.17: Simulation plots of the BPS circuit model frequency resparsesponding
to an df-center beam case, where the wall current is unevenly distributed &retiie

strip electrodes and unbalanced to the ones closer to the béai,. [Measurements
at: Fig[5.12 of independent electrodes; Figs. H.15.15.17 afmixed signals].

tively in Figs.[4.16 an@4.17 show a good agreement as compared to theiirereast
counterparts which can be looked up in CHdp. 5 of the characterizatioiR&spectively

for both center and f&-center beam cases: in Fi§gs. 3.01,5.12 the measured frequency
response of the independent electrode channels; and, in(Eigk[5IH5th& measured
frequency response of tileandA mixed signals.

As some final considerations to the simulated BPS-IPU model, it must be mentioned
that a lower bound to the BPS high cfiteould only be measured, due to limited fre-
guency range of test equipment, subsequently setting an upper bouedstoath capaci-
tanceCsg value estimation.

Also remark that, for the obtained simulation results the toroidal transforméing in
BPS model are assumed to be lossless and fully coupled transformers vatiplng
codficientK = 1 (from Eq. [3.3b) of mutual coupling between electrode primary and
secondary winding). Though this factor can be changed at anytime wiuiald afect
only to the bandpass magnitude level and not theftaitghich were the main simulation
target.

Finally, it must be mentioned that tieandA low cutafs will remain constant with
the simulated beam position, i.e. the current redistribution among the elegtasdesg
as they are fixed by their respective lumped inductances in the model. ateeriefthis
circuit model are not reproduced the shifts of the low frequencyftuteith the beam
position that otherwise exist in a real BPS monitor, as they were measuttesthawn in
next chapter.
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Lumped elements values of the BPS circuit model Cut fregs.

Inductance of the ferrif€u-body single-turn loogd,s 570 nH fiows 2.4 kHz

Inter-electrodes coupling inductands, 27 nH
Intrinsic inductance of the strip electrodésg;ec 6 nH fiowa 282 kHz
Parasitic resistance of the strip electrod®s,c 10 mQ

Capacitance of the toroidal transformer windin@s, < 7L6pF | fhgn > 100 MHz

Table 4.6: Simulation values of the model lumped elements which determine thHe& cuto
frequencies of the BPS frequency response associated to them.

4.7.1 Analysis of the circuit model and derived formulas

The full circuit model of Fig[4.14 must be analyzed by parts. First froenttAnsform-
ers secondary side on the PCBs, with the aim of getting the high frequesyoynse of
the pass-band profile which is common to all the BPS-IPU output signals|etieaele
channels and the andA mixed output signals. And after from the transformers primary
side in order to analyze BPS-IPU model in the low frequency region whishahmore
complex and dterent frequency response for the mixed output signals, as it is foe#the r
BPS device.

High frequency region of the bandwidth

It is recalled here the circuit analysis of one-electrode channel madegeneric IPU at
the end of Chapl3 (in Selc. 3.5.3). This previous analysis is now applied pattieular
design elements of a BPS device from which the high frequency respbits@andwidth
is determined.

From the equivalent circuit of one-electrode channel in[Eid. 3.9, tberskary wind-
ing is modeled as its inductande with the secondary equivalent current source as
lsec = lelec/N, Which is the electrode primary currehiec that is ideally transformed
to the secondary side dividing by the number of secondary winding tdrn¥he out-
put voltage of each BPS channé} was obtained in Eqs[ (3.46,73147) either from the
equivalent impedance of the secondary side circitsvith the input current being the
secondary currertg, or from the transfer impedan@ with the electrode currertec
as the input current and hence containing the transfolrtarns ratio, which is rewritten
here as

| w
) ~ 2w letec). (@.7)

Therefore, the secondary equivalent impedance of a generic IPY. i@HE5) is now
particularized to the BPS-IPU model elements, which in the frequency dorsiig the
Laplace variables = jw is written as

Vo(w) = Zs(w)

_ RLoad SL2
Zs(s) = (Rsz N RLoad) 1+ sly/Re + (SLo/Re) (SRCs) “9

whereL is the inductance of thi turns secondary winding;s is the stray capacitance
mainly present between the windings of the transformer secondariBzstdnds for the
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equivalent resistance of the PCB secondary circuit resistors inclidengpad resistor,
which are in parallel with the stray capacitance, being

Re = Rs1 Il (Rs2 + Rioad)- (4.9)

Notice that the equivalent impedance of the BPS secondary circuits abBae (4.8)
is essentially the same as the one of a generic IPU in[EQ.](3.45). They didyidithe
resistive factor multiplying the same impedance rational form, and that the &f8upar
circuit elementslsgc Re andCs has been used.

In consequence, the pass-band frequency profile of the BPSdsagaircuits will be
the same as for the generic IPU, as well as the low and highHfdueguencies relations
in Eq. (3.52), but now expressed in terms of the BPS secondary citenieets,

1
Wlow = _277L2 —Zﬂ'ReCs >

where the angular frequency is related to the measurable frequencglbgnewn rela-
tionw = 2rf.

Whigh = (4.10)

In principle, these cutd frequencies will delimit the bandwidth of the BPS output
signals, and the transfer impedang&o) will be ideally flat in the pass-band frequency
range. The secondary equivalent impedance in[Eq. (4.8) can bexappted in the pass-
band region by its equivalent resistance as

RioadRe _ RioadRs1 _Ra1
Rs2 + Rload Rsi1+Rs2+Rioad 2

where first, the equivalent resistanBe of the PCB output circuit resistors has been
replaced by Eq.[(4]19) to get the secondary impedaficenly in terms of the sec-
ondary circuit elements. And after the matching condition of PCB secormanyits

Rs1 + Rs2 = Rioad = 50Q has been also applied to EG.(4.11). Thus, from the simplified
Zs, the transfer impedance in the pass-band frequency region is obtagted ju

Zs ~Rs =

(4.11)

Zs Rsp

From this frequency domain analysis, the last expressions recovendseused in

the design of the BPS PCBSs, in the previous section, which correspgrettagly to the
BPS output voltage relations in Eqs.(4.2.14.3).

(4.12)

In addition, as it was discussed in Chidp. 3, the design values of thedsegaircuit in
the PCB must be chosen in order to avoid a resonant behavior. Heag@rifresonance
condition of Eq.[(3:59), which is expressed below in terms of the BPS PCRBic#le-
ments and using the cufdrequencies in Eqsl_{4.110), shall be fulfilled

Lo
ﬁ'
Based on this, the design values for the secondary circuit elements aterenched

in order to have a broad bandwidth, with a relatively high secondary tadoelL, and a
low equivalent resistand®., favouring the non-resonance condition though the stray ca-
pacitanceCs was not known a priori. In specific elements values we haye: 31.8 mH

Whigh > 2wiow & Re? < (4.13)
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as it was calculated in the previous section for the secondary coil of tdrtoéchsformers
with N = 30 turns, andRe = 222 Q from Eq. [4.9) withRs; = 33 Q, Rs> = 18 Q and
Rioad = 50Q. Then, applying them to Ed. (4.113) is set an upper limit to the stray capac-
itance ofCs < 322 uF in order to meet the non-resonance condition, what is far above
the typical values for inter-windings stray capacitances. The last wdsroed when the
BPS high frequency cufbwas determined to be above 100 MHz, as it is presented in
the next chapter of BPS test results. Since the non-resonance conglfiitiiled by far
getting a much lower stray capacitance limit@f < 72 pF, as obtained from Eq._(4]110)
for high frequency cutids beingfhigh > 100 MHz.

Le

elec

1

elecl U elec2

|
|
: % LZ @ ReIeL'

Ro| | |Vome Ry

——
(b)
Figure 4.18: Equivalent circuits of BPS-IPU electrical lumped element inoxkd for
circuit analysis in the lower bandwidth frequencies] (a) Full equivalatit model with
transformer secondary circuits moved to primary sides and approximatedualent
resistanc&p where the BPS output voltages afg= NVp. [(b),[(c) Simplified equivalent

circuits to obtain the transfer impedances and low €&tof the mixed BPS-IPU outputs
signalsz andA.

Low frequency region of the bandwidth

The analysis of the BPS-IPU model at the low bandwidth frequencies s don from
the primary transformers side for which is used the equivalent circuilgppEEL84. Basi-
cally, each of the secondary circuits in the model has been approximateddguivalent
resistorRp sent into their respective primary electrodes side. This is an importar@appr
imation in the model, which is justified below, and that will allow to get the final temsf
impedances reproducing the lower frequency response anfisot@ll the BPS signals.



Chapter 4: Design of the BPS Monitor for the Test Beam Line 88

In this equivalent model moved to the primary side, the four BPS output \edtagare
simply obtained fronVp as the voltage seen between the transformer primary terminals,
as

Vo(w) = NVp(w). (4.14)

which are related by thal turns ratio through the ideal transformer voltage relation in

Eqg. (331).

In a general way, the secondary circuits frequency dependencelusi@a into the
electrodes primary side by transforming back the secondary equivatpedanceZg
of Eqg. (4.8), as seen from the transformer secondary terminals, intaitharg equiv-
alent impedancé&p in series with the strip electrode branch of the circuit model. The
impedances transformation is performed by

Zs(w)
N2
which is derived considering the toroidal transformer again as an ideaformer that
transmits all the power from the primary to the secondary $tde; P, and applying the

ideal transformer relations for the currents and voltages in Egs] (331). 3

Zp(w) =

(4.15)

The secondary equivalent impedaZesof Eq. (4.8) is written in the more appropriate
form of resistive and reactive parts, being analog to Eq. [3.54) assitdesved for a
generic IPU in Se¢, 3.5.3,

Rs
1+ F2(w)

whereRs is the secondary equivalent resistance according ta’Eq] (4.11F; @)ds the
factor containing all the frequency dependenc&ggxplicitly written as

Zs(w) = (1 +iF (w)) (4.16)

F(w) = (1 T ) Dlow
Wlow Whigh) W
with the low and high cutid frequencies specified in function of circuit model elements
in Eq. (4.10).
Thereby, the primary equivalent impedange is obtained in the form of resistive
Rp and reactive partXp, simply by substituting the last form &s into the impedances

transformation of Eq[{4.15),

(4.17)

Zp(w) = Re(w) + Xp(w) =

Rs i ( RsF(w) ) (4.18)

(1+ F2(w))N2 (1+ F2(w))N2

The last is a general expression which captures all the frequeneypdepce through
factor F(w), but for the analysis at the low frequency region of the bandwidth itbean
approximated just to the resistive p& being the only term contributing significantly
to the primary equivalent impedan@p at that low frequencies. This is because the
low frequency cutfi wiew in Eq. (4.10) is in principle set very low by the secondary
transformer inductanck,, but the low cutf's that dominate and limit the bandwidth are
instead much higher as set inversely by the lower inductancasdL s of the electrodes
primary side, which are derived below. Thus, at that frequenciasdrthe dominating
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low cutdfs, the secondary circuits frequency dependence can be negleaedrsy are
still in their pass-band region with(w) ~ 0, as it was discussed in SEc. 315.3.

In consequence, for the low frequency analysis based on the &ntivarcuit of
the full BPS model in Figi_4.18a, only the resistive term of the primary impeslanc
Eq. (4.I8) is considered, where its frequency dependence facteoisanceled, yielding

- N2 2N2
where it is used the simplified secondary equivalent resistRgoef Eq. (4.11). From
the PCB design values of the secondary output circuit Wit 30 turns for the trans-
former and the shunt resist®s1 = 33 Q, the primary equivalent resistance is set to
Rp = 24.7 mQ.

Rp (4.19)

The BPS-IPU frequency response at low frequencies Héerelt behaviors for the
two main cases of a center anff-oenter beam, as it was shown in the simulations be-
fore and now after the low frequency analysis based on the equivatenit models of
Fig.[4.13.

For the center beam case, only the individual electrode andl gignal are consid-
ered since for tha signals the response is canceled out. In that case the equivalent circuit
model of Fig[4.18a can be simplified to get the one in [Eig. 4.18b where thdimgip-
ductanced.c can be neglected because there is no net flow between the electrode/primar
branches and hence not having affget on the frequency response.

In the case of anfb-center beam the equivalent circuit model can be reduced to the
one in Fig[4.18c by applying the same concept of net current flow amenegl¢lstrode
primary branches. This is that only between the opposite electrodes wasil@d @et cur-
rent flow across the coupling inductance and for the extreme situatiotiyofifbalanced
wall current to the positive electrodes, which is the simulat&denter beam case.

The BPS transfer impedances are thus obtained foE thed A signals respectively
from the circuit analysis of the equivalent circuits in Figs. 4]118b, 4.18cbéing defined
by the ratio of the BPS mixed output signadls andV, (meaning for each one of the
horizontal and vertical coordinate planes) over the total wall currithiteoelectrodess.
Then, both transfer impedances can be written in the same functional fgain, ia the
Laplace domain witls = jw, as

V.
Zsa(9) = 2 Z Gy [ —2— (4.20)
’ Iy T\ S+ wiowz.A

what means that for both signals the BPS behave as a common high-ppsnfre re-
sponse profile at low frequencies with one pole determining the corrdsmplow cutdt
frequenciesviows A, and the pass-band gaiGs , which are explicitly written below

4RplLy

Gy =N—— =N L 4L 4.21
» ALs + Lope Rp (Lelec << 4Ly) ( )
Rp + Relec Rp + Relec
Wlows AL + Lotec ALy (Lelec << 4Ly) ( )
Ga Relc (4.23)

B Lc/2 + Lelec
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Rp + Relec
Lc/2 + Lelec

In the model equivalent circuits, the sum andfetience signals are determined
through the transformer primary voltag¥s of each independent electrode which are
proportional to the BPS output signalg by the number of transformer turiéaccord-
ing to Eq. [4.I#). Hence, witN appearing as a multiplicative factor in the gain relations
of Egs. [4.21Z.23).

Concerning the low cutbrelations in Eqs[{4.22, 4.P4) is observed that both depend
on the series of the primary equivalent resistaRg@nd the electrode parasitic resistance
Relee Particularly for thex signal, the gain can be approximated jusRoand the in-
ductance determining the low ctiideing onlyLs, provided that this inductance of the
magnetic ferrite loop with the BPS electrodes and the Cu-body, is much biggetita
intrinsic electrode inductancegee. While for the A signal Lgiec is in the order of the
electrodes coupling inductante, and both are combined to determine its corresponding
gain and low cutf.

(4.24)

WlowA =

Pulse time constants

Finally, turning to the time domain, as it was discussed at the end of Sed. 36tBarik-
mitted pulse will stfer from a exponential droop from the flat top level due to the defined
low cutof frequencies for th& andA signals, and also it will have a rise or setup time
constant caused by the high cfitbrequency (common to all signals). Then, summariz-
ing for the characteristic cufiofrequencies obtained before, and using the relations in

Eq. (3.61), we define

1
WL

Tdroop; = (4.25)
as the characteristic droop time from the low dbifcequencyw,, = 2rf,, for theX
signal, and also for the output electrodes with a centered beam;

1
Tdroopy = o (4.26)
A

as the characteristic droop time from the low diifeequencyw,, = 2rf,, for theA
signals, and also for the output electrodes when the beam is out of ttee;card, finally,

1
Trise = —» (4-27)
Whigh
as the characteristic rise time from the high ¢tifcequencywhigh = 27 fhign, for the
output electrodes, the andX signals.

All the defined low and high cufbfrequencies, and its associated characteristic time
constants, can be measured for a beam (or current wire) input excjtatiol also for
the calibration input excitation, as it will be shown in Chap. 5 of the charaeatéyn
test results. In both cases, the output signals are generated throughnsgfermer sec-
ondary circuits but induced from fiiérent primary circuits: the electrodes for beam (or
current wire) excitation; and, the calibration turn for the calibration inpxt#ation (see
Fig.[411).
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4.8 The BPS readout chain

Here is given an overview of the two main readout stages for the operdtmrery BPS
monitor in the TBL line, following essentially the same configuration as the othtABP

in CTF3 [46]. The scheme of the specific implementation for the BPS with its main
involved elements, signals flow and connections are shown if Eig. 4.19.

The Analog Front End (AFE}tage is a tandem composed by, the BPS sensing PCBs
doing the very first electrode signals conditioning, and after, directihected to the
BPS monitor, the external or AFE amplifier. As the first element of the redacitain
directly interfacing the BPS, it is installed very close to the BPS monitor, aroumd 1
apart below in the beam line girder, trying to have less noise influence.aifipdifier
is basically responsible of the first processing of the four BPS outputgelkségnals
(Vu=, V=), Which consists in the signals mixing and amplification of these signals to
yield the horizontal and vertical fierence voltage signal¥ay andV,y respectively, as
well as the sum voltage sign¥k, at its three corresponding output ports. This analog
signal treatment is implemented inside the amplifier for the corresponding sigriateén
channels based on operational amplifiers. Two equivaleahannels AV, AH) with
two operational amplifier stages, and a thira¢dhannel with only one stage, which will
perform an overall amplification or attenuation to adapt the three amplifienbsigmals
to the input dynamic range of tliigitizer as the next readout chain stage.

The AFE amplifier was developed by UPC [47] in close collaboration with JBC
we will focus on its specific features further on mainly due to the directoperdnce
relation between the BPS monitor and the amplifier, as well as having somelgtrong
coupled design choices.

The digitizer board also called thigital Front End (DFE)was developed by LAPP.
It first performs the analog to digital conversion of the amplifier output $sgieH, AV,
¥) within their pulse widths, to later send the digital samples via ethernet links tmthe c
trol room servers, where are usually stored in the system databasetugly the beam
position and the beam current of each BPS in the line are displayed in thet@psecon-
trol room screens. The beam position and current are calculatedfiedigitizer signal
samples by using the scaling factors and calibratiorfimaents previously uploaded into
the system database and provided by the characterization tests. All ibe detils and
specifications of the DFE board can be found in [48], so here argideddhe relevant
features in relation to the BPS and amplifier performance.

The connections between the BPS and the corresponding amplifier inputside by
six semi-rigid SMA coaxial cables of 1 m long which were all cut with 1 mm toleestio
the same length in order to avoid signals delays downstream in the digitizefodir@PS
signals outputs are bipolar and single-ended as well as the two calibratigs aifhough
a monopolar current pulse signal from the current generator is esexlibration. The
three amplifier output signaldH, AV, X) are also bipolar but éierential signals so they
are sent dterentially through a balanced two-wire line per channel to the digitizer inputs
(also bipolar and dierential) by using ethernet cable of category 6 shielded twisted-pairs
with RJ-45 connectors.

The DFE boards, installed in a’1@rate, are also located a few meters apart of the am-
plifier box inside the beam line area. This is mainly because the overall eoshpnnel
is reduced by taking advantage of having a good noise rejection witrehtial signal-
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Figure 4.19: Diagram of the readout chain stages of the BPS.

ing implemented in shorter and cheaper twisted pairs cables, but alwaysiagghat, in
principle, the DFE boars could withstand the present radiation environment.

In addition, all the AFE amplifier available modes can be configured from thieaio
room consoles and through the DFE board sending the correspongirgpfitrol signals
to the amplifier, which will be specified below. These are 3.3V DC signalsrgertein
the DFE board which are connected to the amplifier by a MIL multi-pin circulag plu
using six wires plus one more for digital ground. Two more connector paalao used
for the 6 V power supply and the analog ground of the amplifier, coming atso its
corresponding digitizer board.

4.8.1 Characteristics of the Analog Front-End (AFE) electroics
Operation and calibration modes of the amplifier

The amplifier can operate in four modes givingfelient overall gains to the three mixed
signals channels in order to better fit to the broad output voltage range BRSB signals
produced by the dierent beam measurement conditions. In the amplifier can be also se-
lected either of the two calibration current signals going into the BPS calibriamporns.

The amplifier operation modes and the calibration configuration modes amgbeeisbe-

low and summarized in Tab. 4.7 and Tab] 4.8 respectively:

o Gain selection modesThe two available modes of LgWigh Gain only will have
effect onA channels, and noftfizcting thex channel. The whol& channels am-
plification is implemented by two series stages, where tlferdince signals mix
is just performed at the first stage. In thew Gain modeonly the first stage acts
bypassing the second stage by means of relays, so the overall gabattdrori-
zontal and vertical channels are ideally the saBiesy = G av = G a. While for
the High Gain modethe two amplifier stages work together yielding higher gains,
GhaH = Guav = Gua. TheX channel has a fixed gai@y since it practically
do not vary with the beam position, only with the beam current. The switching
between both gain modes is performed by the H-GAIN control signal of tates
OFF (default) or ON.

For the beam displacement over the pipe aperture are expected a wjeevedia-
tion of theA signals, from milivolts to tens of volts, thus the low gain will be set to
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cover the full range of beam displacementdZ mm), while the high gain will be
used for measuring small beam displacements around the pipe cehtang), like

a zoom to the smalh signal levels. In the Fid._4.20 are plotted the amplification
scales corresponding to the low and high gain modes relating the amplifier input
voltage range ofA(H, V) channelsVanvymax = +4 V in order to match up the
digitizer input voltage rang®picmax = =0.75 V, and in general trying to do not
saturate the input stages of the amplifier and the digitizer.

Attenuation selection modes.A resistive attenuator is implemented at the input
stages of the three channels. This will produce the same attenuation on all the
channels and for both low and high gain settings, so the attenuated oaénalbge
lowered in the same amount G«(dB) < 0 as simply calculated in dB by , =

GLa + Gatt andG;M = Gp.a + Gaw, for theAH andAV channels respectively; as
well asG{ = Gy + Gay for the X channel. Like in the gain selection modes, relays
are used to select whether the attenuation is performed or not. Thus witbrtinelc
signal BYPASS set to OFF or ON (default), respectively, the input amipdifigals

are sent through the attenuator or are just sent directly to the input amgtéoas
bypassing the attenuator.

The attenuation is mainly wanted to reduce the high voltage levels of the BPS out-
puts feeding the input stages of thendX channels which will be produced by the
higher beam currents within the nominal beam current range of 1-28 A.

Calibration configuration modes. The two signalsCal+ used for the BPS cali-
bration come from the same positive pulse current signal which is prddaica
common calibration current generator. Current pulses of thiféereint intensities

lcal =(300 MA, 1 A, 2.5 A) and 200 ns duration are used for the calibration proce
dure. As can be seen in FIg. R.7 this current pulse is simply split in two calibratio
signal branches inside the amplifier. Thus, one or both calibration sigridsaw
current per signal of.y or l¢4/2 respectively, are selected to be sent to the BPS
calibration inputs by switching their corresponding relays. The calibratoom ¢
trol signals are CAk and CAL- which are set to ON for closing the circuit and
sending respectively th@al. signals to the BPS, or set to OFF for breaking each
circuit path. According to these control signals, in Tabl 4.8 are summateddur
possible configurations, which one of them is to allow the BPS normal operatio
with beam switching i both calibration signals, and the others emulate the beam
position at the positive and negative diagonal extremes and at the cAstdne
calibration configuration modes are just for selecting the way the BPS is @xcite
with a calibration signals or with beam, the gains of the amplifier operation modes
are independently applied in the same way to both.

In Tab.[49 are also summarized the AFE amplifier main characteristics of the In-

putOutput (JO) ports, Power Supply (PS) and control signals. In Eig.]14.21 is depicted
the block diagram of the amplifier showing the basic layout ofAtemdX channels. The
calibration circuit, the power supply regulation and the control signals itsreme not
specified but showing the container block with the signals used XTdf@nnel layout is

in principle more generally designed in order to have: two amplification stajleswe-

lay for gain selection; and a first stage split in two operational amplifiersrtotee BPS
output signals in two parts improving so the possible crosstalk between themllyFin
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Figure 4.20: Amplifier input signal range fax(H, V) channels Van,vymax = +4 V)
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scales corresponding to the amplifier operation modes (equivalent tébgoliage values
are plotted).

Operation Modes Control signals Channel Gains
Attenuation/Gain BYPASS H-GAIN A (dB) ¥ (dB) A/% (dB)
OFFLOW(d) ON(d) OFF() | GLa=-1175 Gy = -515 oL =3975
OFHHIGH ON(d) ON Gpa = +15.055 O = 9.905
ON/LOW OFF OFF(d) | G[ , =-22955 G, = ~26930 g =0
ON/HIGH OFF ON Gy, = —6.725 gy = OH

Table 4.7: Summary of the operation modes and channel overall gains BPB&AFE
amplifier, (d) indicates the default mode or control signal state. The atmdecrease
all the channel gains b@ai(dB) = —21.78dBto get the attenuation ON modes.

Calibration modes  Control signals BPS electrode channelseitation
; Beam position
BPS signal(s) CAL+ CAL- Channels | Cal/ch. Emulafed
Beam (d) OFF(d) OFF(d) (Hs,V.)/Al — (Beam operation)
Cal, ON OFF(d) | (Hs,V)/(R,V) loa/2 Max. + diagonal
Cal_ OFF(d) ON | (H. V)LD Max. — diagonal
Cal. ON ON (Hs, VL)/All lcal/4 Centered

Table 4.8: Summary of the calibration modes of the BPS which are configumedtie
AFE amplifier, (d) indicates the default mode or control signal state. Audailatrrent
intensitieslcy = (300 MA, 1 A, 2.5 A) are applied through the amplifier to one BPS
calibration input, or split into both inputs &gy/2.
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these elements were not mounted being enough with the one amplifierzstiganel,
although the amplifier PCB layout footprint for them was implemented, allowingtio
upgrade in case of necessity.

Two fundamental characteristics of the readout chain must be corgidéieh will
affect directly the performance of the BPM system, and thus the BPS. Firstyibidiar
frequency response or bandwidth for the correct pulse signalsiissisn from the BPS;
and second, the signals acquisition in the digitizer taking into account its ihptacter-
istics that must be adapted to the amplifier output side, further described digitizer
section.

AFE amplifier | /O ports characteristics

Signal ports Inputs H., V. Input Cal/ Outputs Cal. [/O A, X channels
Port & Signal type$ SE & BIP SE & MOP DIF & BIP/ DIF & BIP
Max. voltage range (V) +Vs — +4/+0.7%°

Cal. currentdcgy (A) — 0.3,1,2.5 —

I/0O Impedancef /R, (2) 49 49 4950

AFE amplifier power supply and control

Global PS Op-Amp°® Vs Relay Vcc/Control @
\oltage level (V) +6 +5 +5/+3.3

aPorts: Single-Ended (SE), érential (DIF); Signals: Monopolar (MOP), Bipolar (BIP).

bMax. differential inpuiVavmax / Max. differential output matched ¥picmax digitizer max. input range.
“THS4508 power supply.

dTeledynel72 power supphcontrol signals level for CAlx, H-GAIN, BYPASS.

Table 4.9: Summary of the AFE amplifiefQ ports, power supply and main control
signals.

One-stage amplifier: gain, analog bandwidth and pulse droop compeasion

The analog bandwidthof the ampilifier is in principle from DC up to 200 MHz, wide
enough to do not limit the BPS output signal bandwidth and with its highficinemuency
fixed by the typical gain-bandwidth constant product of the operatiamglifier stages
at a given gain level. According to the specifications for the correct BlSe signals
transmission along the readout chain, the amplifier analog bandwidth forAeand X
signal channels must be set at least from 10 kHz up to 100 MHz.

As explained previously in the BPS model description, for &iacenter displaced
beam the low cutlh frequencies of the electrode signalffelience is higher than for the
sum signal of each electrodgsywa >> fiows, Where thefious is already below the 10 kHz
specifications bufiowa is in the order of ten times bigger and out of specifications.

In the time domain this results in a shorter pulse time constant, and hence a faster
droop for theA signals as compared to the Since theA/X signals normalization has
to be performed to get the beam position, both pulse signals should hawxiapgtely
the same pulse response according the specifications chosen befetr¢he desired flat
pulse transmission within certain error limits.
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In consequence, thpulse droop compensatias implemented in the amplifieA
channels in order to lowefiouwa below the specified low cufbfrequency, as explained
below.

In Fig.[4.22a is detailed the scheme of one amplifier stage with an RC netwazl add
to the feedback loops of theftkrential operational amplifier for the pulse droop com-
pensation. In the scheme are also shown the input and output terminaticorketwsed
mainly for matching to the BPS and digitizer at both ends ofArendX channels. This
scheme, and hence transfer functid(s) below (Eq.[4.2B), will be common to all the
amplifier channels, but taking into account the following specific implementatisesca
1) the pulse droop compensation must be performed on gignals, so it is only imple-
mented in the first stage of tliechannels by mounting the corresponding componests
andC; in the feedback loops; 2) for tiechannel to implement the sum of the four BPS
signals, the four amplifier input lines are connected to the same positive témmiiha
each line having the corresponding input termination aRg iesistor, like is also shown
in Fig.[4.21; 3) the input termination is simply a resistor divider to match the impedanc
of the BPS outputs and corresponding to the operation mode without attanutihe
output termination, implemented for all the channels, is an RC network madedsy ar
sistor divider to match the digitizer input impedance, jointly with a capacitor to fileer th
unwanted DC level at the operational amplifierfatiential outputs adapting to the input
digitizer voltage range.

The diferential outpu¥,g = Vor — Vo are then obtained directly through the transfer
function of a fully diferential amplifier and from the fierence of the input terminals
Vig = Vi. — Vi asVog = H(9)Vig, Where the dierence signal between the BPS output
signals for each coordinate plane is made by the amplifiéeréntial input asviy =
Van,vy, and for the sum i8/y = Vs but with all the BPS output signals feeding the
positive terminaV;, = Vs and with the negative terminal groundéd = 0.

The transfer function of the one-stage amplifier (without the ifguiput termina-
tions) can be explicitly obtained from the two symmetric feedback branches irthuit
of Fig.[4.22& by applying a circuit analysis at each input terminal nodeaasdiming an
ideal operational amplifier, so that using the Laplace varialsgw,

B Ro\[Ss+ w>y
H(s) = (E)(suul)’ (4.28)

where the theoretical gata for the differential input and output in the amplifier pass-band
is just determined by

Ry
E]_’
where considering the resistor dividers at the input and output termisatiergain will
be reduced by a factor foux (1/2 for each divider), s&;, = G/4.

The frequency response of the amplifier is then set by the two charéictéesuen-
cieswi 2 which are defined respectively by the pole (denominator) and the zenoefia-
tor) of the transfer function as

G= (4.29)

1 1 1

= — wo = ~ . 430
RsCr >” (Rall(Rs)Cr ~ ReCy (4.30)

w1
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Since the pulse droop compensation is only needed fak tignals, it is implemented
only in the first stage of the amplifiégrchannels. Thus for the rest of the amplifier stages,
the £ channel and the second stage of thehannels, the droop compensation is not
implemented just by makinBz = 0, a short-circuit, an€; = oo, leaving an open-circuit
instead of this capacitor.

Analyzing the transfer function asymptotically for the three frequencipnsgdelim-
ited by these characteristic frequencies, with the component valuesdsize>> R, to
getw1 << w», the bode diagram of the resulting frequency response is obtainedws sh
in Fig.[4.22b. Basically, at high frequencies the gain in the flat frequeasg-band of
the A channels is determined I8 = Ry/R; sinceCs can be considered as a short-circuit.
Then starting at the zero, it ramps up with a -20 dBlecade slope in the transition to-
ward the polaw; having again now a flat response level B ¢ Rs)/R;. Thus, setting
w2 = wiewa the slope of -20 dRlecade starts precisely at the low ditbequency of
the BPSA signal to ideally compensate its falling slope+#0 dB/decade and resulting
in a flat combined response. This can be extended watdetting the new low cutd
frequency for the/, output signals, as it is also depicted in Fig. 4]122b.

According to the expressions above, and for the more general cake afchan-
nels amplifiers with droop compensation, the steps followed for choosingnipéfier
component values are: 1) seld®f and R, to fix the desired gain at high frequencies
Gio = R2/4R; with the inputoutput terminations considered which will be the final gain
level of the amplifier stage after compensating thsignal; 2) setw, at the low cuté
frequency valuesowaH,v) Of the BPS measured in the characterization tests, calculating
Cs just fromR, according to the approximation in Hqg, 4130 Ry >> Ry; 3) setw; at the
new desired low cutd calculatingRs with knownC¢ from Eq.[4.30.

Considering both input and output terminations for eveffedéntial line as shown
in Fig.[4.2Z& and also a second amplifier stage only applied for theAcakannels, the
general transfer function of thteandX amplifier channels can be obtained from the one-
stage amplifier transfer function in cascade with the new added elements as

o9 = (g | a9 (s ) (e ) (4.31)

Ri1+ R S+ wiowout/ \ Ro + RL

whereH; andH> correspond respectively to a first and second amplifier stage as calcu-
lated particularly from the one-stage transfer functit(s) of Eq. (4.28). Multiplying at

both sides are included the input matching resistor dividers RjitandR;» values, and

the output resistors dividers formed by the output matching resigtand the load of the
digitizer inputR,_. Therefore, the channel gain level will be set by

Ri2 R
Gip = (Ril " Raz)Gle(Ro " RL)’ (4.32)
whereG; andG; correspond respectively to a first and second amplifier stage as calcu-
lated particularly from the one-stage g&rof Eq. (4.29).

The output termination RC networks used in principle to filter the unwanted DT lev
for all the amplifier channels, as mentioned before, will eventually modify theirfre-
guency response by inserting a pole in the full channel transfer funatigq. [4.31) with
wo the low cutdt frequency being
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quency awjowa = w2, combined response of BPS and amplifier (gregn). (c) Simulation
(PSPICE) ofA channel first stage (low gain) with op-amp model THS4508.
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1
(Ro+RL)Co
where for every dterential line as shown in Fi§. 4.22a, tg is the output capacitor in
series with the output resist®, and with the loadr_ of the digitizer input.

(4.33)

Wo =

The Eq.[[(4.311) can be applied particularly to the two amplifier stagasbfnnels and
in the case of the two gain operation modes, thus resulting the specific traimgfdons
for the low gainH_A(S) = Hio(S) with Hz = 1, where only the first stade;(s) is activated
with the droop compensation implemented and the second stage bypassétk Righ
gain mode the two stages are activated but the second without droop czatipanso the
full transfer isHuA(S) = HLA(S)G2. While for theZ channel of a single stage without
droop compensation is simplz(s) = Hijo(s) with H; = G; andH» = 1.

From Eq. [4.3R) the theoretical gains for theandX channels in the case low and
high gain operation modes are written explicitly as

v (R R
BLa = (Ril + Riz)Gl’A (Ro + RL) (4.34)
e (_Re RL\
Gya = (Ril n RiZ)Gl,AGZ,A (—Ro " RL) =G \G2 (4.35)
R R
G =|RivRo)C 4.36
- (Ril+Ri2) 1’2(R0+RL) (4.36)

where the specific channel resistor values are used to calculate teepmrdings; and
G, from the one-stage gain relation in Ef._(4.29). Thauperscript indicates that is a
theoretical design value to be compared with the measured counterparts[fhfla

In Tab[4.10 are summarized the component design values for the oreastagjfier
considering the inpyutput termination networks and for all the stages of shendX
channels. These values correspond to the definitive ones obtained béiing measured
in the lab test taking into account the real system performance, and wieichapplied
to all the BPS amplifiers units, beingfiirent for the first prototype BPS1-v2 due to its
different PCB design version.

Moreover, in Tab“4.70 are collected the theoretical gain values in thebpask the
characteristic frequencies of the droop compensation, the lowfdatcoduced by the
output termination network, and the high cfiittequency which is set by the operational
amplifier gain-bandwidth product [49]. All of them calculated according eélquations
above and from the final design values.

Comparing the theoretical channel gain values in [abl4.10, for an igeshional
amplifier, and the final measured ones in Tab. 4.7, it can be seen théghtly glifferent
with only around 1 dB loss for all the channel gains. This can be explairgdy the
real operational performance so giving a good design starting poietrédi gain values
were first obtained by simulations in PSPICE with a more realistic model of the agnplifi
and after measured for all the operation cases leaving the final gairs\afliab[4.V .

In the case of the pulse droop compensation first it was simulated with PSR¢CE
frequency response of the first stage of thehannel as shown in Fig._4.22c, where the
gain of -1dB at high frequencies is closer to thg, value corresponding to the low gain
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operation mode and without attenuator. But in turn for the final design salfithe RC
network in the amplifier feedback loop, it was needed the measurementsreftiwom-
bined frequency response of the BRSignals and the amplifier in the lab characterization
tests, as it will explained in Chalp. 5.

Finally, from the Tab"4.70 the overall analog bandwidth of the AFE amplifiseis
by the lowest cutfi frequencyf; or f, in the case of each andX channel and the high
cutof fhigh common to all the channels.

One-stage amplifier design characteristics

Op-amp feedback components Gains BW fregs.
Op-amp stage
Ri(©) R(Q) Re(Q) Ci(nF) G(dB) fi(kHz)  fa(kHz)
st

A(H, V) 1% stage 560 24k 47 k 0.470 Gi=112.6 7.2 141
[droop comp } 220k 1 0.7 66.3
A(H,V) 29 stage 100 680 (short)  (open) G,=+16.7 — —

¥ single stage 560 1.6k (short) (open) G;=+9.1 — —

Amplifier channels with | /O termination networks

. Termination networks components Gains BW fregs.
Chs./ Gain mode
Ri(Q) Ra(Q) Ri(Q)  Co(nF) Gio(dB) fo(kHz)  fhign(MHZ)
A(H,V) /Low G| ,=-0.34
A(H, V) /High 27 22 50 2200 | G}, ,=+16.3 0.7 200
¥ /Both GL=-3.9

2pulse droop compensation values for: BPS1-RZB v2 (29 line); rest 16 BP$PCB v1 (£ line).

Table 4.10: Summary of the AFE amplifia(H, V), X channels components design values
for gain, bandwidth and pulse droop compensation. Each channehtitthds set from
the highest low cutd frequency betweety or f, and the high cut fhighn common to alll
three channels.

4.8.2 Characteristics of the Digital Front-End (DFE) electranics

In the scheme of Fig.4.23 can be identified the basic elements and signalfftbe o
digitizer board architecture. The signal digitalization is performed for eaethog input
channel AH, AV, X) by two main input stages, a previous stage of 12 bits analog mem-
ories (SAM) of 500 MHz sampling rate and the 14 bit resolution ADCs of 8d@ ks
the last stage where a down-rated digitalizationfisaively completed. Then the SAMs
stage is used as a fast sampling ratédrs, storing one signal sample every 1.95 ns in
its memory cells, from where the ADCs can read out and digitize the memory sample
at lower sampling rate of 800 kHz. In addition, two analog stages are implechertte
differential amplifiers for signal levels matching: a first stage at the digitizdogivgut
channels in order to allow theftirential reception of tha andX bipolar signals in the
range of+0.75 V adapting them to the SAM positive voltage range of 0.5 -2 V and a
common mode voltage of 1.25 V; and an intermediate stage with a three gain facctor f
changing the SAM samples voltages to the ADC input levels again bipolar in tige ra
+25V.

After the input signals are digitized, the 14 bit data samples are temporarigdstor
into the RAM memory blocks of the FPGA and finally sent to the control roomessr
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through the SPECS board made specifically for the ethernet network aladéirty. The
FPGA also generates the clock signals needed for the SAM and ADC timingpamales
readout synchronization. For completing the BPS readout system, a codistrapution

board is responsible for managing the global timing signals and power sppplided

by the accelerator facility, and sending them to several DFE boards instaflee same
crate. It also will spread the calibration pulses between several AFE aamplifom the
external current generators.

clk <«
Il Bus SPECS
. RJ 45
e Mezzanine -
board "

clk=32MHz clk1=800kHz 4 or

CTF3 clock e mm= Blocking

Figure 4.23: Scheme of the Digital Front-End (DFE) board or Digitizer feBRS read-
out chain.

This digital conversion strategy was followed mainly to perform a fixed time aind
acquisition at a high rate within the beam pulse length of 20 — 140 ns, whebzéme
position and current information is, instead of a free running digitalizatias, $elitable
for the low pulse repetition frequency of 1 — 50 Hz (and hence low dutjetyehich
would acquire unwanted samples from the long period between beam.pllseSAM
has a 16x 16 array memory cells having thus a memory depth of 256 samples, which
allows to capture a fixed number of samples in a maximum time window of 500 ns with
room enough for the considered beam pulse lengths.

In conclusion, from the perspective of the beam position and curaéaulations from
the data samples, the digitizer will perform dfeetive digitalization of the analog voltage
pulses Vx, Vs) with the following parameters: a 12 bit resolution with an input dynamic
rangeVpicmax £ 0.75 V, and a sampling rate of 800 kHz with 1.2S data samples
spacing.

Therefore, an important condition for the digitizer resolution is that it musistgood
as to not limit the achievable resolution for the beam position measurementuadaa f
mental parameter in the BPS system performance. More specifically this impdies th
the voltage quantization step given by the digitizer resolutiod@gmax/2° with b the
number of resolution bits, must be smaller than the analog voltage step gitba BPS
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outputs (as theoretically determined in the PCB design) for the minimum beamadispla
ment of Smuupn, which would correspond to the desired beam position resolution. Also
the quantization noise may degrade the digitizer resolution by reducinfftogivee num-

ber of bits, and so the bigger quantization step might be considered. ahe fEsition
resolution will be eventually restricted by the noise level present in the vdysiem so

it must be measured, as it is presented in Ge¢. 5.5.

4.8.3 Rad-hard considerations and components

An important issue when designing electronics for being close to the aat®lés that
will suffer from radiation losses in the beam line. In consequence the electranfmoeo
nents should have a radiation hardness (rad-hard) specification witkimuma radiation
tolerance level, usually given by the Total lonization Dose (TID) paramttat guaran-
tees their correct performance during a certain period of time. For thelifBlcase the
maximum radiation level present in the accelerator area is 1 kGray (106)kpar year
(Tab.[41). For the BPS electronics mounted on a PCB there is no probtamdeeit has
only passive components and their performance are muchflesseal by radiation than
the integrated circuits (ICs) and the SMD thick film resistors used areaediénough.

In the case of the AFE amplifier and the DFE board (digitizer) the following etitic
components were selected in order to withstand the expected radiation letredsTiBL,
most of them having rad-hard specifications and testings from the mamefadut other
components (diicult to find rad-hard ones or with overcost) at least having good ésgec
rad-hard performance given by their use in similar environments. Fomtipdifeer: the
rad-hard wideband IC amplifier THS4508 frofexas Instrumentas used for the op-
erational amplifier channel stages; the power supply voltage regulattfFe 4913 from
ST Microelectronicswhere LM317 fromNational Semiconductowas also considered
although not having rad-hard specifications; and the electromechamiitahing relays
Teledynel72. For the digitizer: SAM analog memories with ASIC (Application Specific
Integrated Circuit) rad-hard design developediiyA, Saclaythe ADCs LTC419A from
Linear Technologyand the FPGAActel ProAsicplusAPA300 with no explicit rad-hard
specifications; and the SPECS network board with a rad-hard desigioded byLAL,
Palaiseau All the digitizer components mentioned herein are included in the digitizer
development document from LAPP [48].
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Chapter 5

Characterization Tests of the BPS
Monitor

Two different characterization tests, at low and high frequencies, weredcatrien the
BPS units: the low frequency test, in the beam pulse time scale (untif1dHZz),
determined the BPS working parameters directly related to the beam position monito
ing; and the high frequency test reaching the microwave X-Ku bandsdrthe beam
bunching time scale (832GHz) in order to obtain the longitudinal impedance in the
frequency range of interest.

The BPS main working parameters, sensitivity and electriffabbof each indepen-
dent horizontal and vertical plane, have to be measured for its opesgtenheam position
monitor by means of the linearity tests for the positions range of interest. én trdheck
and fulfill the performance specifications requested for the TBL BPS,uhé&saccuracy
and resolution benchmarks of the BPS position measurement are also detkfimin the
linearity tests. The device frequency response (with frequencytswaod bandwidth) and
derived pulse response are obtained from their respective tests iretheeicy and time
domains. These low frequency characterization tests were realizedauspegial setup
commonly called the wire method test bench, as it is usually done for testinigiprec
pick-ups. This test bench allows the emulation of the beam passing throai@P® de-
vice under test by a thin stretched conducting wire which carries a giweert intensity
and can be moved to a knowrfldirent positions relative to the BPS vacuum pipe aperture.
Essentially, the conducting wire forms a coaxial structure with the suriognécuum
pipe of the BPS and it is able tdfectively reproduce a real beam behavior provided
that both have the same TEM fields propagating down the vacuum pipe aachgeg a
purely transverse wall image current mirroring a given wire or beamentiwaveform.
Therefore, as it was stated previously in CHdp. 3, this will stand onlylfia-telativistic
or high beams having purely transverse EM fields as it is the case of the TBL electro
beam with a nominal energy of 150 MeV.

The first characterization tests for the BPS1 prototype (with v1 and v2\R&80onSs)
were carried out on an existing wire test bench previously used fordestich calibrating
the BPMs for the DBL of the CTF3, and during several short stays &N NCEParticularly
in the laboratories of Position and Intensity (PI) section, of the Beam msintation
group (Bl) in the Beams department (BE), where this wire test bench waseld and
with the help of PI team.

105
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After solving some mechanical design adjustments based on the prototygiag ex
rience during the year 2007 and part of 2008, the fabrication of tfierdnt BPS parts
started in November 2008 for the production of the BPS series of 16 ubifsi(the TBL
and one spare) as well as their corresponding on board PCBs. Aarme time a new
wire test bench was specifically designed and constructed to perforchdhnacterization
tests of the full BPS series at IFIC labs. Also a validation tests was doneed?GBs to
check their correct functionality prior to the BPS units final assembly whig$ fimished
around August 2009. Then the characterization tests lasted until O@6berwhen fi-
nally 13 BPS series units were delivered to CERN for installation in the TBlerevthere
were already installed the BPS1, and the BPS2 and BPS3 units constrodtexbted in
advance as a pre-series delivered to CERN in March 2009.

In the first following sections are described the low frequency testiemngust briefly
the one used for the BPS1 prototype at CERN, and after the ad hoc wibeteh design
for the BPS series at IFIC. Further on are presented these chaaiiter test results of
all the BPS units.

Apart from the main operation parameters for beam position monitoring, itds als
needed to determine the longitudinal impedance of the BPS monitor for the high fre
guency components generated by the beam bunching frequency in thea@¢t. This
is important since every BPS monitor produces a longitudinal impedapce, the line,
and higher values af; will produce stronger wake-fields leading to beam instabilities.
For that purpose it was designed and built a special high frequertdyetiesh. In Se¢. 514
we describe the results and methods used to obtain the longitudinal impedanedra:
guency range of interest. This test will provide us the S-parameters measuts of the
propagating TEM mode in a matched coaxial waveguide, specifically designehe
BPS, which is able to emulate an ultra-relativistic electron beam. The BP Sraséned
at IFIC labs as a spare units and also to perform these high frequetsy tes

Finally, in Sec[5.b we present the results of the beam test in the TBL (CJERN)
carried out on the BPS monitor in order to fundamentally determine the positofture
tion parameter as the BPS figure of merit according to TBL demands whiclpéstd
to reach the fm resolution at maximum beam current of 28 A. The beam test results of
the BPS units are also compared with the resolution obtained from their pseshawac-
terization test at lab.

5.1 The BPS prototype wire test bench at CERN

As can be seen in Fifg. 5.1, this wire test bench consists in a stage whénstalied the
BPS1 prototype with its adaptation support. The stage holding this setup iseattiaca
3-axes manual positioning structure which has a digital display encoaldingethe stage
displacement with a5 um resolution [50].

On the other hand, the top of the wire is soldered to a SMA connector stitda@vn
to a static roof, which will be the input of the excitation signal. Because the veiseto
simulate the beam, it cross the BPS longitudinally and a weight is hanging atttbenbo
end of the wire to keep it aligned with the BPS longitudinal axis just by gravepi@ed
in Fig.[5.1 with a dotted line and a blue triangle). This weight is inside a tank floating
on mercury in order to make contact with the tank walls and, then, close thét @fc
the wire. Because of this, the wire current will have its return path mainlutirahe
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BPS body, but, it is worth to remark that the current sensed in the BPSaslestis not
this return current, being actually the transient wall image current inducédte BPS
conducting walls by the TEM modes of the wire current.

Also to mention that in the tank there is oil to allow a soft motion of the weight
floating on the mercury when making a platform displacement. Thereforesutinent
wire will stand still, while moving the platform jointly with the BPS. This procedure of
moving the BPS instead of the wire is preferred because, making wire digpdants to a
certain position would cause oscillations in the wire after reach this positiadhysuld
be necessary to wait each time until they stop completely.

Figure 5.1. Wire method test bench with the BPS installed (left side) at CERN-B
section labs; AFE amplifier connected to the four electrode sigmélsVpm, Network
Analyzer to generate the excitation signal and read the amplifier output sigiHalsV
andz; and a laptop PC running the acquisition application.

5.2 The BPS series wire test bench at IFIC

In Fig.[5.2 are shown a picture and a 3D design view of the wire test behetevare de-
picted its main elements with a BPS unit under test. A centered axial line is alsaettepic
in the picture to show the wire going through the BPS which can not be sessilgir

The fundamental design concept is that the BPS and the main test standtslemen
are in-tower mounted within an aluminium frame in order to vertically stretch the wire
between two fixed points from the upper to the lower square frame roslsingsthrough
the hollow center of the rotation stage, and thus avoiding any wire bendatpdyravity.
With the wire remaining at a fixed position, the BPS sitting on the reference ptatfo
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then moved by the micro-mover stages to yield the wire relative displacemeettde
the BPS through their position readout. Moving the BPS instead of the wirefisrped
in order to avoid vibrations of the wire that otherwise would be producegexty motion
step and would interfere in the precision measurement of the position.

Also special care was taken for choosing the way of anchoring antttstrg the
wire at both points in the frame. The selected wire is made of CuzZn-37 allo§®fu
diameter and the key element is a small ceramic ring with a thin diamond inner hole of
nearly the same wire diameter to thread the wire in. Then each of these twotasgne
inserted in the center of a bigger diameter teflon cylinders and finally fitted topiher
and lower round through-holes made in the square frame. Since the site ha taken
in and out and also stretched for every BPS unit to be tested, the mainrcamas to
guarantee the wire position repeatability as much as possible. For than réasavire
and the two small ceramic-diamond ring was borrowed from an electrisaroschine,
with the wire being able to stand high tensile strengths and with the ceramic-diammgnd
holes highly resistant to deformation and friction when pulling to stretch theagiaést
them.

Following the Fig[5.R the main elements of the BPS test bench are described belo

o The wire elements. The wire is stretched between the two teflon pieces with
ceramic-diamond ring holes at the top and bottom of the square frame,lagexip
before, having a length of 38 cm between them. At the top of the frame thare is
SMA connector, screwed to a small metal support, as the wire input sigriatjph
its center conductor soldered and tightly tied to a wire end. The other wiresend
fixed by an SMA connector at the bottom of the frame. A resistor dividex iwa
plemented at the wire input connector to get an input impedanBg, Gfire=50 Q
in order to match the incoming signal from the signal generator equipment. Also
a load ofR__yire=180Q was added at the wire end connector (after measuring its
output impedance) for approximately matching the coaxial line formed by thee wir
and the BPS pipe. This was made to improve the test bench frequencysesge
ducing the signal reflections appearing at the higher frequenciescidd MHz.

o Micro-mover stages. The two linear translation stages are orthogonally mounted
providing the BPS displacement relative to the wire in thegy) or (H, V) direc-
tions. On top of them a metallic case platform holds the rotation stage allowing to
make BPS-wire relative rotations of a given anglén the same X, y) plane like
in polar coordinates. The ILS100CCHA model was chosen for eackl#t@om
stage and the URS150BCC model for the rotation stage, both models beirly a hig
performance precision micro-movers driven by DC motors fidewvport[51, 52].

The maximum linear travel range of the translation stages is 100 mm having an
on-axis accuracy of 4m in this range and, for the position readout, features an
encoder with integrated linear scale providing a @1 resolution. The rotation
stage has a 36fotion with a high-precision rotary encoder yielding an accuracy
of 0.012(209 urad) in the bi-directional angular positioning, and a resolution of
0.0005(8.7 urad), which means having an arc accuracy ofi@rband arc resolu-

tion of 0.1um at a radius of 12 mm corresponding to the maximum wifecenter
displacement. The maximum normal load capacity for maintaining specifications of
the stages are 250 N (25.5 kg) and 300 N (30.6 kg) for the translation amdttz:

tion stages respectively, which was considered enough to stand a maxieigit w
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of 15 kg (supported by the stage beneath) and with ondy 22 mm dt-center
displacement.

o Supporting mechanical elements.The test bench tower is placed over a heavy
iron base platform where the aluminium frame just holding the stretched wire is
also tightly bolted, giving so a good stability to the whole setup. A small platform
provided by the micro-movers manufacturer was also used for precigily the
bottom translation stage. An aluminium case platform placed on top of the transla
tion stages in XY configuration, was made in order to rise the BPS and the rotatio
stage over the lower frame rod allowing the free motion in batly)(directions.

The BPS reference platform, made also in aluminium and with a hollow center for
the wire, was used to eventually fix the BPS placement with two side suppalrts an
to the rotation stage beneath. An alumnium tube of the same BPS vacuum pipe
diameter and the corresponding coupling flanges was added to extenpéhia®,

like in an accelerator, and cover the wire as much as possible. Due to thet weigh
of the extension tube it is clamped by a supporting arm fixed to the one BES fre
side. Finally, two contact brushes permitted the electric contact betweertéme e
sion tube and the upper frame rod while moving the BPS, with the aim of closing
the currents return path, back to the wire input connector, by the BP dutl

the extension tube, and thus avoiding the ground current loop that aseanwuld

be formed by the wire and the aluminium frame acting like a big area antenna.
This improved the EMI immunity to the external signals mainly coming from the
FM radio broadcast band (87.5 MHZ to 108 MHZz) in the upper range oB#®
bandwidth of interest.

o Test bench accommodationFurthermore this test stand was placed inside a Fara-
day Cage for better EMI immunity by the test bench screening but mainly of the
wire-antenna of 38 cm length. The pneumatic vibration-damping table (orabptic
table) helped to minimize the wire vibrations during measurements that might be
produced by a variety of external sources, considering also the hkwiloln fre-
quency vibrations since the lab was located in a first floor instead of aditaor
or a basement.

The wire test bench used for the BPS characterization tests will work arbowa
frequencies up to around 100 MHz, which barely is enough to specifdebsized BPS
operation bandwidth with a high cdtfdrequency at least being above 100 MHz although
it is not suficient for precisely measuring the bandwidth high éitas it will be shown
below in the frequency response test results. This limitation will relay mainly on its
particular design but, basically, this type of wire test bench will be limited by itfiealty
to get a matched coaxial line with a thin an-ocenter wire, as a center conductor, while
having an external coaxial conductor fixed by the BPS vacuum chadidoeeter.

5.2.1 Metrology of the wire test bench

The accuracy of the position measurement that the BPS must achieve i$6eginoac-
cording to the TBL specifications. In consequence the uncertainties urtieddy the test
bench tower in the wire relative positioning should be minimized to be able to neeasur
the wire position from the BPS at least with an accuracy aifQas it is mainly required

for the linearity characterization tests. This was proved to be critical fcin puecision
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measurements since the accuracy results from the prototype tests washveorexpected
due to the misalignments influence of the test bench which was not well adaptbe
particular BPS design. In that sense, it was carried out a metrology ofitkerela-
tive to the BPS supporting reference platform where there were coaditiee following
typical misalignments produced in the mechanical fabrication, micro-moveisgong
uncertainties and the assembly of the test bench elements indicating the mettidd us
measure them.

Wire tilt

The inclination of the wire with respect the BPS reference platform wasrdeted with
theZeiss Calyps@D metrology machine. First by positioning the reference platform sur-
face with a sensitive touch sensor, and after basically measuring twonexqpr@ints of the
wire line with a camera vision system, in order to perform a more accurate reeaesuot
without touching the wire that would invalidate the measurement by an unkmoren
displacement.

In Fig.[5.3 are shown the measurement analysis results of the wire metrolagdDn
reference system with the,{y) coordinates for the horizontal and vertical displacement
and thez coordinate for the height from the reference platform surface. Tihe me
(in red) was indeed obtained from the wire line projections in the XZ and YZgda
since it was measured a pair of 2D data points in the XZ and YZ planes at tlantbp
bottom of the wire. Only a segment of the 380 mm wire corresponding to thddsiggh
(~ 126 mm) is plotted in Fid. 513, and the side lines (in green) represent theoé e
wire line measurement.

The wire was measured with the translation stages at his home refereriienpos
with a zero reading of thex(y) coordinates and for a height from the platform surface at
z = 389 mm, which corresponds to the middle point of the BPS electrodes length. Then
the wire home point in the XY-plane at the specified height and with measutemers
is

Wiy = (0,0) = (0.013 0.005) mm,

is taken as the wire origin for the translation axes reference system,an 8h&ig.[5.3
where are also depicted dashed circles of 0.1, 0.5, and 1 mm radius wigh attihe wire
home point (only for illustration reference).

Wire offset and rotation center

The wire home origin is at €lierent dfset position with respect the BPS theoretical me-
chanical center point, and it is located in the translation axes referesisgoordinates
at

M¢ = (-0.557,1.005)+ (0.013 0.005) mm,
which is indicated in Fid. 513 with the wire line (dotted red) transported to this point.

The BPS sitting on its reference platform can be rotated by the rotation stagath,
so the BPS mechanical center poMt will be rotated around the reference platform
rotation axis. Therefore, in order to calculate the new rotated coordinhtie BPS
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mechanical centevl? for a given rotation angle, the rotation center of the wir&; has

to be known which for a tilted wire is defined at a given height from the platfsurface
in the same XY-plane specified for the chosen reference system. [D.Bigresshown the
platform rotation axis (dashed blue) and the measured wire rotation cemhieh in the

XY-plane at the specified height and with measurement errors is located at

Re = (-0.676 —0.947)+ (0.0025 0.0025) mm.

Around the rotation axis are also shown in [Fig] 5.3 the location of the BPS mieaha
centersM¢ (green dots) that has been rotated by the BPS platform, as well as fatedo
wire lines (dotted red) corresponding to the BPS reference platforrtiantanglesy =
0°,90°, 180, 27C".

For measuring the wire rotation centgy, it was implemented an ad hoc method us-
ing a metrology laser device for distance measurements. The idea is to polaséne
beam of 5@m spot size to the stretched wire of 260 diameter at a wanted height
from the platform, and then with the laser mounted in the platform make sueelgssi
18Crotations and XY translations corrections to point again the wire with the laser,
order to eventually find the wire rotation center being by definition the only paiat
that do not change its position under rotations and which s determined byvtheax-
ing of the translation axes when the laser distance reading remains uadhagigveen
18C°rotations. In Fig[ 5} is shown the laser setup, and a detail of the laser pgoih&n
wire used for measuring the wire rotation cerfRgr

Orthogonality and parallelism of wire trajectories

According to the manufacturer specifications of the translation stages ndani¢¥ con-
figuration the relative orthogonality between them:&9° (+£50 um). This will change
the trajectories followed by the wire relative to the BPS motion in thg)(directions,
being deviated from the ideal parallel wire positions along the correspgmarizontal
and vertical coordinate lines. Nevertheless the wire trajectories deviatenesmeasured
with the camera vision method at a middle point in the wire and for a wire travel fro
-10 mm to+10 mm in both coordinate lines, obtaining much smaller deviations. Then
the angular deviations, with the convention of positive clockwise angles itrdhsla-
tion axes reference system, for the horizontal wire trajectori®5 and+0.005for the
vertical wire trajectory. Corresponding to deviation slopes of the hoté@md vertical
coordinate wire lines of 0.8m/mm and 0.lum/mm, hence with respective vertical and
horizontal deviations at both ends of the wire tray&D mm of 9um and 1um.

Compensation of the wire test bench alignment errors

The main concerns were first to position the wire at the BPS mechanical ddgtend
then correcting for the wireftset between this point and the wire at the home position
Wy determined by the zero of both translation axes. This is mainly needed to ggt¢he
absolute position for the linearity test and particularly to determine the eleabffsalts

of BPS knowing that the wire is positioned precisely at its mechanical center.

A second issue was the influence of the wire tilt relative to the base of therBiR&
test results. For a wire (or similarly a beam) with a given diameter, the BPS getsia
sure of the proximity of the respective wire side facing each electrodéhéwall current
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Wire—BPS platform rotation axis.

i Wire at BPS mechanical centers Mc
. o =0°,90°,180°,270°

with rotations

ire Home:
W,=(0,0) £(0.013,0005) mm
| BPS Mechanical Center:
i M_=(-0557,1.005) £(0.013,0.005) mm
Wire Rotation Center:
R =(-0676,-0.947)" (0.0025,0.0025) mm

XY reference plane at Z=38.9 mm,
___________ B at half length of BPS electrodes

ire offset

- .
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Figure 5.3: Plot 3D of the test bench metrology measurements of the wirazediatihe
BPS reference platform. The,fy) coordinates represent the wire relative motion due
to the XY translation stages with origin at their home position andztheordinate is
the height from the BPS reference platform until approximately the lengtheoBPS
126.18 mm. The BPS mechanical center poits for platform rotations of angler
and the wire home positioWy are in the XY-plane at half of the BPS electrodes length.
The measured tilted wire (red) and side wire error lines are shown (bhakejt & also
translated and also rotated as indicated in the plot.

induction mechanism explained before) and then determining the wire or te@noid
by making the diterence between the electrode output signal level. For a perfectly per-
pendicular wire to the BPS base and assuming ideal strip electrodes gietpanto the

(@ (b)

Figure 5.4{(d) Picture of the laser setup used to measure the wire rotatien cative
to the rotated BPS reference platform (aluminium). Laser device is fixedioyelatform
being rotated together by the rotation stage bengath. (b) Detail of the &E@rgminting
the wire at a given height. The laser device measures the distance to tha wider to
find out the wire rotation center which is the only static point under rotations.
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base and thus parallel to the wire, the position coordinates of wire centilblubvelearly
determined since all the centroid points of the wire portion seen by the elestaoe pro-
jected down to the same position coordinates in the XY-plane. Considering rithed
wire (not parallel to the strip electrodes) the centroid points of the wirerajegied down
to a linear range of positions in the XY-plane instead of just one position. idgrcse,
since the electrodes are not able to detect longitudinally the change of theemitroids
because the induced wall current is integrated along their length, theyayrelehsure of
the tilted wire position as an average of its centroids projected to each caterdime of
the XY-plane, just like measuring a wire with a thickdifeetive diameter but determining
its averaged centroid position correctly. In principle this will not need todmepensated,
just losing positioning resolution in the worst case due to the wire thicknasthdwire
tilting can also change along its trajectory thus increasing the uncertainty nfirta@o-
sitioning. The wire tilt variation can be caused for instance by the translatges pitch
variation as move away their supporting load from the center.

Concerning the orthogonality errors of the wire trajectories, it was medshe wire
travel orthogonality with respect the motion of the XY translation stages, hawqgli-
gible deviation errors. But other orthogonality error sources have tohsidered like
the BPS electrodes orientation with respect the wire travel and the yawtidasiaf the
translation stages as they move away along the XY coordinates.

These metrology measurements were performed in order to reduce ostaniea
mize the main test bench alignment errors that might degrade the accuea®drfer the
linearity characterization tests of the BPS series, as mentioned beforsometsource
of errors were dificult to quantify and not all of them can be corrected directly as well as
other may be self-compensated.

Therefore, besides the wirdfset that can be corrected directly in the test bench,
the compensation strategy were based in performing BPS platform rotationdento
change symmetrically the wire alignment errors produced in the non rotased €ar
each considered alignment error were applied the following compensatioarfections)
strategies to the wire trajectories in the linearity tests:

o Wire tilt. For the wire position steps followed in a trajectory, ar= 180 rota-
tion of the BPS will result in having just the opposite wire tilt relative to the BPS
electrodes, so performing this rotation for every wire trajectory it woulthpen-
sate for the possiblefiect of the wire tilt in the measurement of the linearity test
parameters.

o Wire offset. The wire at the home position of translation stagésis moved to the
horizontal and vertical coordinates of the known BPS mechanical cfiater Mgo.
The wire dfset is then corrected to perform the wire trajectories in the linearity
test. For the wire trajectories with anrotation, the wire €set is gain corrected by
positioning the wire on the corresponding BPS mechanical céngepreviously
calculated.

o Orthogonality and parallelism of wire trajectories. For the wire position steps
followed in a trajectory, anr = +90° rotation of the BPS will allow to measure both
horizontalH, and verticaV, electrodes coordinate lines with the same translation
stage, avoiding thus the orthogonality deviation between both wire travedioate
lines.
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In addition, to compensate for the parallelism deviations of each horizéhtal
and verticaV.. electrodes coordinate line from the respective wire travel along the
coordinate lines defined by the XY translation stages, rotations of 180° are
made to ther = (0°, +90°) trajectories which would also compensate the wire tilt
effect on the measurements, as explained before.

5.2.2 Instrumentation equipment setup and test configuratins

In Fig.[5.8 is shown the block diagram of the instrumentation equipment settigefaire
test bench with connection scheme of all involved signals which was usetftom the
BPS characterization test. In Fig.b.6 is also shown a picture of the setupeawnite test
bench at the IFIC labs depicting the name of the equipment employed.

This setup was conceived with the main aim of automatizing as much as possible the
measurements that had to be made on all the BPS units, thus favouring thekitetdoya
programming measurements with many samples for each BPS unit and, on theeotthe
increasing also the reliability of the test measurements with well defined artitrep
test procedures. In that sense, a key element is the PC running appli8aiisAT v1.0
developed irLabVIEWfor the control and data acquisition (DAQ) of the whole test setup
which is described below.

In addition, just to remark that the same setup elements were used during $he BP
series characterization test campaign including the cabling for all the sgnadss For
signals cabling there were used @BNC coaxial cables, taking special care in the se-
lection of cables with the same length in order to avoid as much as possible fiblthyes
signals running in parallel like, for instance, the ones from the BPS to théfenpnd
the amplifier to the measurement equipment.

Next, there are described the three main configurations of the instrumeregtign
ment setup specifically tailored for the set of BPS characterization test.

Linearity test configuration

The wire input is fed by a sinusoid signal in the pass-band of the BPS diA which
comes from a Vector Network Analyzer (VNA) MS4630B of a 10 Hz to 30B2band-
width from Anritsy, after passing through a current amplifier ZHL-3A fréuimi-Circuits
which is DC powered with 24 V [54]. A 10 dBm output power from the VNAénsto the
current amplifier yielding 30.5 dBm of signal power to the wire input. Thisaligower
will boost the current tdin_wire = 212 MA over theRin_wire = 50 Q resistor divider of the
wire input to finally give a 28 % of this current to the wire leaving almggt = 60 mA.

As compared to the previous tests made for the BPS1 prototype at CERN tivhivlire
current waslin_wire = 13 mA, the current amplifier provided a wire current significant
increase thus improving the signal to noise ratio of the former test.

The four BPS electrode outputs are then connected to the BPS exterrdiear(gy
AFE amplifier) which will send the mixed and amplified signald, AV andX to the
three available VNA inputs after having previously converted thEeintial amplifier
outputs to the single ended inputs of the VNA with signal mixers {fi8@er combiner
ZFSCJ-2-2, 10 kHz — 20 MHz, fromflini-Circuits [55]).
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Pulse
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Figure 5.6: Picture of the instrumentation equipment setup and wire test banitte
BPS series characterization tests at the IFIC labs. The name of the main &lensealso
depicted.

Then the VNA will calculate the horizontalH/X and verticalAV/X voltage am-
plitudes (averaged with 16 samples to reduce the noise influence),mamdksg to each
programmed wire position. Both results are eventually sent through a GRI&al stored
in the PC by the SensAT LabVIEW application for further processing ofitlearity test.
This application is also responsible of the micro-mover stages control lgygrmning
the wire position step trajectories through the motion controller ESP300 alsoNev-
port [53].

For the linearity test the AFE amplifier was configured in the low gain mode and no
attenuation operation mode (H-GAIN OFF; BYPASS ON), and the resultedirtearity
test parameter were obtained for the naked BPS after removing the amaifi€iagtors
of this specific operation mode, according to the AFE amplifier specificatimes ¢n
Sec[4.811 and in Tab. 4.7 of the amplifier gain factors.

Frequency response test configuration

The VNA outputs makes now a frequency sweep of the bandwidth of inteogering
from 100 Hz to 300 MHz, and with the same output signal power of 10 dBforathe
linearity test but directly feeding the wire input and bypassing the cuenemtifier due
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to bandwidth limitations. The calibration inputs of the BE8&I.. are also excited with the
VNA and passing through the AFE amplifier only for switching them, in orderetctige
frequency response for these calibration signals.

The AFE amplifier was not used for this test so the VNA input ports weraeced
directly to the BPS outputs in order to get the characteristic frequencynssgwofile
and cutdf frequencies of the BPS outputs and of théatenceA(H, V) and sunk signals
which were obtained by mixing them in the VNA. For the sum of the four BPSuisitp
first was used two signal combiners f@wer combiner ZFRSC-2050, DC — 2 GHz, from
Mini-Circuits [56]), but signal mixers could not be used for the BPS outputemince
signals due to their narrow bandwidth limitation.

In Fig.[5.3 the signals flow and connections are depicted in orange for ghisae-
figuration and in red the GPIB bus for controlling the equipment involved in tlss te
configuration.

Only in the case of BPS and amplifier combined frequency response, tBeo&tP
put signals were sent through the AFE amplifier. This joint frequengyorese test was
mainly performed to adjust the pulse droop compensation oftsignals.

Pulse response test configuration

The BPS input signal(s) to the wire or to the calibration inputs is now proviged b
pulse generator 81104A (80 MHz) froAgilent Typically a square pulse signal of 2.5V
amplitude and 2is width was used for this tests.

Then the four output signals from the BPS are read directly by the osdjesa
Wavepro950 (1 GHz) fronbecroyin order to get the pulse response of the standalone
BPS. Like for the frequency response test, no signal mixers werefaseide A(H, V)
signal which were mixed in the oscilloscope itself, as well as foridtsgnals but first
using signal combiners without limiting the bandwidth of interest.

In Fig.[5.3 the signals flow and connections are depicted in green for thisaes
figuration and in red the GPIB bus for controlling the equipment involved in tlss te
configuration.

Only in the case of BPS and amplifier combined pulse response the BPSsigtyals
were sent through the AFE amplifier. This joint pulse response test wa$/rpaiformed
to adjust the pulse droop compensation of shgignals, likewise the frequency response
test.

5.2.3 System control and data acquisition software applidaon

In Fig.[5.7 is shown a snaphot of the front panel of SensAT v1.0 agigitavhich was
specifically developed in LabVIEW for the control and DAQ of the cheerzation test
setup.

The application front panel is divided in small panel areas which have ddfil@-
dicating their function. At the front panel top are displayed the basicnmdtion of the
BPS under test, the AFE amplifier used and the date of the test (top left) lleasvilee
undergoing wire step trajectory and the elapsed time of test (top right). PBeaBd am-
plifier information has been introduced before in the panel “BR@plifier Definition”
(mid left). In the panel below are displayed the coordinate referen¢ersyssed for the
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Figure 5.7: Snapshot of the front panel of SensAT v1.0 LabVIEWieggon for the
control and DAQ of the characterization test setup. A pop-up window adised in the
application to follow the wire position trajectories during the test (bottom right).
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test, the BPS mechanical center and the wire rotation center coordinatds avlicor-
rected for every test launched by the application (for precaution this logyrinfo can
not be edited from this panel).

Just next to these panels, a control panel with title “WIRE TEST TRAJERIES
Definition” allows to define every wire trajectory with the wire position stepktine
rotation angle and the number of trajectory repetitions (getting then the samenamb
signal samples per position). Here each wire trajectory can be prografommaery test
and thus added to the “Trajectories Sequence List” at the right. The lidteceaaved to
disk with a simple formatted text in order to be loaded at any other moment. Below this
list is displayed the current trajectory information and status with also megneicators
of the whole test. Also the same wire trajectory path is displayed graphically apa p
up window to follow it within the BPS reference horizontal and vertical dotate axes
(bottom right).

At the front panel bottom are placed the following control panels: “CBRATION
TEST Definition” for choosing the BPS excitation signal, wire input or calibrainput,
in this case has to be selected which BPS calibration inputs are excited andritexw
number of calibration samples; “BPS TEST SELECTION” determining whichvtest
to be performed among the available test configurations mentioned befdréirae con-
trol buttons (bottom right), the “HOME” and “RESET” for homing all the miarmvers
and reseting the motion controller respectively, the last “LAUNCH TEST” istéot the
programmed test. Like for the wire trajectory, particularly for the frequearad pulse
response tests are also used pop-up windows showing a first plot atglé@ed signals
(not shown in this front panel snapshot).

Finally, the acquired data is stored in formatted text files and classified inréolde
with the BPS unit name and with also a formatted file name corresponding to the type
of performed test in order to later on link the files and import them with MATLAB f
off-line processing.

5.3 Characterization low frequency tests results. The BPS
benchmarks

In this section are presented the characterization test results cordespado: first, the
linearity test in order to determine the sensitivity, electrididet and accuracy parameters
for both horizontal and vertical coordinates; and after, to the frequessponse test from
which were extracted the characteristic d¢tifcequencies of the standalone BPS for the
A andX signals and in the wire and calibration input excitation cases.

The plots for these test cases are presented with an example of, aesponding
to, the BPS1s unit. The characterization test were performed systematicallytbe 16
BPS units after installed in the TBL, the main plots are also shown with the results fo
each BPS overlapped in the same figure. The BPS specific parametess] as their
averages over all the units are then summarized at the end of this chafita, [l 1 for
the linearity test and in Tab. 5.2 for the characteristic fiftequencies and pulse time
constants. These are considered the BPS parameters benchmarkethatercized the
lab performance of the BPS units and in principle fulfilled the TBL specification



121 5.3 Characterization low frequency tests results. The BPS benchmarks

Concerning the BPS resolution parameter, an estimation at low currenbwagrdm
the data collected in these characterization tests and it will be presented % &z be
compared to the BPS resolution obtained from the beam test study with a bigguer
current.

5.3.1 Linearity test

The purpose of this test is to obtain the vertical and horizontal sensilyifyas the slope

of the linear fit, according to the inverse of the linear approximation Eqs3,(3:44) in
Sec[3.5.P, by measuring the variation of the normalizéiégiidince signals/,n/Vs and
Vav/Vs, with respect to the wire vertical and horizontal positiors/ programmed in
the translation stages. With the same measurements can be calculated thddiaimbn
electrical dfsetoyy as the intercept of the linear fit getting the position deviation from the
BPS mechanical center given by the BPS signals Wil v,/ Vs = 0.

The measurements were taken for each BPS unit following the procedscelzed
before in Sed.5.212 and corresponding to the linearity test configuratiereviine known
AFE amplifier gain factors are corrected in order to get the parametetfsefetandalone
BPS.

The BPS signals output is measured for a typical wire trajectories followdoh e
horizontal and vertical coordinate lingd,(V), or (X, y), in a range of=10 mm with 1 mm
position steps and to 5 repetitions of the wire trajectories (5 sayppl&son).

In addition, as commented before in Sec. 5.2.1 of the wire test bench metrtiiegy
wire offset of the test bench is corrected for every wire trajectory placing treatithe
BPS mechanical center, and the other considered alignment errorseofiltvand wire
coordinate lines orthogonality and parallelism are compensated by meath&itypical
wire trajectory under 4 dierent rotations of the BPS reference platform with angles
0°,90r, 180, -90Cr.

The results of the linearity test below are then obtained with 20 samples per wire
position for each coordinate line corresponding to the 5 wire trajectonpetition under
4 wire trajectory rotation angles.

Therefore, in Figl 5.8a is presented the resulting test plot for the BR&svihich
the sensitivity and electricftsets are determined by a linear fit the measured data in the
position range of interest af5 mm, according to the TBL specifications, and for both
horizontal and vertical coordinates respectively as

Sy = (4156 + 0.11)x 103 mm andsy = (~0.003+ 0.008) mm:;
Sy = (4116+ 0.10)x 103 mm~! ands, = (~0.06 + 0.008) mm.

In Fig.[5.8b is also shown the linearity test plot for the full measured positinge
of +10 mm. Larger linear deviations are observed at the end positions, alttimgghcan
be better seen after the linearity error analysis below.

The BPS performance in measuring the beam absolute position is mainly detérmine
by the overall precision (accuracy)x andoy, for each horizontal and vertical coordinate.
The linearity error plot in Fig-5.9a is obtained from the residuals of previmear data
fits of BPS1s for each position coordinate. Then, the accuracy anglai@d as the root
mean square (rms), or variance, of the linearity errors at the wire pasitidghe range of
interest of£5 mm, and for both horizontal and vertical coordinates respectively ygldin
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ox = 27.2um andoy = 24.9 um.

In Fig.[5.9B is also shown the linearity error plot for the full measured positoge
of £10 mm where much larger linear deviations can be observed at the end mmsitio

Finally, in Figs.[5.10a and 5.IDb are plotted the linear data fit lines and the-linear
ity errors with the specified accuracy limitsb0 um for all the BPS units installed in
the TBL. The linearity parameters for each of the BPS units are summarizedih1l,
where are also included the averages of their parameters and meadieenmen In this
characteristic parameters table are also included for both horizontaleatichl coordi-
nates: the position sensitivity corresponding to the inverse parameter eémtiséivity
calculated agyy = S;ﬁ%,, and the maximum linearity deviatiosgeyxdevy Obtained as the
maximum excursion percentage of the linearity error within at the wire positinger
of interest £5 mm); which are sometimes required and also useful for comparison with

other pick-ups.

There can be seen that the accuracy is under specifications for alPBedithough
the worse accuracy result was for the prototype BPS1-v2 which wasureshwith, and
perhaps fiected by, the first test bench not so well-adapted to the BPS test needs.

In principle the sensitivity parameter can be roughly approximated by thesineé
the beam pipe radiua = 12 mm for the BPS. Although the sensitivity can be better
estimated from Eq[{3.24) (Sdc. B.4) for the BPS electrodes ragigs= 20 mm in-
stead and also considering the electrode angular width or angular gevafigi= 75.17°
(1.312 rad) specified in Tab. 4.3 (SEC]4.4), getting respectively ttearsensitivity and
position sensitivity of

S}y = 465x 103 mm* andk}, = 21.5 mm,

as a good starting point for the electrodes design compared to the measnstility.

The remaining dference can be explained by the losses mainly in toroidal transformers
of the PCB circuits, since a slightly lower transfer impeda#cef the Vv voltage
signals than of th&/s in Egs. [3:3I.3:3B.3.39) (Sdc. 3]5.2) would reduce the normalized
voltageVaH,v)/Vs measurements, from which the sensitivly, for both coordinates

are obtained decreasing them as well.

In addition, a higher order non-linear fit can still be performed on the B&&#tion
data in order to improve (reduce) the accuracy in the absolute position ragest, as
can be seen in the well defined shape of the linear fit residuals of[Eigsabd@5.10b,
although was not in principle required for the TBL specifications.

Calibration procedure of the BPS units in the TBL

The sensitivity and electricalfiset parameters for botlx,fy) horizontal and vertical co-
ordinates are incorporated to the TBL instruments database in order tonm#asbeam
position along the line, after performing the calibration procedure destindé7]. Basi-
cally, in this procedure are used the BPS calibration in@atls to get the scaling factors
that will calibrate the influence of the cabling and devices of the signal fiathseach
BPS in the TBI/CTF3 facility. These scaling factors are directly applied as a proportional
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correction factor to th& andX voltage signals in the linear relations of Edqs. (3[25.13.26)
with the BPS linearity test parameters herein determined.

Moreover, in order to measure the absolute beam position, the mechafig=tko
introduced when installing the BPS units in the TBL line are corrected by addarg
to the electrical fisets of each unit in the TBL instruments database, as provided by this
characterization tests. Although this correction would not be neededdoeldtive beam
position measurement according in principle to the beam positioning need®_of T
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Figure 5.8: Linear fits of BPS1s unit for calculation of the, {/) sensitivity Syy and
electrical dfsetdyy. [(a] Measured data with 20 samplessition in the position range

of interest+5 mm with 1 mm position sted. _(b) Same data fit but for the full measured
position range o&£10 mm.
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Figure 5.9: Linearity error of BPS1s for the calculation of the) accuracyoyy (red,
blue dotted lines) as the rms of the position errdrs] (a) Measured data wisar@o
plegposition in the position range of interest 8 mm with 1 mm position step[_(b)
Same data fit but for the full measured position rangeX® mm.

5.3.2 Frequency response test

The main aim of this test to measure the BPS frequency response profildw(iéh)
with two ways of exciting the BPS unit under test, the wire and the calibratiortsnpu
Cal., and in order to mainly determine the characteristic low and highficinemuencies,

fiow @and fhign, for the A andX signals. Then, its associated pulse droop and rise time
constantsrgroopy @ndTrise, Can be calculated as the inverse of the low fiiftequencies

from Eqgs. [3.611) in Se€._3.3.3.

This test was performed following the procedure described in the freyuesponse
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Figure 5.10: Linear fits results (overlapped) of all the TBL BPS units i{1&)e position
range of interest5 mm. (@) For calculation of theH( V) sensitivity Sy, and electrical
offsetéyy of each BPS. () For calculation of thi,(V) accuracyryy of each BPS.

test configuration of the equipment setup in $ec. 5.2.2 and for severaingkd wire
positions at the BPS center and extrenfiecenter displacements, as well as for the cal-
ibration input excitation. The frequency response results are firsepted for the BPS
electrode outputsd.,H.), and after for the resulting mixed signals: thé&elience signals
for both coordinatesAV, AH) and the sum signal.
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Frequency response of BPS electrode outputs

In Figs.[5.11 an@ 5.13 are presented the frequency response plotsretefs the four
electrode outputs of the BPS1s and corresponding respectively toesiedwire and, the
equivalent calibration case with balanced signals drivingXtak input ports. From these
plots the low cutéf frequencies can be determined at magnitude fall of -3 dB, and then its
associated pulse droop time constants, being respectivelidfoH(,V,,V_):

flow = (2.58,2.47,2.78,2.62) kHz andraroop = (617, 64.4,57.2,60.7) us;
fiowcal = (251, 2.54, 2,58, 2.62) kHz andrgroopcal = (634,627, 617,60.7) us.

In Figs[5.12 anfl5.12 the BPS1s electrode outputs frequency respatsained for
an df-center wire at two positions with displacements-@b mm along the horizontal and
vertical coordinates; and, the equivalent calibration case with unkedasignals driving
only theCal, input port. The other cases of negative wire position end of -10 mm and
Cal_- were measured for the BPS1s although are not shown since theyeeipiies com-
plementary situation for the electrodes response with negligifilerdince (under10 Hz)
of their low cutdt frequencies from the positive cases.

As can be seen in these plots, for both excitation cases the electrodes seasitive
to the df-center wire positions, or the calibration inputs unbalance, at low frezesn
Only at some point at higher frequencies the electrodes start to detegiréhposition,
or calibration signal, variation, which will determine thelow cutoff frequency as the
electrode signals fierence. This behavior is explained in CHap. 4 according to the BPS
electrical model.

It also must be noted that the magnitudéetience of approximately -10 dB for the
wire excitation case plots. Both calibration input ports and wire input poréwléven
by the same power of 10 dBm coming out from the VNA, but finally the wire loagkr
current caused mainly by the input resistor divider and the wire loadgthoat dfecting
the frequency response profile.

Frequency response oA and X mixed signals

In Fig.[5.15 is presented the frequency response plots measured Addtia¢/ andX sig-

nals of the BPS1s, and corresponding respectively to a centeredmiy¢h@ equivalent
calibration case with balanced signals driving @el.. input ports. From these plots only
the low cutdf frequencies ok signals for both excitation cases, and its associated pulse
droop time constants, can be determined, being

fiowz = 2.58 kHz andrgroor = 61.7 us;
rowZ,CaI =251 kHz anderoopZ’Ca| =634 us.

For this case of a center wire, or balanced calibration input, therdhceA signals are
canceled until a magnitude level around -85 dB (within the pass-bandl, agproximate
floor for the common mode noise rejection of the BPS. Then, in order to ne#sar
low cutoff frequencies for thé\ signals for an approximately centered wire case, there
were measured from the frequency response plot in[Eig] 5.16 for asligtelly moved
away from the center at two positions witL mm displacements along the horizontal
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and vertical coordinates. The corresponding low fist@and associated pulse droop time
constants, for thaH andAV signals are

In Fig.[5.17 the BPS14H, AV andX signals frequency response is obtained for an
off-center wire at two positions with displacementstd0 mm along the horizontal and
vertical coordinates; and, the equivalent calibration case with untedagignals driving
only theCal, input port. The other cases of negative wire position end of -10 mm and
Cal_ were measured for the BPS1s although are not shown since, like folettteode
outputs, they represent the complementary situation for the electrodesisespith neg-
ligible difference (under10 Hz) of their low cutd frequencies from the positive cases.

Then, the low cutfi frequencies and the pulse droop time constants are, for the wire
at of-center positionsx y) = (10,0) mm and k,y) = (0, 10) mm:

f|OWE =6.22 kHz anderQOFE =256 us;

and, for the calibration inpual, :

flows.cal = 2.58 KHz andrgroops,cal = 61.7 us;
flowan,cal = 163 kHz andrgroopH,cal = 976 ns;
flowavcal = 168 kHz andrgroopav,cal = 947 ns.

As explained in the BPS electrodes response, there is a magnitiieledce of ap-
proximately -10 dB between the wire and calibration cases due to the lowentim
the wire than in the calibration inputs. In addition, it must be noted thak tsignals for
both excitation cases have a magnitude decrease of -6 dB due to the faethrc®on
introduced by the combiners used for the sum at the VNA input ports. , Thmwinci-
ple the magnitude oA(H, V) signals will coincide with th& magnitude, as it is for the
calibration case because, as expected it V) signals, each one measures only two
electrodes, having so a half magnitude (-6 dBjetence with respect the signal mag-
nitude as being the sum of the four electrodes. In the wire case, thereistid @ -2 dB
difference between(H, V) andZ signals, just because the wire is not, and con not be, at
the electrodes closest end position, as the calibration excitation casseamtste

Theses magnitude levelftirences are coherent with the BPS expected response and
do not dfect the frequency response profile or dtifeequencies measurements. Also the
aim of this test was not to precisely measure them since the BPS signal lelldie w
eventually calibrated in TBL.

Finally, in Fig.[5.I8 are plotted the frequency response of all the BPS units in
stalled in the TBL and corresponding to: a center wire positiog)(= (0,0) mm and
balanced calibration inpuiSal. for the ¥ signals; and an anfidcenter wire positions
(x,y) = (10,0) mm and &, y) = (0, 10) mm, and unbalanced calibration in@a4l, for the
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A signals. In Tad_5]2 are summarized these low fdtequencies and the correspond-
ing pulse droop time constants farandX signals, specific to each BPS unit and also
including the parameter averages and standard deviations between alinof th

These characteristic parameters in Tabl 5.2 were obtained systematicaily tfoe
BPS units considering the cases of positive wire position and calibratiotagse, and
also obtainingfiowa as the mean of thAH and AV low cutdfs being nearly the same.
The complementary case were not systematically measured on all of thentrsnua-
rameters diference were negligible (under 10 Hz) as observed before. Cadngeire
BPS electrode outputs low ciffs, these are practically considered the same as toe
cutat frequency, fiowelec = fiowz, Since are mainly determined by the BPS ferrite loop
surrounding the four electrodes.

High cutoff frequency and pulse edges considerations

Concerning the high cufbfrequency it could not be determined exactly due to the wire
test bench limitations at high frequencies, as stated before. As can ibdregethe
previous frequency response plots for the wire excitation case, aysignal spiking is
produced at frequencies around 100 MHz so it wdBadilt to precisely and systemati-
cally determine the high cufiofrequency for each BPS signal cases. Nevertheless, from
Figs[5.11 of the BPS electrodes outputs, and[Fig]5.17 of tedX signals a -3 dB mag-
nitude fall can be approximately located close to 200 MHz, although not bé&ag the
high cutdf points and perhaps this fall being also caused by the wire reflectionsagtt le
a lowest bound of 100 MHz could be set common to all of the tested BPS urith whs
enough to fulfill the specifications for the high cfito Similarly, a highest bound to the
pulse rise time constantise are thus obtained from the inverse of the high dulmvest
bound according to Eq.(3.61).

Therefore, the high cufbfrequency and pulse rise constant for all the BPS units and
common to all the BPS signals fulfilled

fhigh > 100 MHz andryise <1.6 ns.
and, in consequence, also the TBL specifications for the bandwidthr limyite

In addition, in the calibration cases the frequency response for fferatit signals
exhibit a magnitude increase from the pass-band level, starting at at@dniiHz and
with different raising slopes (see Fig. 5.18). After simulating several optiong tisn
BPS electric model (in SeE._4.7), by introducing a series inductance atdBecPcuit
outputs a resonance bump is produced with the stray capacitances (@ettiadainly due
to the transformers windings) and atfdrent frequencies above 200 MHz foffdrent
values. The same would happen for the wire excitation case but it would Sleethly
the strong reflections at those frequencies, which after a small dip sedimifote the
raising tendency beyond 200 MHz.

This particular &ect would need a deeper study and more test at higher frequen-
cies for the precise measurement of the high §stoAlthough, there can also be set
the same lowest bound to the high dtitrequency, which would mainlyféect to the
pulse raisingfalling edges of less importance than the pulse top droop, since the position
measurements are sampled at the center of the pulses as explained b8&rEIb.B.
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Low cutoff frequencies and pulse droop considerations

Because the pulsed beam of TBL will have a maximum pulse peridgl@f = 140 ns,

the specification for thdi,wa Was set as low as 10 kHz in order to correspondingly get a
droop time constant afgroop, = 16 us for theA pulse signal, according to E¢. (3161) and
as it was explained in Selc._3.5.3. Following the rule stated thetg@fy, /tpuise = 107
the A pulse droop time will be much larger than its pulse period allowing a good flat-top
pulse transmission through the BPS outputs.

The measured signals low cutés fiowa Of all the BPS units, clearly above the spec-
ified 10 kHz, were provided by these frequency response tests im rgeerform the
pulse droop compensation strategy implemented in the external amplidieannels, as
described before in Sec. 4.8.1.

The highA low cutdts was an expected consequence from the BPS design, since the
one-turn magnetic loop of the ferrite and the electrodes used for extetidir®PS fre-
guency response towards lower frequencies, was didgtave for individual electrodes
and for the sum signal, but not for theA signals. This is, basically, because the one-turn
loop dfect is canceled out when making thdfdience of the electrode signals, as also
stated in previously.

In addition, for the calibration and the wire signal inputs it was found a lifgmince
between their corresponding low ctiterequencies ofA signals, with smaller low cutd
for the calibration excitation than for the wiréowaca < fiowa, @nd with a diference
between them of about 100 kHz. These low ¢utoeasured values can be checked in
Tab[5.2.

Focusing just in one BPS electrode channel, the toroidal transformer rgriside
have, in principle, equivalent single winding turns, one from the inplitirggion circuit in
the PCB and other being the electrode itself with its end screw going througbr theal
transformer (see Fige.4[8,4113). This is the case foEthignal, also equivalent to the
one-electrode response, with the wire positioned at the BPS centeg tileelow cutd
frequencies fiows.cal and fiowz, for both calibration and wire excitations have the same
value, as shown for the BPS1s measurements above. Thus meaning ithasihective
single-turn inductances of the transformer primary are also the same.

For theA frequency response the low ctit@an not be measured at a center wire
because the signal is canceled at this position, although tbe cutafs fiowa,v) could
be measured for a small displacement of 1 mm from the wire center, as well e
10 mm df-center displacement.

From theA frequency response measurements, is also observed that the Id¥g cuto
exhibit a clear position dependency increasing with largécenter wire displacements
with respect the calibration low cus fiowa cal s the reference value. Therequency
response also showed a position dependency in the same way/Asitheals, although
fiows is still kept below the 10 kHz low cufbspecifications for the largest measured wire
off-center displacement at 10 mm.

The low cutdfs frequency shifts at a given maximum wire displacemgpak with re-
spect the reference low cuf@t the calibration or wire position centég,ca are obtained
as

0 fiow(Xmax) = fiow(Xmax) — flowcal, (5.1)
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which can be particularized f& andA signals.

Then, from the frequency response test measurements if_Thb. 5.2ftee@kthe A
signal low cutdf frequencies, measured at a maximum wire displacemgat= 10 mm,
could be obtained as the average of all the BPS units being

Sfiowa(10Mm) = +(111+ 17) kHz,

where for the horizontal and verticAllow cutdfs is taken the average égya.

For theX signal, the measured low ciifs in Tab[5.P for all BPS units correspond to a
center position. The shifts affecenter positions were not measured systematically for all
the BPS units since there were small and already under specification& Idwecutoff
shift for an df-center positiorxmax = 10 mm was particularly measured for the BPS1s
being

6 fiowz (L0mm) = +4 kHz ;

as can be seen in the frequency response plots of the BPS1s unit.

Summarizing from these results, balanc€al¢ andCal-) and unbalanceddal+
or Cal-) calibration frequency response yield nearly the same lowfisutor individual
electrode channelg andA signals, and having also nearly the same low fistealues
for the wire or beam excitation frequency response at the center oRBen®nitor. Then
for this case, the single calibration turn is equivalent to a strip electrod®jrugthe wire
induced wall current, in the sense of both acting as the primary inductéreelotoroidal
transformers, so that BPS calibration can be performed with a pulse talibcarrent
experiencing the same droop as a wire or beam current pulse.

But in the case of anfBcenter wire, the single calibration turn is no longer equivalent
sinceX andA low cutdfs are shifted upwards. This position dependency appears when
the current is not evenly distributed among the four strip electrodes, a®ittise wall
current induction of anfé-center wire or beam displacement.

Therefore the low cutd shifts seems to be related to a change of primary inductance
of the electrodes and the mechanism of wall current induction on the stéfrazes
which would see a dierent inductance due to the wire or beam proximity to them. This in
fact was linearly modeled with the BPS circuital model by coupling inductdrsdsen the
strip electrodes, as it was explained in Secl 4.7, reproducing so the tofl fraquency
shift behavior of the electrodes, although thifeet would have to be better understood
with further studies, for instance, simulating with EM field solver softwaretierexact
geometry of the four strip electrodes and relevant surrounding elements.

As shown above, the sum signal shifti,,s still leave a low cut& under 10 kHz
specification and at double of the position range of inter&étmm, so it would not need
to be corrected. In the case of thesignals, the low cuti® had to be lowered anyway
by performing the pulse droop compensation in the external amplifietsannels, but
only the same compensation can be applied for both calibration and wire ififhés.it
was decided to compensate for the calibration, so also for the centerecls@eand for
off-center displacements although reduced the 8liiff,» will produce a droop variation
with the wire or beam position. In the next section are shown the results pithe test
performed on the BPS jointly with the external amplifier which were fundamentedlye
in order to implement the pulse droop compensation in the amplifier.
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5.3.3 Pulse response test

In this last section are presented the results of the pulse response idstwee per-
formed on the BPS2 unit and the amplifier test unit, which were used to makenéhe fi
adjust of theA(H, V) channels amplifier components values for the pulse droop compen-
sation of theA signals as explained before in SEc. 4.8.1. After these tests it was set the
definitive values of RC filter components in the feedback loop othbannels first stage
operational amplifiers which can be found in Tab.#.10, and eventuallybey applied

on all the AFE amplifiers installed in the TBL.

In Figs.[5.19 and 5.20 are shown the signal plots of the stand-alone BRS2rp-
sponse for the wire and calibration respectively, and before drompensation by the
external amplifier. For this test it was used a positive square pulse ihpW @nd 2us
pulse length.

In the case of a wire pulse input, there are provided the BPS transmittedspgrisds
of the four electrode output channels and ¥hier a centered wire, which have the same
droop constantgroor = 55 us; and theA(H, V) pulse output signals at a 10 mnff-o
center wire position, for the horizontal and vertical coordinates, wittbagconstant of
Tdroops = 587 ns (as the average of both coordinate planes).

The same pulse is sent to the calibration inputs to get the BPS transmitted puéds sign
for this case and to compare with the wire case. Hence the same BPS pulsesairipls
are plotted, of the four electrode output channels andtfar the balanced calibration
inputsCal,. (equivalent to a centered wire), with a droop constantyefos cai = 57 us;
and theA(H, V) for the horizontal and vertical coordinatesm@foom cai = 976 ns (as the
average of both coordinate planes).

Refer to Tab 512 for the the droop constant of all the BPS units comelsppto their
respective low cutlh frequencies. Just remark also that for a given positive input pulse,
the turns winding orientation in the transformers was chosen to get an idysotarity
pulse (as shown in pulse plots), according to TBL specifications for atrefebeam.

Therefore the signal droop is under specification and needs no compensation, as
stated before, and it can be taken as a flat-top reference for the wliieabibration input
A signals, both experiencing a stronger droop which will be compensatie laynplifier.

In this compensation had to be considered the obserfistahce between thepulse
droops at an fi-center wire position and the equivalent unbalanced calibration input as
explained below. This dlierence was caused by the wire or beam position dependency
which shifted upwards their low cuf@, so getting smaller (or fastek)pulse droops for
the wire case.

The pulse droop compensation is performed onAftd, V) signals regardless of the
type of BPS input excitation, from the BPS electrode outputs in the comegmp am-
plifier channels, as previously described in $ec. #.8.1. In[Eig] 5.21 isrstiee BPS2
pulse response after the amplifier compensation omthignals. As can be seen in this
plot, it was decided to compensate for the lowesdw cutats corresponding to the cal-
ibration cases and also to a centered wire or beam position. In principlés thester to
avoid a worse fect of pulse bumps due to over-compensation, otherwise produced if the
compensation is made for higher low cfito But mainly this is a tradefbsolution that
yields a correct droop compensation for the calibration input and alamdrthe BPS
center positions, where the pulse droop is reduced down to: 4 % for a [eungth of
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2 us, and 1.25 % for the TBL maximum beam pulse length of 140 ns. But due to the
strong frequency shift of tha signals as the wire or beam moves away from the center,
the worst pulse droop case is observed at extreme wire position of 10 nich whuld

not be enough compensated. This would need further study in order toistintfis low
cutdf position dependency shifts for bigger wire or beam displacements.
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wire position with (Q0) mm (H, V) coordinates. The low cufis values are shown and
are indicated with markers.
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Cal. (equiv. to a center wifpeam). The dferenceA signals are not canceled and can be
determined for those wire positions. The low ditgovalues are shown and are indicated
with markers.
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Figure 5.17: Frequency response of BPS1s forAfid, V) and X signals and for two
off-center wire positions, corresponding td,{/) coordinates of £10,0) mm (H dis-
placement) and (3-10) mm (V displacement); and for unbalanced calibration ilgalt

(equiv. to a fully df-center wirgbeam). The low cutids values are shown and are indi-
cated with markers.
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Figure 5.18: Summary plot of the frequency response of all the TBL BR®IS for the

The BPS benchmarks

A(H, V) andX signals and for wire and calibration excitation cases. The wire positions
and type of input calibration corresponding to thandX signals are indicated as well as

their respective low cutts with markers.
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Figure 5.19: Pulse response of BPS2 for tHe,(V.) electrode outputs and signal at
a center wire position, and fax(H, V) signals at two @-center wire positionsH, V) =
(+10,0) mm and H, V) = (0, +10) mm. Positive square pulse of 5 V and®at the wire
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Figure 5.20: Pulse response of BPS2 for tHe,(V.) electrode outputs and signal for
balanced calibration inp@al.., and forA(H, V) signals for unbalanced calibration input
Cal,. Positive square pulse of 5V andi® at the calibration inputs.
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Figure 5.21: Pulse response of BPS2 and the AFE amplifier (in high gain)niade
the A(H, V) signals corresponding tdfecenter wire positions and unbalanced calibration
input Cal,. Positive square pulse of 5 V andu® at the wire and calibration inputs
respectively.

5.4 High frequency test for longitudinal impedance of the BPS

5.4.1 Basic operation mechanism of the BPS monitor

The BPS inner vacuum pipe has a ceramic gap surrounded by gold pjéitetec which

is divived along into four orthogonal strip electrodes. The wall curietensity induced
by the beam flows through these electrodes at bigger wall diameter, atedhe po-
sition is measured by means of the image current distribution among these adsctro
that will change according to the beam proximity to them. Thus the current ileve
each electrode is sensed inductively by their respective transforwigicd) are mounted
on two internal PCB halves as part of the electrode outputs conditioningitcirén
Fig.[4.10 the BPS longitudinal section view shows the vertical plane elestrduzwall
image current flowing through them and the toroidal transformers mountéted®CBs
(same for the horizontal plane). From the PCB circuits, the output SMAeaxinrs give
four voltage signals\(;, H.,V_,H_) that will drive an external amplifier to yield the
three voltage signals for determining the beam position and intensity: the suial sig
Vs = Vui + Vo + Wiy + W, to get the beam current intensity proportional to it; and
two difference signal¥ay = V. — V- andVay = Vi — Vy_, which are proportional to
the horizontal and vertical coordinates of the beam position. Finally, atigigzer end
the coordinates data are obtained from several amplitude samples withinrthalized
pulse signals respectively as, ¥) o< (Van/Vs, Vav/Vs).

Wall image current paths

The beam time structure in TBL is made of pulses between 20-140ns congfonauto-

bunches of 83 ps giving a bunching frequency of 12 GHz. The monit@sgyned to work
in a bandwidth at the beam pulse time scale, from 10 kHz ()@ more than 100 MHz
(10ns), to have a good pulse shape transmission at the electrodes dortpueasuring
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the beam position. In principle, the image current, regardless of its freguemponents,
follows the path through the electrodes for normal operation of the monievetheless,
the longitudinal impedancé;, of the device becomes too large for high frequencies of the
image current until the bunching frequency, and higher harmonicsdirtgbeyond the
microwave X band. This is due to the inductive behavior, which increasearlinwith
frequency, introduced by the larger diameter step seen by the imagatauhren passing
over the electrodes. To avoid this, the inner wall of the ceramics (se¢_HEig) was
coated with a thin Titanium (Ti) layer deposited by sputtering, giving an altieengath of
minimum inductance to the high frequency components of the image current, anddimitin
so0Z,. In consequence, the image current frequency components will follveléttrodes
path of minimum resistance for the lower and the Ti coating path of minimum induestan
for the higher, having a transition frequency determined by the particulaxdanzces of
both paths.

5.4.2 Longitudinal impedancez,

The resistance value of the coating must be the lowest possible but nottoododer to
have a transition frequency above enough the operation bandwidth doahti reduce it
significantly. In the work done in [58] for a previous IPU is determined thaiog optimal
resistance value around @which is low enough to limit the monitor impedance at the
higher frequencies but preserving the BPS operation bandwidth atviee feequencies
that otherwise would befiected by a lower coating resistance. Following that criteria the
BPS used the same Ti coating thickness.

The measurement & is usually performed with the so called wire method where
the device under test (DUT), the BPS monitor, is inserted in a test bencltad>aal
transmission line as shown in Fig. 5.22. This method assumes that an ultreisttati
beam has a closely transverse electromagnetic (TEM) field distributior,isvtiee case
of the 150 MeV TBL electron beam with = 1, and it can be emulated with a coaxial
structure having pure transverse TEM propagation modes to deteZinilibe Scattering
matrix parameters (S-parameters) between the two test bench coaxiahodisectly
measured from a Vector Network Analyzer (VNA) in the frequency eanginterest.
ThusZz; can be obtained from the transmission ffiegent, Sp1, which is the signal drop
along the line. But the typical calculation method for lumped impedances is notwakd
because the DUT insertion length is already much larger than the main waletéiige
bunching frequency. Instead, the calculation method for distributed impedaoposed
in [59] is used as good approximation for the complex longitudinal impedance

S
Z|| =-2Z1In (i) (5.2)
So1r
whereZ, is the impedance of coaxial line test ben8h; is the transmission céigcient
of the test bench with DUT, an8,1r is the transmission cdiécient of the reference

measurement, with the DUT replaced by a drift tube to remove the test bepehdincy.

5.4.3 The coaxial waveguide test bench simulation and design

The test bench shown in Fig. 5122 was made ¢B@Mrass alloy and built as a coaxial
airline of 50Q transverse impedance along the structure, matching with tedput
ports of the VNA. The transverse impedance of a coaxial line is written as
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Figure 5.22: High frequency coaxial test bench with the BPS inserteghéaisuring its
longitudinal impedance.

Zeoax = %\}%In (:—:) (5.3)
wherec and ug are, respectively, the speed of light and the magnetic permeability in
vacuum, it depends on the dielectric permitivity of the medium between conduatd,
geometrically, on the radius of the coaxial center conductorand the outer conduc-
tor, ro. Since the outer conductor in the test bench straight section must havantiee s
24 mm aperture diameter of the BPS vacuum pipe, the central conductonifixbe at
10.422 mm diameter by Ed._(5.3). The test bench input ports are two APC-¢bnm
nectors with screw central conductors what made easier the assemblyevigstibench
central rod and also with low reflection specifications up to 18 GHz. Themalbne ge-
ometry was chosen in order to have ab8mooth transition between the outer diameters
of the connector and the test bench straight section, keeping the ¢corgldiameters ra-
tio at constant value. The end connection to the VNA was done via mordgsdpMA
(or 3.5 mm) adaptors with same specifications as the APC-7mm.

The main elements of the coaxial test bench, with the drift tube for referemea-
surements, was simulated using specialized microwave software FESTBDO [@Okey
element in the structure simulation was the transition cones, essentially theezume-g
try was loaded into the simulator by linking together short length coaxial wageg of
increasing diameters in a staircase pattern. Cones with several step leggthwere
simulated, finally choosingsie;=200um ensuring small enough stepgp << Amax t0
have no influence due to the staircase discontinuities at maximum simulatioerfiegu
fmax=30GHz. Also the selected cone length wase=80mm in a compromise be-
tween shortesk;one and lowestS;1 reflection cofficient to get a smooth enough tran-
sition. In Fig.[5.2b are plotted the simulated S-parameters of the full coaxiedguide
with an intermediate section with room to place the BPS and the two symmetric transi-
tion cones. This result show a reflection level less than -45dB in the maxinaikh a
able bandwidth for the only-TEM modes propagation until 22 GHz wheresired TM
modes starts propagating. The theoretical diifrequency was calculated being exactly
21.9GHz [61].

In Fig.[5.24 are shown the S-parameters of the manufactured coaxiadtest, where
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(@) (b)

Figure 5.23[(3) View of the simulated coaxial structure of the high frecy&st bench
with matching transition cones implemented by adding small coaxial waveguitiersec
in staircase stepd. (b) Detail of test bench mechanical design, zoomiogeoside to
show the matching transition cone implementation.
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Figure 5.24: S-parameters test results of the manufactured coaxia¢test.b

are also indicated the theoretical useful bandwidth at 22 GHz, and thal sejlection
level at -20 dB given bys:1 which was increased, so deteriorated, with respect the simu-

lated one by+25 dB.

Initially, in the test bench design, it was introduced two PTFE washers @rithef
the transition cones, keeping the @aGransverse impedance with a diameter step in the
outer conductor, to help in the central rod support, but finally they wereved because
introduced a resonance around 10 GHz deteriorating too much the test lbemdwidth.
Before manufacturing, it was also simulated random mechanical tolerafitescoaxial
conductor diameters with 50n standard deviations showing a less than 5dB reflection

level increase.



141 5.4 High frequency test for longitudinal impedance of the BPS

S11 7
b 812 ST ol
$21

-10 L

) a1 | , ﬂl‘]; | U\
g e --y'-f‘%ﬁ’%ﬁ* WJ i |
U0 L AR
) 0 5 1I0 Freql‘S(GHZ) 2(I) ZIS 30
Figure 5.25:; S-parameters simulation of the coaxial test bench.
1507 ‘
N 100; ]
%Z I
189 :
% 5 10 | 20 25 30

15
Frequency (GHz)

Figure 5.26: Test result plot of BPS longitudinal impedaie,

5.4.4 HF test method and results of the BPS longitudinal impeahce

The S-parameters test was carried out using the available VNA equipintre ESA
European High Power RF Laboratoig the Val Space ConsortiurfVSC) in Valencia. It
was performed on BPS5s unit randomly selected from the series pranlaaticaccording
to the method proposed before to determinejté the 18MHz to 30GHz range. First,
the S-parameters between the two ports of the test bench with a drift tuleéeasnce
measurement and after, with the drift replaced by the monitor, getting th@ieatse
transmission cd#cients,S,1r andS;;. Thus, the plot in Fig_5.26 shows the real part
of the Z; frequency response calculated from HQ.J(5.2). It can be seertlegréhez,
real part exhibit the expected saturation tendency. At low frequeiidieseases linearly
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until the transition frequency, around 800 MHz, when the Ti layer imageenti path
becomes dominant for these frequency components lindjhglow 13Q. The limitation

is continuously fective up to nearly 6 GHz, then a first resonance occurs at 6.8 GHz with
148Q resistive peak to come down again below the13More peaks starting around
15 GHz appears before reaching up to 22 GHz, which was taken aseiul test bench
bandwidth due to the theoretical limitimposed by the beginning of TM modes gatipa

[62], as stated before. Explanation of these resonances needsr fsitdy to look for
their nature and eventually to check whether the EP®ill show the expected saturation
tendency at higher frequencies or these resonances really beloregB® $design.

5.5 Beam test performance of the BPS

It is essential for CLIC anfécient and stable 12 GHz power production, so the experi-
mental program of TBL is focused on that power production in the X-baimtowave
frequency range, and the transport of the decelerated beamijig®idér to insure proper
beam transport through the line, the quadrupoles have to be aligned withim by
beam-based alignment demanding to the BPS unitsm position resolution for a beam
with 28 A maximum current. Thereby the resolution parameter is consider&PiBdig-

ure of merit. Preliminary beam test on BPS resolution were performed in thevhig:h

are reported in [64]. Here are presented the method and results ofahetbst carried
out in July 2011 for determining the BPS resolution dfatient beam currents.

5.5.1 Characterization test benchmark of the resolution peameter

Concerning the position measurement performance there are two main persathe
overall precision or accuracy and the resolution. The accuracy&aedn as the uncer-
tainty in measuring an absolute position with respect to a known referenaantrast,
the resolution represents the uncertainty in measuring a relative positiemiet being
limited by several sources of system noise in the signals used to measuositienp

The accuracy in the BPS is determined as the root mean square of thenkalrizo
and vertical position deviations from the linear fits in the range of interest. anlalysis
performed on the data from this lab characterization test yield a benchrmauwkaay of
32um and 2&m (averaged over all BPS units in TBL) for the horizontal and vertical
coordinates which are under the &® specification.

At design phase of BPS on board PCBs its circuit component valuesavesen in
order to get an output voltage variation with the beam position of 3.5 mV per &ep at
28 A beam current, being at least far above thermal noise.

In order to measure the BPS resolution in the test stand, it has been digedrtae
data for all the BPS units taken before their installation in TBL in the charaateiz
tests at lab. In the Fi§. 5.7 are shown the resolution points as the stamdétiah of
scattered positions at each wire nominal position. The resolution paramgtenigiven
as the standard deviation for all the scattered positions in thecfidlmm range. The
same behavior of the resolution parameter depending on position waseibgethe rest
of the tested monitors. Resolution improves towards the center of the moniiogtihe
minimum value at the electrical center. This is because fiierdince signak(H, V), from
which the position is calculated, cancels as it also does the external noise.
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Figure 5.27: Resolution vs. position plot for BPS0510 in4i® mm range.

The resolution parameter at wire current of 57 mA, and particularly foB&#® tested
with beam, is 0.em and 1.4um in the BPS0510, for the horizontal and vertical coordi-
nates respectively (shown in the plot as dashed lines). These resdew#s were ob-
tained for a low noise test stand with a very precise excitation signal of 1 §#iderated
with a Vector Network Analyzer. This resolution parameter sets the lowest liatittuld
be achieved with a BPS, and it can be considered as test benchmark.
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Figure 5.28: lllustration of the 3-BPMs resolution method.

5.5.2 Beam test for the BPS resolution measurement

Since the beam positions have jitter from pulse to pulse shots in a beam liné? $eB-
olution can not be determined with measurements taken in a single BPS, in ttmthes
resolution measured in the characterization test stand where the wire emtiiativeam
can be set to a fixed position. For that reason, the resolution beam testhilktbtrated
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Figure 5.29: Resolution (red dashed) and its 95 % confidence interegn(glashed) for
the BPS0510 (BPS13s series haming) position coordinates at 12 A beaantcu

in Fig.[5.28 is based on the measurements of beam positions on three ¢vesB&S
units in order to obtain the position resolution of the central BPS from sdveaan pulse
shots and taking out the beam jitter contribution. A straight beam trajectahouwt sig-
nificant beam current loss, can be set across the three BPSs sgctatdhing-dt the
steering quadrupoles around this section. Thus, from the position neeasuits of the
two side BPSs the beam position in the central BPS is obtained by interpolatinigpét in
beam straight path and compared to its own reading. Tiierdnce of the interpolated
and the measured beam positions in this BPS, after substracting the relatiramoal
offset, reflects only the system noise uncertainty in the position readings hawoyed
the beam jitter influence. Afterwards the resolution of the central BPSeabtained as
the standard deviation (or the RMS value) of thi§atience for many beam pulse shots.

The main aim of this beam test was to evaluate the beam position resolutionuttht co
be achieved in TBL for dferent beam currents. At the moment of the beam test four
TBL modules in the beginning of the line were fully equipped with their respe®ETS
tanks. Therefore, the next available BPS units for resolution measutemere located
downstream just after these modules to avoid unknown influence of th&.RFEWas
acquired relevant data from a total tothree consecutive BPS units (fahglBPS0450,
BPS0510 and BPS0550; corresponding to BPS1s, BPS13s, BR#1lis §eries naming
convention)) being able to evaluate the resolution independently on theld8R® with
its respective side monitors, according to the previous method. The prasgimum
beam current entering in TBL from the CTF3 combiner ring is around 18rfesponding
to a recombination factor four, then it was chosen four beam currentsingthasing
recombination factor to observe the behavior of the resolution in functitmeofurrent.

For each beam current, it was acquired the entire pulsed waveforms bé&m cur-
rent and the horizontal and vertical positions in the four mentioned mondp290 beam
pulse shots with a repetition rate of 1Hz and pulse length of 280 ns. Thentwamd co-
ordinate positions were averaged within their pulse signal samples in a timef gdieud
230ns (46 ADC samples at 5 ns per sample) removing the sharp pulsesfldings, tak-
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Figure 5.30: Resolution vs. beam current result plot for the BPSOBPG1{3s series
naming).

ing the set of three BPS, the resolution was calculated in the respectitralcannitor,
BPS0510, using their pulse averaged positions as described in theyzrenaihod. A
gaussian fit was performed on the values of tiEedénce between interpolated and mea-
sured positions taking the standard deviation as a measure of resolutioningafekvith

the rms measure, and calculating also the confidence intervals for thati@spoint. In
Fig.[5.29 it is shown the resolution histogram and the gaussian fit of the BP3 max-
imum available current of 12 A, having the best resolution for the verticatdinate of
11.9umin a[10.8, 13.2jum 95 % confidence interval, while for the horizontal coordinate
is 65.4um and [59.5, 72.5}m for the same confidence interval.

Finally, as depicted in Fig. 5.80, each of the resolution points was evaluagethlik
the analysis shown in Fif. 59, and they were obtained for the selected namitour-
rents in the horizontal and vertical coordinates.The set of four nom@aahlzurrents was
[3.5A, 7A, 10A, 13 A] although arriving lower current levels at the lica of the mon-
itors under test due to beam transport losses. As expected, higmercheant improves
the resolution leading to lower values because of the better signal to ntise Aafit
has been performed to these resolution points to show their linear scalingusitmc
for both position coordinates. The 95 % confidence intervals for thas@utgoon points
calculated previously are also depicted. The linear fit is used to extraplodatesolution
points to higher currents beyond the measured ones. As a result it czivséered the
strong tendency and a good outlook to achieve thenFesolution goal at the nominal
maximum beam current of 28 A for both coordinates. The significafgrgince between
the horizontal and vertical coordinates indicates that the resolution leadlalko con-
tributions from the additional noise in the BPS signals most likely due to bearasloss
Moreover the 10-bits resolution ADC jointly with the BPS signal levels at the ABC
put set a quantization step corresponding to aribeam position step, biasing also the
measured position resolution levels. Since the beam quality can still be impmowet
more, it turns to be in favor to reach the desired BPS resolution.
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Linearity test parameters benchmarks of TBL BPS units

Sensitivity Position sensitivity Electric offset Accuracy Linear error
(rms,£5 mm) | (max.,£5 mm)
TBL label Ref. name Horizontal Vertical H Vv H V H \% H V
Sy Sy Ky ky Ox 5y Ox Oy Exdev  €ydev
(x10°mm)  (x10°mm ) (mm) (mm) (mm) (mm) (pm)  (@m) | (%) (%)
(notinst.) BPS1-vl1 || 4026+0.14 4029+0.09 | 2484+ 0.08 2482+0.06 | 0.176+0.011 Q056+ 0.008 | 353 254 | 0.9 0.9
BPS0210 BPS1-v2|| 4403+0.14 4462+0.08 | 2271+0.07 2241+0.04 | 0.289+0.011 -0.133+0006| 325 193 | 11 0.6
BPS0250 BPS2 4102+0.12 4161+0.12 | 2434+0.07 2404+0.07 | 0.066+ 0.009 0343+ 0.011 | 296 312 1 1
BPS0310 BPS3 4048+ 0.14 4207+ 0.14 | 2470+ 0.08 2377+0.08 | 0.042+0.011 0166+ 0.012 | 353 349 | 13 11
BPS0350 BPS4s 4241+0.11 4040+ 0.10 | 2415+ 0.06 2475+0.06 | 0.115+ 0.008 Q155+ 0.009 | 269 269 | 08 0.9
BPS0410 BPS2s 4154+0.11 4099+ 0.10 | 2407+0.06 2439+0.06 | 0.066=+ 0.008 0219+ 0.008 | 269 266 | 0.8 0.9
BPS0450 BPS1s 4156+ 0.11 4116+0.10 | 2408+ 0.06 2429+0.06 | —-0.003+0.008 -0.065+0.008| 272 249 | 08 0.7
BPS0510 BPS13s 4163+0.11 4090+ 0.11 | 2402+ 0.06 2445+0.06 | —-0.063+0.008 0283+0.009 | 274 271 | 08 0.9
BPS0550 BPS11s 4109+0.11 4067+0.10 | 2433+0.06 2459+0.06 | —0.055+0.008 Q227+0.008 | 272 262 | 08 0.9
BPS0610 BPS3s 4217+0.11 4138+0.10 | 2371+0.06 2417+0.06 | -0.015+0.008 Q204+0.009 | 264 265 | 08 0.9
BPS0650 BPS6s 4211+0.11 4125+0.10 | 2375+ 0.06 2424+0.06 | 0.002+ 0.009 0123+0.008 | 286 271 | 0.7 0.8
BPS0710 BPS9s 4250+ 0.11 4134+0.10 | 2353+ 0.06 2419+0.06 | —-0.048+0.008 Q104+0008 | 266 261 | 0.8 0.8
BPS0750 BPS8s 4179+0.12 4118+ 0.11 | 2392+0.07 2428+0.06 | -0.011+0.009 Q0213+0.009 | 303 272 | 08 0.9
BPS0810 BPS12s 4155+ 0.11 4056+ 0.10 | 2407+0.06 2466+0.06 | —0.180+0.009 Q274+0.009 | 269 268 | 08 0.9
BPS0850 BPS14s 4224+023 4111+0.21 | 2368+0.13 2433+0.12 | 0.028+0.017 0256+ 0.017 | 575 524 | 19 18
BPS0910 BPS10s 4180+0.19 4172+0.10 | 2393+0.11 2456+0.06 | 0.076+ 0.015 Q147+0.008 | 486 260 | 18 0.8
BPS0950 BPS7s 4212+ 0.11 4226+ 0.10 | 2428+ 0.06 2366+0.06 | -0.017+0.009 Q007+0.008 | 269 271 | 0.7 0.8
BPS-Average$ 4152+0.13 4112+0.11 | 2409+ 0.07 2432+0.07 | 0.011+0.010 0169+ 0.009 | 3172 2884 | 097 096

aAverages of all the BPS units except the BPS1-v2 fiedent PCB version.

Table 5.1: Summary of the linearity test parameters benchmarks of the TBluBBSvithin a+5 positions range, their parameter averages are given

at the table bottom.



Frequency and pulse response test parameters of TBL BPS usit

Low cutoff frequencies Pulse droop time constants
Wire (Beam) Calibration Wire (Beam) Calibration

TBL label Ref. name z A(H,V) ) A(H,V) x A(H, V) X A(H, V)

flows flowa flowz.cal flowacal | 7d roop TdroopA Tdrooz,Cal  TdroopA,Cal

(kHz) (kHz) (kHz)  (kHz) | (us) (ns) (us) (ns)
(notinst.) BPS1-vl 18 282 18 180 90 564 90 884
BPS0210 BPS1-v2 1.0 175 0.7 79 159 909 224 2000
BPS0250 BPS2 29 271 2.8 163 55 587 57 976
BPS0310 BPS3 17 275 17 171 93 579 93 931
BPS0350 BPS4s 25 279 2.6 166 64 570 61 961
BPS0410 BPS2s 20 281 2.6 166 79 566 61 961
BPS0450 BPS1s 2.6 267 25 166 62 597 64 920
BPS0510 BPS13s 25 292 2.4 168 65 545 67 947
BPS0550 BPSl11s 25 296 2.6 160 63 537 62 998
BPS0610 BPS3s 2.6 279 25 172 61 570 63 926
BPS0650 BPS6s 22 267 21 167 73 597 76 954
BPS0710 BPS9s 2.4 310 2.3 169 66 512 70 940
BPS0750 BPS8s 2.4 305 2.4 168 67 522 67 947
BPS0810 BPS12s 2.6 273 2.6 166 61 583 61 961
BPS0850 BPS14s 2.7 255 2.6 173 59 624 61 920
BPS0910 BPS10s 25 255 2.6 166 63 624 62 961
BPS0950 BPS7s 32 280 25 171 50 568 64 64

BPS-Averages 24+03 281+15| 24+03 168+5 | 69+11 568+30| 68+11  951+26

YA

aAverages of all the BPS units except the BPS1-v2 fiedént PCB version.

Table 5.2: Summary of frequency response test parameters, lof tetpuencies and pulse droop constants, of the TBL BPS units. For alRBe B
units: the low cutéfs of the BPS electrode outputs coincide wiihyx; with the high cutd frequency beinghigh > 100 MHz, so thatrise < 1.6 ns.
The parameter averages are given at the table bottom.
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Chapter 6

Conclusions

In this thesis has been presented the work carried out on the desigirumtion and test
of the Inductive Pick-Ups (IPU) Beam Position Monitors (BPM), named BRonitors,
for the Test Beam Line (TBL) in the CLIC Test Facility (CTF3) at CERNeThductive
Pick-Up (IPU) was the BPM technology type selected for the TBL. In syfitis complex
mechanics with many parts assembled, an IPU design was fundamentally tlecseise
of the following main features matching up the TBL needs as presented aggheing
of Chap[4.

The BPS project was developed in two main phases: the prototyping phaskean
BPS series production and testing phase which are summarized as follows.

The prototyping phaseonsisted in the design, construction and characterization test
of the BPS-IPU prototypes from 2007 to end of 2008. The first prowoijgbeled as
BPS1) was tested with two filerent design options of the on-board PCBs, leading to
BPS1-v1 and BPS1-v2 prototype versions. Afterwards, the BPSilag2/alidated and
installed in TBL in July 2008.

The BPS series production and testing phasenprised the construction of 15 more
units, jointly with its respective mechanical alignment supports, and theiesmonding
characterization tests for completing the 16 cells of the TBL line. The cotistnuaf the
series units started at the beginning of 2009. In March 2009 a presséti®o BPS units,
labeled as BPS2 and BPS3, were requested in advance due to TBL lstaeets. After
their corresponding characterization tests, these units were delivededstalled in May
2009, having thus 3 fully operational units in the TBL. The BPS parts coctstn, and
follow-up of processes, continued until the final assemblies when there rgady for
the characterization test of the full BPS series at IFIC labs made durjrtgr8ber 2009.
Two specific test benches were also designed and constructed ferBR&stests, at low
and high frequencies. The 15 BPS units were finally delivered at th@kSdptember
2009. The installation of all BPS monitors in the TBL finished by mid October 2009

In total 17 BPS units was constructed which were labeled as BPS1, BPS3 f8r
prototype and pre-series; and BPS-1s to BPS-14s for the seriesS58&8t remained at
IFIC as spare to perform the test for evaluating the BPS responsehdrédgiencies and
measuring its longitudinal coupling impedance beyond the bunching freg&a GHz)
in the X-band microwave region. Finally, the project field work finished at20itll with
the BPS beam tests performed in the TBL. This allowed to measure the BR®imes0
and its variation with an increasing beam current, showing a linearly dgogegendency
of the resolution to go down below @m at the maximum beam current of 28 A, as
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the main measurement goal of the BPS monitor and its figure of merit (see BRStpr
milestone at Fid. 414).

The main work and activities of the author within the BPS monitor development are
summarized below:

— Design and implementation of the on-board current sensing PCBs of thenlBRS
itors, and the follow-up tasks regarding the construction and assemblg obtin
vacuum and vacuum mechanical parts of the BPS prototypes and the serie

— Design and implementation of the low frequency wire test bench used taperfo
the BPS characterization tests (linearity o€f0 mm positions range and fre-
guency response under 100 MHz) on all the BPS units.

— At the time of tests it was also made the study and design of the pulse droop com-
pensation inside the external amplifier, as an important part of the BP Srgniifier
joint response characterization and performance.

— A new proposed electric lumped circuit model of the BPS-IPU monitor whiaeca
out as a consequence of the analysis of the frequency responseremeasts and
to better understand and simulate its frequency response behavior.

— Afterwards, it was made the simulation study of a coaxial waveguide steugted
as the high frequency (RF and microwave) test bench which, after isgroation,
allowed to perform the S-parameters measurements for the longitudinal ingeeda
determination of the BPS up to 22 GHz.

— Finally, there were performed the beam test on a sample BPS monitor of the TBL
line in order to determine and study its achievable position resolution in fundtion o
increasing beam current.

This work was mainly carried out at IFIC labs in Valencia but also with sdatages
at CERN, first for prototypes testing in the BE-BI-PI section and aftettfe installation
and beam tests in TBL of CTF3 with the invaluable help of their respectivkingteams.

In Tab[6.1 are listed the BPS main parameters averaged over the fullrseassired
from the characterization tests performed on every BPS unit installed irBhdiffe. The
BPS characteristic parameters were quite sensitive to the mechanical etnonééecom-
ponents fabrication tolerances, particularly those involved in the beanirerpasition
determination, as the sensitivity, electricétisets and overall accuracies at the requested
levels. In consequence, the characterization tests provided the bakstomaach BPS
unit in order to fulfill the specification demanded by the TBL line.

The BPS units parameters results showed small relative deviations fromeitzgea,
and also a good balance between the horizontal and vertical plane parsnralicating
a successful fabrication process of the BPS series, and also agltzofethe test data
analysis acquired for fferent BPS orientations inside the test bench made to take into
account for the parameters deviations due to test stand misalignments aniatipes.

Concerning the frequency response test results, it is determined tregiopal band-
width on all the BPS units (below 10 kHz up to 100 MHz) measuring the low and hig
cutat frequencies, and so the corresponding pulse droop and rise time risn$ba the
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the output electrode signals, their sinsignal and the horizontal and verticatidrence
A(H, V) signals.

The low cutdts of theA signals are in principle at much higher frequencies than the
specified 10 kHz, thus producing larger pulse droops. In consegublay were properly
compensated in th& channels of the external amplifier by the implementation of active
RC filters.

The pulse test performed on the BPS2 unit forAl(, V) signals yield a correct pulse
droop compensation for the calibration input and also around the BPS pasiéons,
where the pulse droop is reduced down to: 4 % for a test pulse lengthsyfahd 1.25 %
for the TBL maximum beam pulse length of 140 ns. The worst pulse drosgpisaob-
served at a wire position of 10 mm away from the center (over the 12 mm pgsen
radius), due to the observed position dependency ofAttmv cutafs producing strong
frequency shifts of around 111 kHz, which would not béisiently compensated. For the
%, and equivalently for the electrode signals, are also observed smalleutofk shifts
of around 4 kHz at a 10 mmfidcenter wire position, still leaving their low cufs below
10 kHz, and hence the corresponding pulse droops, under spiaifgca

The BPS longitudinal impedance was measured in the high frequency testsefor
BPS unit sample, showing a low impedance value below Emost in all the frequency
range up to 22 GHz (test bench bandwidth limit). But unwanted impedance peaknd
1409, most likely caused by resonances of beam EM fields with the monitor gegmetry
occur at 6.8 GHz and frequencies above 15 GHz that would needftedie and a deeper
study.

Finally, the BPS beam test performed in the TBL line shows a linear decre@sing
dency of the BPS position resolution measured at four beam currestistgpasing from
3.5to 13 A (nominal values at the beginning of the line). A minimum of 1dvdis ob-
tained at an available beam current of 12 A, yielding a good outlook to\zkte goal
of 5 um resolution at the maximum nominal beam current of 28 A.

Modern particle accelerators and in particular future colliders like CLHtiire pre-
cision beam diagnostics in order to handle the beams which are pushedndon®ee to
their limits either in terms of intensity or beam quality. A critical performance parame
ter for CLIC is the luminosity which depends directly on the accelerator alighnidrme
CLIC approach is based on a novel technology of two-beam accelestieme (drive
and main beams) and requires an extreme alignment and stabilization of thevbedm
rely heavily on a beam based alignment techniques [65]. In order torpethis beam
based alignment, IPU technology based devices like the BPS monitor camglapar-
tant role providing enough precision and high resolution for the positiorsarements
of ultra-relativistic beams as shown in this thesis. Besides this, other BBP$HRures
like the beam current measurement and wide dynamic range operationrémtcand
bandwidth can be considered as additional advantages for the CLV€ Beam deceler-
ator where new devices will have to cope with beam intensities of 100 A auilspons
of 20 um. It also must be taken into account that the mechanical complexity of these
monitors could represent a limitation at the time of manufacturing large numbaitef u
though in principle some device simplifications could be performed being optindzed
the specific line needs.
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BPS linearity test parameters

Sensitivity

HorizontalSy 41.5:0.6x103mm™?
Vertical Sy 41.1+0.5x103mmt
Position sensitivity

Horizontalky 24.1+0.4mn1?
Vertical  ky 24.3:0.3mnr?
Electric offset

Horizontalsy 0.01+0.08 mm
Vertical oy 0.170.11 mm
Overall precision (RMS within +£5 mm)

Horizontaloy 32+8um
Vertical oy 29+7 um
Linearity error (Max. deviation at-5 mm)
Horizontalexgey 0.9+0.4%
Vertical  gydev 0.9+0.3%

BPS frequency response parameters

Wire /Beam input excitation

Low cutdf freq. Z, fiows 2.4+0.4kHz
Low cutdf freq. A, fiowa 27916 kHz
High cutdf freq. fhigh >100 MHz
Calibration input excitation

Low cutdf freq. Z, fiows.cal 2.4+0.3kHz
Low cutdf freq. A, fiowacal 168+5 kHz
High cutdf freq., fhighcal >100 MHz

BPS pulse-time response parameters

Wire/Beam input excitation

Droop time constX, Tgroox 67+12us
Droop time constA, Tgroop 572+32ns
Rise time constzyise <1.6ns
Calibration input excitation

Droop time constZ, Tgroops.Cal 67+10us
Droop time constA, TdroopCal 948+26 ns
Rise time constzisecal <1.6ns

Table 6.1: BPS full series average performance with errors giveneastéindard devia-
tions of the main parameters.
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