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Abstract

A prototype of Beam Position Monitor (BPM) for the Test Beam Line (TBL) of the 3rd CLIC
Test Facility (CTF3) at CERN has been designed and constructed at IFIC in collaboration with
the CERN CTF3 team. The design is a scaled version of the BPMs of the CTF3 linac. The design
goals are a resolution of 5 um, an overall precision of 50 pum, in a circular vacuum chamber of 24
mm, in a frequency bandwidth between 10 kHz and 100MHz.The BPMis an inductive type BPM.
Beam positions are derived from the image current created by a high frequency electron bunch
beam into four electrodes surrounding the vacuum chamber. In this work we describe the
mechanical design and construction, the description of the associated electronics together with
the first calibration measurements performed in a wire test bench at CERN.
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Summary

A prototype of Beam Position Monitor (BPM) for the Test Beam Line (TBE}he
3d CLIC Test Facility (CTF3) at CERN has been designed and construttédGiin
collaboration with the CERN CTF3 team. The design is a scaled version of tiis BP
the CTF3 linac. The design goals are a resolution @i an overall precision of 50m,
in a circular vacuum chamber of 24 mm, in a frequency bandwidth betwe&hl4@nd
100 MHz.The BPM is an inductive type BPM. Beam positions are derivad the image
current created by a high frequency electron bunch beam into foetredes surrounding
the vacuum chamber. In this work we describe the mechanical desigroastiuction,
the description of the associated electronics together with the first calibratasure-
ments performed in a wire test bench at CERN.
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Chapter 1

The CLIC Test Facility 3 project at
CERN

1.1 The Compact Linear Collider (CLIC)

. The latest and foremost accelerator at CERN the LHC (Large Hadsbid€r), is set to
provide a rich programme of physics at a new high-energy frontiertbestoming years.
From September 2008 onwards, the LHC will probe the nenascaleenergy region.
It should above all confirm or refute the existence of the Higgs bosownnmplete the
Standard Model (see figure 1.1), explaining how some particles get itsthrasgh the
so called Higgs mechanism. The LHC experiments will also explore the possitfitities
physics beyond the Standard Model, such as supersymmetry, extra ginseeasd new
gauge bosons. The discovery potential is huge and will set the direotipo$sible future
high-energy colliders. Nevertheless, particle physics community worldwade reached
a consensus that the results from the LHC will need to be complemented bynespts
at an electron-positron collider operating in the tera-electron-volt gmmarge.

Elementary
Particles

u ¢ t

up charm top
d|s|b|8
g down [strangej bottom|
Ve | Vu l Ve

electron§ muon tau_
s neutrinodl neutrino | neutrino

elult

muon tau

Leptons Quarks
Force Carriers

electron

| I 1}
Three Families of Matter

Figure 1.1: Elementary particle families of the Standard Model which descalé¢he

fundamental forces of the nature, the electromagnetic, nuclear andfareak; except
the gravitation force, with the predicted graviton as its carrier.
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Chapter 1: The CLIC Test Facility 3 project at CERN 12

The highest centre-of-mass energy in electron-positron collisionsrs@da GeV,
was reached at LEP (Large Electron-Positron collider) at CERN. lincalar collider,
such as LEP, the circulating particles emit synchrotron radiation, and grg\elost in
this way needs to be replaced by a powerful radio-frequency (Riélemtion system.
In LEP, for example, each beam lost about 3% of its energy on each Tima biggest
superconducting RF system built so far, which provided a total of 364@#ft revolution,
was just enough to keep the beam in LEP at its nominal energy. More¢begamergy loss
by synchrotron radiation increases with the fourth power of the endrtheairculating
beam. So it is clear that a storage ring is not an option for an electrongositilider
operating at an energy significantly above that of LEP, as the amountpd®ér required
to keep the beam circulating becomes prohibitive.

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

quadrupole '
quadrupole power-extraction and

\l% transfer structure (PETS)

RF
P w T

efatl'ng sty
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main beam 1.2 A, 156 ns
9GeV-1.5TeV beam-position monitor

\

Figure 1.2: The CLIC two-beam acceleration scheme for a center-cé-omdigsion en-
ergy of 3 TeV, with the main beam accelerated by the RF power providedtfre lower-
energy but high-current drive beam (not to scale).

Linear colliders are therefore the only option for realizing electron-pmsitollisions
at tera-electron-volt energies, avoiding synchrotron radiation lo§d&s basic principle
here is simple: two linear accelerators face each other, one acceleraiitigres €°),
the other positronset), so that the two beams of particles can collide head on. This
scheme has certain inherent features that strongly influence the dégigh.the linacs
have to accelerate the particles in one single pass. This requires higlicdietds for
acceleration, so as to keep the length of the collider within reasonable limitshgyic
fields can be achieved only in pulsed operation. Secondly, after aateierthe two
beams collide only once. In a circular machine the counter-rotating beamseowitial
a high repetition frequency, in the case of LEP at 44 kHz. A linear colligerdmtrast
would have a repetition frequency of typically 5-100 Hz. This means thatattecof
collisions events, or luminosity, necessary for the particle physics expasnecan be
reached only with very small beam dimensions at the interaction point and witfighest
possible number of charged particles in a single bunch. As luminosity is jiapal to
beam power, the overall wall-plug to acceleratidiicgency is of paramount importance.

The ILC collaboration [1] is studying a machine with a centre-of-mass gnefrg
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500 GeV and a possible future upgrade to 1 TeV. This study is based &t ays-
tem using superconducting cavities for acceleration, with a nominal aatiatgfield of
31.5 MV/m and a total length of 31 km for a colliding-beam energy of 500 GeV. The R
superconducting cavities system is a well-known and proven technoloigi vépresents
the state-of-the-art in acceleration technology.

At the same time, the Compact Linear Collider (CLIC) [2] study is aiming at a nom-
inal energy of 3 TeV, and foresees building CLIC in stages, startingeatdtvest en-
ergy required by the physics, with successive energy upgradesahatotentially reach
about five times the energy of the ILC. The CLIC scheme is based on noandiicting
travelling-wave accelerating structures, operating at a frequend GHz and with very
high electric fields of 100 MY¥Mm to keep the total length to about 48 km for a colliding-
beam energy of 3 TeV. Such high fields require high peak power amzkteenovel power
source. An innovative two-beam system, in which another beam, theliram, supplies
energy to the main accelerating beam.

The RF power peak required to reach the electric fields of 1L0@nvidmounts to about
275 MW per active meter of accelerating structure. With an active acteldéeagth for
both linacs of 42 km out of the 48 km total length of CLIC, the use of indigldRF
power sources, such as klystrons, to provide such a high peak pomaireally possible.
Instead, the key innovative idea underlying CLIC is a two-beam schemetiupe and
distribute the high peak RF-power. In this system, two beams run parallettootiaer:
the main beam, to be accelerated, and the drive beam to provide the RF fpowles
accelerating structures (see figure 1.2).

To transfer the energy to the main beam, the drive beam passes throwgitPoorer
Extraction and Transfer Structures (PETS) shown in the figure 1.2gvithexcites strong
electromagnetic oscillations, i.e. the beam loses its kinetic energy to electraimagne
energy. Thus, as the beam is decelerated, the RF energy is extractethé PETS and
sent via waveguides to the accelerating structures in the parallel main béenPEITS
are travelling wave structures like the accelerating structures for the meain, lixeit with
different parameters.

The proposed CLIC layout is presented in the figure 1.3, where weif@nemtiate
the main sections. In the center region are the two main beam linacs facingtbach
to boost electrons, from the left side, and positrons, from the right siderd collision.
The patrticle detectors will be installed in the interaction point (IP), where ¢hisions
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 vertical
plane and 40 nm horizontally, in order to achieve the luminosity that the expesme
demand. Running in parallel to each main linacs, there are the two decelarasorito
extract the RF power from the drive beams through the PETS, and thesfieirat to the
main beams for accelerating them. In the top of the layout it can be seen tHelt&d-
drive beam generation system which consists in two drive beam linads/fklystrons,
followed by a sequence of three rings for each linac: a delay loop anddmbiner rings
(CR); leading to the required drive beam features of average bement(100 A), energy
(2.38 GeV) and bunches spaced by 2.5 cm (12 GHz) in bursts of 238gsBy the 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 respégtetors,
at 2.4 GeV, and finally accelerated to 9 GeV by the booster linac beforarente the
main linacs.
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Figure 1.3: The CLIC layout, showing two-beam acceleration scheme adlichigssions
(central part), the various components of the main beam injection systeer $ae) and

the drive beam generation system (upper side).
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Figure 1.5: Layout of the CLEX building area where the TBL is located (top)
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1.2 The CLIC Test Facility 3 and the Test Beam Line in the
CLEX area

An important milestone will be the proof-of-principle demonstration that majoiGCLI
technologies are feasible. Thé& 3jeneration CLIC test facility (CTF3) [3], currently
under construction, should demonstrate the main CLIC-specific issuexlBy 2

CTF3 consists of a 150 MeV electron linac, followed by a series of two fitigs
delay loop and the combiner ring (figure 1.4). This part of CTF3 is a said@ah version
of the complex required to generate the CLIC drive beam. It will demonstm@jarithciple
of the novel bunch-interleaving technique using RF deflectors to peotthéccompressed
drive-beam pulses. In CTF3 the compressed beam, with an energp 148, 32 A of
nominal beam current, a microbunch spacing of 83 ps (12 GHz) and a langth of
140 ns, is then sent into the CLIC experimental area (CLEX, figure 1Hi% Aouses the
Test Beam Line (TBL) and a two beam test stand where the CLIC actielesecheme
will be tested, including the extraction of RF power from the drive beamteargsfer of
this RF power to the accelerating structure, which will accelergambe beanin 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. The CLIC drive beam has a beam current of 100dAsatlecelerated
from 2.3 GeV to 0.23 GeV giving up 90% of its energy. Whereas the CTK& theam
has a beam current of 32 A and is decelerated from 150 MeV to 0.15 Megaip also
90% of its energy.

Construction of CTF3 started after the closure of LEP in 2001, takingrdage of
equipment from LEP’s pre-injector complex. Its installation is on schedulke:litiac,
delay loop and combiner ring have already been operated with beam ,rémet tommis-
sioning is on going. The new CLEX building is now ready, with most of the againut
installed, and it saw beam on August 2008.

The main aims of the Test Beam Line (TBL) sub-project of CTF3 are @dus) [4]:

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

¢ to demonstrate the stability of the decelerated beam and the produced RHyyowe
the PETS, and

¢ to benchmark the simulation tools in order to validate the corresponding systems in
the CLIC nominal scheme.

Therefore, it will be studied the transport of a beam with a very highggngpread,
with no significant beam loss and suppression of the wake fields fromBER& PAddi-
tional goals for TBL are the test of alignment procedures and the stutiye ehechanical
layout of a CLIC drive beam module with some involvement of industry to buitd th
PETS and RF components, like waveguides. Finally TBL will produce RFepawthe
GW range which could be used to test several accelerating structurasaitep
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The TBL line will consist of a series of FODO lattice cells and a diagnostic sectio

at the beginning and end of the line to determine all relevant beam paraniesetrscell

is comprised of a quadrupole, a BPM and a PETS (see fig. 1.6). Eadhugpade will be
equipped with remotely controlled movers for beam based alignment. The Haixe
was chosen because of its energy acceptance. Due to tran@ets euring the filling
time of the PETS the first 10 ns of the bunch train will have a huge energgdfirom the
initial energy down to the final energy of the decelerated beam. The lattigaiimiped

for the decelerated part of the beam, higher energy particles will seolassng. The
betatron phase advance per cell is close to the theoretical value of B&dqpr cell for

a round beam.

The available space in CLEX allows the construction of up to 16 cells with a length
of 1.4 m per cell. A schematic of a TBL cell, with the BPS prototype is shown in fig-
ure 1.6. The TBL starts after the first bending magnet of the chicane dothartwo
beam test stand. The diagnostic section in front of the bending magnetewiéx for
TBL experiments to determine the beam properties at the entrance of TBIs far-
mally (schedule and budget) a part of Transfer Line 2 (TL2). TheeefDBL starts with a
matching section consisting out of a quadrupole doublet, a BPM and a mairrettors to
allow for parallel displacement of the beam to excite wake fields in a contratgd The
matching section is followed by 16 identical cells as described above cogsustirof a
qguadrupole, a BPM and a PETS structure. At the end of the beam line adtagsection
is installed allowing a characterization of all relevant beam parameterssettien con-
sists of a quadrupole doublet and an Optical Transition Radiation (OTegscedicated
to transverse beam profile and emittance measurements. A spectrometer aithlan
of 10 degrees and a second screen will provide a measurement ofettgy emd energy
spread. It is planned to install a segmented beam dump enabling time resobreg e
measurements. The section is completed by a BPM and a Beam Profile Raglie+icy
monitor (BPR, button pick-up type). The BPR will provide a signal propaoseido bunch
length. The total length of the line is about 32 m. Vacuum valves are farexfesr the
bending magnet and before the diagnostic section at the end of the lind6Tdadls will
be a single vacuum sector.

The PETS and the quadrupole movers are developed by CIEMAT (Mathr&BPMs
by IFIC (Valencia), in strong collaboration with UPC (Barcelona) resjiae for BPMs
external amplifiers, as the Spanish contribution to CTF3. The BPMs will lbaladand
adapted version to the TBL specifications of an Inductive Pick-Up (liaskalled and
tested in the Drive Beam Linac (DBL) of CTF3. The first phase of th€I€dllaboration
for the TBL line in the CTF3 was to develop two IPU prototypes, called BeagitiBo
SmaljSpanish monitor (BPS, see figure 1.7), and in this work it will be described th
design, construction and the performance characterization tests of $prB®types [5].
The second phase of the IFIC contribution will be the construction arfdrpsgince char-
acterization of a BPS’ series with 15 units including its respective mechasnipglorts,
that will be installed in the complete TBL line. A rough and schematic schedulelt bu
the TBL is shown in the figure 1.8.
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Figure 1.6: Schematic (top) and a 3D view (bottom) of a TBL cell with a PETS tiiek
BPS monitor, and a quadrupole.
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Figure 1.7: View of the BPS first prototype (BPS1).

Install TBL with 2PETS:

Jul-Dec06 || Jan-Mar07 | Apr-Jun07 || Jul-Sep07 || Oct-Dec07
Define 12 GHz PETS
module,
Diagnostics, —
30 CHa Fabrication of Prototypes: T1, T2, T3, T4, T5
PETS
Testof Prototypes
Jan-Mar08 | Apr-Jun08 || Jul-Sep 08 Oct-Dec 08
Testof Fabrication of Series
Prototypes

Commissioning of the line
and runwith 2 PETS

Figure 1.8: Tentative schedule to build the test beam line (TBL) of CTF3.
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Chapter 2

Beam Position Monitor. The BPS
Monitor Prototype in the TBL

2.1 Beam position monitors in the beam diagnostics field

The beam diagnostics is an essential constituent of any accelerator malthsrthe
part of the accelerator instrumentation that senses the great varietgrofg@ameters or
properties, so it yields all the necessary information to the acceleratot®kcmom that
shows the behavior, characteristics and performance of the beamtinsidecelerator. It
deals with the real beam produced by a real machine including all possibéefenpons
of a such complex technical installation. Since generally a beam inside themaiipe
of an accelerator is very sensitive to any deviation from the acceleragigrd and it
has a very narrow margin of stability, without adequate diagnostics on&lWilindly
grope around in the dark” for the accelerator settings, and improvementd \e hardly
achievable.

To achieve a desired performance of the accelerator and thus a gaodspecifica-
tions, the machine control must be implemented, correcting essentially the parsusfe
the magnetic elements which drive the beam to the right settings. In the féectiretcol
loop the beam diagnostics will serve as the input of the correction calcul@apending
on the reaction time requirements of the beam property to correct, an autoesatimatk
control could be implemented or, simply, a control room operator close tpeclvanging
the machine settings for those that do not need fast and periodic contnoéx@mple
is the reading of the beam position and the correction of the orbit to its nomaha v
changing properly the magnets parameters.

There is a large variety of beam parameters to be measured. For a gowdexiicand
stability of the beam all relevant parameters should be controllable. Somgpkesaof
important beam parameters to be controlled are: the intensity, the trarisaretdangitu-
dinal profile (size and shape of the beam bunches), the energy apdditien. They can
be measured by several beam diagnostics devices like: beam transfowa#-current
monitors, pick-ups (PUs) or Faraday cups for measuring the beamiigtePbs, Sec-
ondary Emission Monitors (SEM) grids or wire scanners for transversie; and, the
same devices as the beam intensity for the longitudinal profile. Figure 2:sstmoinstru-
mental assembly installed behind the heavy ion linac at GSI during its commiss[6hing

21
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pick—up slit—grid emittance transformer
transformer residual gas monitor pick—up
lI {§ epper—pot emittance
o | pepp .p o Faraday cup

Figure 2.1: View of an accelerator movable test bench with several begmnastics in-
strumentation devices, provided for commissioning of the new high curfe@t(Radio-
Frequency Quadrupole) of GSI (green tank on the left). Courtesyeske{&chaft dir
Schwerionenforschung (GSI), Darmstadt, Germany.

Usually one kind of diagnostic device can be used to measure sevemapbbeperties,
like the pick-ups in the previous example. In the same way, for measuringiauer
beam property one has to choose the most suitable diagnostic devicgs ale@ending
on the features of the beam and the type of accelerator. For some baaenti@s, the type
of instrumentation dfers for linacs and synchrotrons, due to theffatient accelerating
principles. An important example is, that in a linac or a transfer line, the beasep only
once, while in a synchrotron the behavior of thousands of passagesdiae determined.
Moreover, electron beams have a quitdatient behavior as compared to protons or heavy
ions. A simple example is the fact, that electrons are relativistic just after ga¢fMAC
modules, while for protons several hundred meters long linacs or evgncrstron is
needed to reach significant relativistic conditions.

Under the denomination of Beam Position Monitors (BPMs) there are all thes typ
diagnostics devices that can measure, as its primary purpose, the tsgisyam position
inside the accelerator vacuum pipe. The beam position is one of the bepertis that
can be measured for a great diversity of diagnostics devices. The omsgapand widely
used in the case of bunched beams are the PUs [7], because of thrie ttaply design
and high reliability features, apart from being a non-intercepting semsetfod that is
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preferred whenever is possible to do not degrade the beam.

All the types of PUs are based on electromagndiiots. For instance, the capacitive
PUs which are of the electrostatic type, and the BPM prototype described iretiort
which belongs to the inductive or magnetic type, and will be presented in ¥tseeion.

2.2 Inductive PU (IPU): The BPS monitor prototype for the
TBL

Original inductive PUs (IPU) were developed for beam position monitoainthe
linacs, injection lines, accumulator ring and transfer lines of the Large Ble&wositron
Collider (LEP) Pre-Injector (LPI). Also called magnetic PUs, they hansisg electrodes
to detect the proximity of the beam. In contrast to the more popular PUs basgd®
trostatic d€fects like charge accumulation in the plate-electrodes of the capacitive RUs, th
IPUs use a magnetic transformer coupled to the each electrode to senseidkierv of
the image current flowing through these electrodes as the beam changesititsn with
respect them, as it will be detailed in the following subsections.

Our IPU prototype, called BPS (Beam Paosition Spgghnish monitor), is a scaled
and revised version of the IPU developed recently for the Drive Beiacl(DBL) of the
CTF3[8] [9], since the new BPS design must be adapted to the TBL line diotenss
well as to the TBL beam characteristics with new performance requirendintzigsed
in the 2.2.4 subsection)

2.2.1 Basic description and sensing mechanism of an IPU

Iimage(t) — 1 (t)

image charges

O O 0O o o o
Ibeam(t)
GO ®000 ®@ O _o—s

beam pipe

Figure 2.2: Representation of the induced image current by a beam, lmrvedil current,
and its intensity profile.

The inductive PU, as many types of PUs, base its sensing mechanism inlthe wa
image current flowing through the conducting vacuum pipe. The beam is avéingimg
current since it is composed by bunches of charged particles, andfdte it will be
accompanied by both a magnetic field and an electric field. In the limit of very high
beam energy or relativistic velocities (as it is usually the case of electomedesators),
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the generated beam fields are pure transverse electric and magnetiés whawn by

TEM propagating modes. This TEM fields coming from the beam bunchekegpass
through the conducting vacuum chamber, will induce a wall image curnreritt oThe

induced image charges will be of opposite polarity than the beam chargea.résult,
each of the beam bunches will produce a transitory image current in th@wvechamber
and its intensity profile will show the longitudinal profile of each beam busek figure
2.2).

In the figure 2.3 it is shown a basic scheme of an IPU longitudinal view whitth w
help to explain the basic sensing mechanism of this BPM. The IPU is desigtetditov
the wall image current induced by the beam through its electrodes, andihbg able
to sense the wall current azimuthal distribution which will change with the hesition.

In this case the pick-up inner wall is divided into four strip electrodesh ehwhich goes
through a toroidal transformer forming the primary winding, as it is depictéddriigure
2.3, in green for the wall image current and in violet for the transformers.

Thus, every wall image current component flowing along each elecisottans-
formed into a secondary winding, which is connected to a pick-up outpatigir a
conditioning circuit on a Printed Circuit Board (PCB). The closer the beato the
transformer-electrode, the greater is the induced wall current componthe electrode
and, in consequence, its output signal amplitude in the secondary windihig.basic
sensing mechanism will allow to determine the beam position from the IPU olitput s
nals coming through the transformers, and distributed orthogonally artendgacuum
pipe aperture, as it is depicted in figure 2.5.

signal out (up) V+

wall shield
pipe

I
ceramic gap

e
-
Pl ]wall
transformer

signal out (down) V-

Figure 2.3: IPU longitudinal view scheme, the vertical plane transformetreties V.,
andV_ are depicted.

transformer

One must notice that the wall image current intensity flowing through the wRdJe |
is the same as the beam current intensity but with opposite directions,|bgifg —lwai-
Therefore, as all the wall current goes through the IPU electrodissdélrice will also
yield a measure of the beam current intensity by means of the sum of all ilstsigpals,
apart from measuring the beam position as its main purpose. Moreoven, tv beam
is in the centre of the IPU with beam coordinates: = 0 for the vertical plane, and,
xy = O for the horizontal plane; the wall current will be uniformly distributed oa th
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electrodes and then, the current intensity of each electigdg will be the same for the
four electrodes givingieled Xy = 0, Xy = 0) = lpean/4-.

In a general case for anffecenter beam, the current intensity for any electrode,
leledXv, X4), changes as the wall current changes its distribution among the electrode
due to an arbitrary beam position displacemexy, xy); and it will increase or decrease
from the central value, as the beam approaches or move away frorettede. In the
next subsection, it will be described how the beam position is obtainedtfretPU out-
put voltage signals which are directly proportional to its respective eldetrarrent, and
also will be shown the equations for the linear dependence approximatibe olutput
levels with the beam position.

Finally, just to remark that the electrode currdgid Xv, X4), and, the output signals
in a proportional way, present a quite complex non-linear behavior wstext the beam
position displacements in the whole IPU aperture, but always it can bexapmated to
a linear behavior inside a radial region in the vicinity of the center of the |p&itare;
more information is shown in [10]. Therefore, the IPUs are usually desidga keep
the beam position range of interest inside the central region of the IPitlapevhere a
linear approximation can be performed within acceptable linearity error limits.

2.2.2 IPU output voltage levels and beam position determirieon

It is taken now a closer look to one IPU electrode with a toroidal transforonteetter
understand its induction sensing mechanism (see figure 2.4). As it was nezhbiefore,
the wall image current will be distributed among the four IPU strip electrages every
electrode-end will go through the core of its respective toroidal tram&foacting as one-
turn primary winding. Consequently, every electrode current compafiarttme-varying
wall image current will induce a current in the secondary circuit, due tonidgnetic flux
variation produced by this time-varying current in the transformer seagnginding
with Ngec turns. By the same reason, it must be noted that the transformer is not able
to detect dc-current components because these constant cumgureents produces a
constant magnitude magnetic field, and so a constant magnetic flux, whicltcaduce
a stationary current in the secondary winding according to the Fardday’s

ddg

Wy
wheres is the electromotive force (in Volts) that would induce a time-varying current

in a closed circuit, andg is the magnetic flux (in Webers). The generated magnetic field

from a cylindrical current source (represented in figure 2.4 (lef§)a good approximation

of the electrode current, is obtained from the Biot-Savart law

|e|e<.(t) &
r

(2.1)

E=—-

B(t) = po—? 2.2

(0 = po-5e™ - €. (22)
whereB(t) is the generated time-varying magnetic field, from the electrode current

source gedt) (assuming a fixed beam positionjs the distance from the source current to

the field pointg; is the azimuthal unitary field vector, apgis the magnetic permeability

of the vacuum.
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The inductance for a toroidal transformer core of lengihthe electrode direction,
inner radiusr; and outer radius,, having a relative permeability;, andN windings is
given by

Moy 2 o
L= <IN“-In —. 2.3
2 I ( )

then, the toroidal core will guide the magnetic field lines, so only the azimutia co
ponent will be measured.

magnetic field B inductance L
atradius r:

B~1/r

\\\\\\\\\\

wire =

=
V Z 4 secondary
electrode {Z windings

I

electrode
current
I

elec

elec

Figure 2.4: Magnetic field generated by the electrode current (left)trendasic scheme
of an electrode with its toroidal transformer (right).

Generally, for an ideal current transformer loaded with a low value afiolresis-
tance,R, the ratio between the primary current of the electrdgdg,; and secondary cur-
rent, lsgq IS given by

Nelec 1

“lelec = lsec=

NSEC NSEC

with the number of turns on the primary sidéye., Set to one because of the single
pass of the electrode through the toris is the number of turns on the secondary
winding which is an important IPU parameter design and, for simplicity, it will dkeeda
N further on.

“lelec due to Nyec =1, (2.4)

|sec=

From the circuit scheme of the transformer-electrode (figure 2.4 (righparallel
or shunt resistorR, is introduced leading to the output voltage level proportional to the
electrode current for this transformer-electrode

R
Vsec= R- lsec= N “leleo (2-5)
this relation stands for the frequency components of the electrode tgigeal in
the pass-band of the secondary transformer circuit, above the lowffdueguency that

would introduce the transformer inductance in parallel with the shunt redistihe 2.2.3
subsection the ideal frequency response behaviour of an IPU willdsepted.

In the figure 2.5 it is depicted the four voltage signal outputs coming fromlde e
trodes secondary windiny/see for denoting any of them. And, implicitly in eq. (2.5),
their output voltage levels directly depend on the beam proximity to each electro
through the electrode current intensitye, increasing as the induced current intensity
of each electrode gets higher with a closer beam.
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Thereby, the vertical and horizontal beam position variation will be daetdnyethe
two pairs of electrode outputd/,, V_}, and{H., H_}, respectively, and the beam position
coordinates will be determined by thefférence between these output pairs, being;
the diference signal for the vertical plane coordinate, Ait] the diterence signal for
the horizontal plane coordinate. Moreover, in order to make the positiosureraent
independent of the beam current, bathsignals are normalized to the sum of all the
electrode output signalg, which is directly proportional to the beam current intensity
and, at the same time, independent of beam position. Then, the vertichbamdntal
beam position coordinates will be given by

AV V., -V_
— = \% I X
o S = T, sV A Vert planey;
(2.6)
AH H, — H
Xy o€ — i (Hor. plane.

S Vit+H, +V_+H

Figure 2.5: IPU schematic transversal view showing the signals outputs widhra m
the center of the vacuum pipe.

This method, commonly used in many pick-ups, for deriving the normalized pea
sition signal from the raw IPU electrode signals, is called tlifetBnce-over-sunmi(x)
processing. And the thre®/, AH andX signals will be obtained from an external ampli-
fier connected to the IPU outputs, as it will be shown in the section 2.3 wisamiiag
the particular BPS read-out chain.

As it was discussed at the end of previous subsection, the electrodg sigipals and,
also, theA signals will show a good linear behavior for the beam position variation within
the central region of the IPU aperture. Therefore, a linear fit will lue characterize
the IPU and, thus, obtain the beam position coordinates from the preségieds. The
linear relation to give the beam position coordinates fronwlandX voltage signals for
the vertical &,) and horizontal Xy) planes are
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xy = EOSy + ky (%) (Vert plane;
(2.7)

Xy = EOSH + Ky (%) (Hor. plang;

whereky are the characteristic slopes which depend on the IPU sensitivity to the
beam position changes in each plane, &@S, are the electric fb-sets from the IPU
mechanical center for both coordinates. Like the electflisets, the IPU sensitivity for
each coordinate plane are important characterization parameters anefso(2.7), they
are defined aSyn = 1/kyn. The sensitivity for each coordinate plar®n, gives the
variation of AV or AH signals (sinc& is a constant normalization parameter) when the
beam changes its position in the vertical or horizontal directions.

Usually in the IPU characterization tests, the position is known and tBgparame-
ters for both planes are obtained. Therefore, the sensitivity paranaegeobtained from
the inverted linear fit equations or characterization equations shown below

AV
(?) =ny + Sy xv (Vert plang;

(2.8)

(%) =ny + Sy X4 (Hor. plane;

wherexy are the positions, anw;y are theA/X parameters deviation when the beam
is in the center, which are directly related to the electffesets defined in egs. (2.7). One
has to take into account that the sensitivity is defined as a characteristiogtar of the
IPU, so theA andX signals must have the same gain factor to get the true sensitivity of
the IPU, or if it is not the case, the measured sensitivity must be dividedehy/figain
ratio.

The most important parameter to establish the goodness of an IPU pert&risdahe
overall precision or accuracy, which can be defined as the ability tordigtethe position
of the beam relative to the particular device being used for measuring dme pesition
[10]. This is limited by some combination of mechanical alignment errors, mezdian
tolerances in the IPU, calibration errors in the electronics, attenuationedledtions
in the cables connecting the pickup to the electronics, electromagnetic interéerand
circuit noise. All these #ects are reflected in the position errors which are deviations
from the ideal IPU linear behaviour. From the linear fit egs. (2.7) capdsormed an
error analysis to yield the linearity errors of each position which are asstmrfellow a
gaussian distribution with a standard deviatiohand they will represent the uncertainty
in measuring the absolute beam position. Then, the overall precision wraagoof an
IPU is obtained as the root mean square (RMS) linearity error, or vajasfcall the
position errors in the beam positions range of interest for the verticaltentorizontal
plane,oy andoy, respectively.

The resolution is another performance parameter thgrdifrom accuracy in that it
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refers to the ability to measure small displacements of the beam, as opposedswits a
lute position [10] (see fig. 2.6); so it will represent the minimum displacemeheam
position variation the IPU can detect. Typically, the resolution of a systerifigadly an

IPU, is much better (lower) than the accuracy, being the accuracy asltve aesolution

for the best performance case. Furthermore, the IPU position resolitidre lower for
larger output voltage levels (of the electrode outputs/asinals) since, for a given beam
displacement, the fierence between those voltage levels will increase allowing a smaller
displacement detection. Therefore, as the output voltage levels ardydpeaportional

to the beam current intensity, the resolution must be given for a certam baeent
intensity, yielding the best IPU resolution performance at maximum curperaton.

$10 um
< . P>
A Vertical
axis Absolute
measurement
accuracy
»
Horizontal
axis

Real beam
position

$100 nm

Pick-up measurement

Figure 2.6: lllustration of the élierence between the resolution and the overall preci-
sionfaccuracy parameters of an IPU [9]. For both coordinate planes, dlyecgcle rep-
resents the accuracy (1n) and the red one the resolution (Quh) of a particular IPU.
Readouts of the same beam position are depicted as black dots.

2.2.3 IPU frequency response and signal transmission

The IPU transmission behavior of any arbitrary time-varying input signad, tlile
beam current signal, can be analyzed in the frequency domain, witresubig@enerality,
by means of the Fourier superposition principle, which states that anyl signa com-
position of multiple frequency harmonics. So, the beam current harmonibevidf the
form, lpeam= lo(¢)€“!, with angular frequencyp=2rf, containing the signal frequency,
f; and,¢ the signal relative phase.
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An IPU, like any electromagnetic device, will have a determined output nsgpan
magnitude and phase, for every frequency harmonic of the signakrspecHence, the
IPU can be ideally characterized in the frequency domain by its transfetiéu, defined
as the ratio of the output over the input signal, for a given frequeneyndric; and, then,
obtaining its typical frequency response pattern by the evaluation of theferafunction
magnitude and phase in the frequency band of interest.

Then, the transfer function is obtained from the ratio between the usatpetaig-
nal voltage Vseo and the input electrode curremgie., having dimensions of impedance.
Therefore, the transfer impedan&g, for an IPU can be calculated from the equivalent
impedance in the transformer secondary equivalent circuit approximatifigure 2.7,
being the output voltage signal at a fixed frequency for each elegtrode

Z
Veed®) = Zi() - lsedw) = tl(\l“’) Netedw), (2.9)
and the IPU transfer impedance,
Z(w) = lwl (2.10)

l+iwL/R+iwL/R-iwRCs’
where the transformer secondary winding is modeled as a currenesbydrcin par-

allel with the inductancel., of the transformer secondary winding calculated from eq.

(2.3). And the capacitor in parallel;, represents the stray capacitance present between

the transformer secondary windings. This transfer impedance is givendeneral case

assuming an ideal primary electrodes with very low inductances and néirgpbptween

them, so the frequency response is only determined by the transfornoedseg circuit.

simplified equivalent circuit

I-source

represents
Isec(t):
lajec(t)/N

“— ground
Figure 2.7: Transformer secondary winding equivalent circuit.

From a qualitative analysis of the transfer impedance expression (2.¢8#), be ob-
tained the typical frequency response pattern, and its characterisfiefreies, for a gen-
eral IPU device. Therefore, in the following the transfer impedancathsetic response
is obtained for the frequency ranges of interest:

; R.
e Low frequency range, assumingv << f:

In this case, the second and third term in the denominator of eq. (2.10)ecan b
neglected. The resulting transfer impedance is then,

Z — iwlL. (2.11)

The meaning of this equation is, that the usable output signal at the residmr R
creases proportional to the excitation frequency because the indecdatsas a
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short-circuit for the considered low frequencies. In particulaty & 0 no signal
is recorded. This reflects the well known fact, that a transformer ctsharudle
dc-currents.

e High frequency range assumingo >> g
In this case, the third term in the denominator of eq. (2.10), scaling with the fre
guency square, gets much bigger than the first and second term, sot ttenlde
neglected. The transfer impedance is then,

1

Z - .
t= Ia)Cs

(2.12)

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

e Pass-band frequency rangeassumingﬁ << w << RL:
For this frequency range the second term in the denominator of eq. @hd0)ates
and the first and third term can be neglected. Then, the transfer impetiartto
its maximum magnitudeR, in the middle of the pass-band, and in the whole region
is,

Z ~R (2.13)

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 (2.5) of the output voltagel lieve
each IPU electrode, presented previously.

From the previous asynthotic analysis of the transfer impedance, it calistie
guished two characteristic frequencies which are the low fiifrequencywiow, and the
high cut-dtf frequency.wnigh, 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 1 V2 (in linear scale), or -3 dB, drop from the maximum magnitude of the
transfer function, delimiting exactly the bandwidth of the pass-band regidhe case of
our transfer impedance, the cut-requencies, that agree the last criterion, are defined in
terms of the circuit elements as

Wiow = L Whigh = RCs’

and, thus, the bandwidth of the pass-band, or working region, carefdyebvoad,
wiow << whigh, Dy selecting the appropriate values of the electronic elements.

(2.14)

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 magniti®legand is defined as

1
VLCs’

Wres = /Wlow Whigh = (2.15)
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where the first is a general definition for a RL&IDrder passive circuit, which states
that the resonance frequency is the geometric average of the bandwattrair{placed
in the middle for a logarithmic frequency scale); and, in second place is wiittiemms
of the circuit elements. The resonance frequency can be identified inittiéethm of the
denominator of the transfer impedance expression (2.10), using thef dieauencies
relations (2.14).

In the figures 2.8 and 2.9, it is represented the ideal IPU frequenpgmss pattern,
in magnitude and phase, respectively. These plots are obtained by thateraof the
modulus and phase of the transfer impedance in a given frequenay. réingn, in order to
get its magnitude and phase expressions, the transfer impedance cattdre aperating
from its expression in eq. (2.10), in a more convenient form with seghtatms of};, as
the real or resistive part an¥;, as the imaginary or reactive part,

_ R
(1+F3w))

where theF(w) term contains the frequency dependence of the transfer impedance,
and it is written in terms of the cutfiofrequencies as

Zi(w) = Ri(w) + iXi(w) = 1+iF(w)), (2.16)

W ) Dlow (2.17)

Wlow Whigh/ W

F(w) = (1—

or, likewise, in terms of the circuit elements, just by substituting the éufreguency
relations (2.14) into the previous expression,

F(w) = R(& - Csw). (2.18)

Thereby, taking the modulus of the new transfer impedance form (2.6m#gni-
tude of transfer impedance (fig. 2.8) can be written as

R

VI+F2w)
which hasQ units, but it is usually represented in dB units just by making

20log(Z:(w)l). And, the phase of the transfer impedance (fig. 2.9), is simply written
as

1Zi(w)| = (2.19)

¢t(w) = arctanf (w)); (2.20)

taking into account thab=2rf, for egs. from (2.16) to (2.20), the same expressions
can also be written for the frequency variablemaking the changey — f.
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Figure 2.8: IPU typical frequency response pattern of the transfer iampednagnitude.
There is also marked with red dots the magnitude of the three characterigtiefices:

the low and high cut4 frequencies fiow and fhigh respectively, which delimit the IPU
bandwidth and are defined at -3 dB drop from the maximum magnitude; amdesh
onance frequencyfes, in the middle of the bandwidth as the geometric average of the
cut-of frequencies.
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Figure 2.9: IPU typical frequency response pattern of the transfeidame phase. There
is also marked with red dots the middle point in the phase transitions which ddtw a
low and high cut-€ frequencies, and the resonance frequency.
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Now, using the egs. (2.19), (2.17) and (2.20), it can be calculated thesvaf mag-
nitude (depicted in dB units in fig. 2.8) and phase (depicted in degrees h9igfor the
characteristic frequencies:

e Low cut-off frequency, w = wiow:

if wiow << whigh, then F(wiow) = 1 — (wiow/whigh) ~ 1
= |Z| =R/ V2, and ¢; = n/2;

e Resonance frequencyw = wres = +/@iow Whigh:
F((,()res) = O = |Zt| = R, and ¢t = 0.,

¢ High cut-off frequency, w = whign:

if wiow << whigh, then F(whigh) = (wiow/whigh) — 1 ~ -1
= |Z] =R/ V2, and ¢; = —n/2.

Finally, in the frequency response analysis, the secondary equicaiauit of the IPU
electrode, represented by the transfer impedance, could lead to atdkesiscillations for
a frequency components close to the resonance frequency, beaalis&as mentioned
before, this circuit is a® order RLC that could have a resonant behavior. To avoid this,
one must be sure that the circuit element values, through the transferamgeedare far
away from giving a resonant frequency response behavior.efdrey;, the IPU secondary
circuit design must fulfill the following condition to have a non-resonaiigveor,

L
Whigh > 200w © R < e (2.21)
2Cs

where the second equivalent condition in terms of the circuit values is edsdjned
substituting the cut4b frequencies definitions of egs. (2.14) 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
(2.10) evaluated in the Laplace domadtk(p) (just by making the variable change; —
p), which is a more general complex plane using the Laplace varighéeC; |po| and
Re(pp) are the modulus and the real part of the poles, respectively.

(2.22)

A more relaxed condition would be, if the poles of the transfer impedance pugely
real, then|po] = Re(pg), and there would be no resonance since the general condition
(2.22) is fulfilled. As a result, turning to the particular non-resonancelition (2.21),
the resonant behavior would be avoided by selecting a low value for thataesistorR,
and a high secondary transformer inductahgeesulting in an over-damping of possible
oscillations may appear, and, also, increasing the bandwidth of the IRtisdbe case
represented in figs. 2.8 and 2.9.

On the other hand, turning to time domain, the limited bandwidth of the IPU freguenc
response will fiect to the transmitted beam signal shape, as it is shown in the figure
2.10 for a beam pulse, and a beam bunch. Since the beam position medsine
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Figure 2.10: Time response to a beam signal shape.

proportional to the amplitude of the transmitted signal, the IPU must let pass tia sig
shape without too much deformation. As a consequence two time parameteefiaed
from the characteristic cutfiofrequencies

1 1
Trise = —; (2.23)
Wiow Whigh

Tdroop =

and, substituting the cutfidfrequencies depending on the secondary components,

L
Tdroop = ﬁ Trise = RGs. (2.24)

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

Usually for a square-pulsed beam, the droop time paramgtggp, is the mostimpor-
tant since the beam position measure will be sampled from the transmitted pulag sig
and it must have a pulse top as flat as possible, in a pre-determined timeljnteida
not have dfiferent signal measurement in the same pulse. As a rule of thumb, the droop
time constant might be hundred times larger than the beam pulse dutggiento have
a good flat-top pulse response,sgop ~ 102tpu|se

2.2.4 TBL line and BPS specifications

The IPU can be used for all type of accelerators, from linacs to sghcms acceler-
ating electrons, protons or ions. But they are mainly used for buncheddwith short
pulses, typically between 1 ns and A€, because of the pulse droop for larger pulses de-
scribed before. Moreover, the beam velocities must be close to the spligiat to have
a TEM beam field getting, thus, a good sensitivity of the wall image curretritditon
with the transversal beam position. The bunching structure of a bealt &iso be ob-
served in time, if the bunches were larger than 1 ns, what would comrdspo achieve an
IPU bandwidth up to 500 MHz ar;ise Of 0.3 ns, so they are considered broadband BPMs.

Centering in the TBL line of CTF3 and its beam position monitoring needs, the IPU
type was considered the most suitable. There were several reasam®fsing and de-
veloping an IPU, based on magnetic sensing, rather than a more coned¢ptamirostatic
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one like the capacitive pick-up. The IPU is less perturbed by the highdesgerienced
in linacs; the total length can be short for horizontal, vertical and sum unements;
it generates high output voltages for typical beam currents in the rdrgameres; and
calibration wire inputs allow testing with a simulated beam current.

The table 2.1 [11] summarizes the main TBL beam characteristics, including also
the BPM parameters specification that our IPU prototype, called BPS, mifilt fThe
electrons beam arriving to the TBL are injected at 150 MeV close to relativislocities,
and the beam pulse duration or, what is the same, the bunch train duratimntis se
between 20 ns and 140 ns, so the IPU type fits good with the requirementspef pPU
working conditions, as it was mentioned before. The TBL beam time struiststeown
in the figure 2.11 to see more clearly the time parameters specification of the&asi. b

TBL Beam Parameters
Beam current range 1-32A
Bunch train durationtpyse 20-140ns
Injection beam energy 150 MeV
Microbunch spacing 83ps(12 GHz)
Microbunch duration 4-20ps
Microbunch charge 0.6-2.7nC
Repetition frequency 0.83-50Hz
Radiation level <1000 Grayyear
Emittance 150um

BPM Parameters

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

Table 2.1: TBL Beam Parameters and BPM characteristics.

Pulse/Bunch
uBunch train duration:
spacing: 20-140ns 20-140ns

83 ps < > -
P > uBunch 83ps >

54 D e Tt

Repetition Frequency: 0.83-50 Hz

Figure 2.11: TBL beam time structure.

The BPS prototype is intended to determine the beam position at beam pulse time
scale, so it will not be able to observe at the microbunch level (durativelea 4—-20 ps),
because it would need a bandwidth up to 250 GHz, what is obviously too high

Concerning the analog bandwidth requirements, the high €utegjuency is set to
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fhigh = 100 MHz, so using egs. (2.23), the rise time constanfds = 1.6 ns, which will
have a fast pulse edge response when the beam pulse edge awivesred with the
pulse durationtpuse = 140 ns, sincerise ~ 1crztpu|se: 1.4 ns. On the other hand, the
Tdroop related with the low cut® frequency,fiow, must be much larger than the pulse du-
ration, in order to get a desired flat response of the transmitted pulseyasdiscussed in
the previous subsection. Thus, fip = 10 kHz corresponding to a droop time constant,
Tdroop = 16 1S, Will give a slow pulse decay having a good flat responsgffe= 140 ns,
beingrdroop ~ 10Ptpuise= 14 us.

2.3 BPS beam position read-out stages description

The BPS output signals af®&/,,V_}, for the vertical plane, an¢H., H_}, for the
horizontal one, but the beam position coordinates are obtained by mighesditference
signals,AV andAH for each plane, and normalize them to the sum signdll2] as it
was mentioned in the subsection 2.2.2.

This processing work will be done by an external amplifier connected tothidBPS
signal outputs. It will have three channels corresponding toAMeAH andX signals,
and because a great signal variation range is expected ik ¢thannels, from mili-volts
to tens of volts, they will have two amplification modes, high gain and low gaineaed
one attenuation mode. For tlResignal as it is constant for a given beam current will be
only attenuated due to its high level, or enough level in the case of 1 A, the minimum
beam current operation [13].

These amplification or attenuation modes will be selected from the controlwatbm
a dedicated configuration signals, and it must be done to adapt the ampitfer signal
levels to the fixed range of input levels of the digitalization stage. In the figur2 it is
depicted the complete read-out chain to get the signals of the beam posiiainetes
displayed in the control room monitors.

Inside Accelerator Tunel/Area @ ControlRoom
_— Digitizer /ADC s

BPS External Amplifier LAN

PCB electronics

PC/Workstation
Measurements Display

Ethernet _-“‘.'-.
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i = Digital il

~al Control =
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Figure 2.12: Beam position complete read-out stages.

The tandem BPS and the external amplifier forms what is called the Analag Fro
End (AFE) of the beam position read-out chain. The parameters of levibas in the
AFE are strongly coupled and therefore some BPS design choices wéldied to the
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amplifier design, and vice versa. As a consequence, some BPS chiatiastevill be
often discussed jointly with the amplifier ones, later on the next chapters.

In the next chapter where the BPS electronic design will be presenteBP®Beircuit
for the two calibration current signals, shown in the figure 2.12, areritestin detail.
But now, just to say that the BPS calibration inputs are used for excitingahsfarmer
secondary winding like the wall current flowing through each electrool@dvdo it, and
thus calibrate the BPS output signals without a real beam from the coodnol. r

An important issue when designing electronics for being close to the aatwlés
that the electronics must resist the ionizing radiation coming from the beaes|oss
alternatively, the electronic components must have a radiation hardadsisard) speci-
fication or a maximum radiation dose that guarantee their good performaring d time
period. For the TBL line case the maximum radiation level present in the aat®larea
is 1 KGray per year, specified in the table 2.1. Therefore all the comp®ottine devices
inside the TBL area must have at least this rad-hard specification. FBPBelectronics
mounted on a PCB there is no problem because it has only passive cartgpand their
performance are much lesfected by radiation than the integrated circuits (ICs) and the
SMD thick film resistors used are rad-hard enough. Neverthelesthdaamplifier and

the digitizer components must be guaranteed that they are rad-hard toghsgerified
for the TBL.



Chapter 3

Mechanical and Electronic Design of
the BPS Prototype

3.1 Mechanical Design and Construction

The IPU mechanical design is considered one of the most complex amonigkhe p
up family. As it was introduced in the section 1.2, the first phase of our aolidion in
the TBL line of the CTF3 project, consisted in the design and construction@mfRl
prototypes, called BPS1 and BPS2. One of them should be installed in thdirieBand
fully operative at the end of 2008. The other one would remain as a spéréut also
ready to install in case of necessity.

The BPS mechanical design was adapted to the TBL line required dimen3ibes.
BPS parts are depicted in the figure 3.1, and each part, referencedetittr as described
in the next paragraphs.

Figure 3.1: View of the BPS prototype parts.

The BPS has a length of 126 mm with a external diameter of 200 mm and an inner
diameter of 24 mm for the vacuum chamber. The vacuum assembly (A)iston$ a
ceramic tube (B) brazed to two Kovar collars at both ends, with one colfaniidided
directly to the downstream flange, and the other one electron welded to @ lagitba
rotative flange. In order to minimize the BPS longitudinal impedance and lettHew
high frequency components above the bandwidth of interest of the wallimagent,

39
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the inside of the ceramic tube is titanium coated using the sputtering techniquEnE]
four strip electrodes (C) cover most of the circumference in order to nfek&PS as
transparent to the beam as possible. In order to decrease the lowrfoyoeut-df , the
electrodes are surrounded by a ferrite cylinder (E) inserted in the (@d he plates (G)
accommodate the two PCB halves (F) on which the four transformers areieddiomly
one half is shown). A screw passes through each transformer, asntpwinding, and
connecting each strip electrode to the plate (G). To achieve good loweineguesponses
primary circuits parasitic resistances had to be kept belovatimus the body (D), the
electrodes (C) and the plates (G) are made of copper. The plates as wllzeryllium-
copper screws are gold plated. The four strip electrodes and the tippiorsimg plates
are machined in one piece to minimize contact resistances between smaksanfiacto
achieve good mechanical precision. There are also four uniformly distdtalignment
pins, passing through the plates (G) and inserted in the cooper bodytR) will ensure
a correct alignment of the assembled parts, and thus avoiding large linemaatg in the
beam position measures.

In the figure 3.2 is shown in more detail the location of the PCB and the golden
screws, which extend the strip electrodes in order to pass through tkéotraers center
and behave as the primary winding. Also the wall image current flowing gjfr&e strip
electrodes is depicted.

Transformer-electrodes
[screwed intowall-electrodes]

Calibration Input conductor |

|
g -
- N\ :
¥/ ¥ Output conductors |
4 ] L . b I
r"l A
[ - - \ Toroidal Transformer

|'I _|I | [with secondary winding]

| Wall Current through Electrodes |

—| Half PCB (with 2 sensing transformers) |

Figure 3.2: Detailed view of a half PCB with two transformers and the goldeswsc
as the primary winding electrode (up). The location of the PCB inside the RB$ha
direction of the wall current through the strip electrodes are shownr(flow

The BPS real parts and the final assembly can be identified in the figureTBes.
most critical part of the BPS construction was the vacuum tube assemblg.@igdown
left corner). As the inner part of the BPS and a continuation of the TBL Jamium
pipe where the beam will flow, all the pieces must be perfectly welded toetise high
vacuum level specified for the CTF3, which is in the order of'®0nbar.Js [11]. The
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Figure 3.3: The two constructed BPS prototypes, the BPS1 assemblet] &ighthe
different parts of the BPS2 distributed around.

vacuum tests where performed at CERN giving a leak level under sgaiwfis for both
BPS prototypes. The inner parts of the BPS prototypes, with the vacutenwgaed
to the downstream flange (see fig. 3.3, down-left), was manufactudedssembled by
G&P Vacuum Projectsand, inTalleres Lemamwas made the outer BPS parts like the
cooper body, the strip electrodes, and the plates.

3.2 Electronic Design

As it was introduced in the previous chapter, the four output voltageIsigvig H.,
V_, H_) will drive an external amplifier to yield three signals for determining the beam
position: sum signaly{ = V, + H, + V_ + H_), proportional to the beam current; and two
difference signalsAV = V; — V_ andAH = H, — H_) for horizontal and vertical plane.
There is also two input calibration signals, €and Cat-, to check the correct function
of the sensing PCB halves. In the figure 3.4, it is shown a picture of thepB&8type
where the four signal output ports and the two calibration input portstha#erespective
names depicted. The connectors used for all the BPS ports are of SMAAlgD in this
picture the designed PCBs screwed on the golden plates are shown tgsBIRS but
keeping the orientation they have when assembled inside the BPS.
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Figure 3.4: Top view of the BPS prototype to show the SMA output ports difgra@izon
input ports, labeled with their names; and the PCBs outside with the toroidsidrarers.

3.2.1 Schematic and PCBs layout design

The figure 3.5 shows the schematic circuit design for the two PCB halves &RIS
prototype. It can be seen that both halves are completely equivalentamidantify the
calibration primary circuit with one winding turn at the left side of the toroidahsform-
ers coming from the calibration inputs, Gaand Cat-; and the transformer secondary
circuits, with N turns, connected to the BPS outputs at the right side through a resistors
divider. The BPS electrodes are not represented since they crd3€Band the toroidal
transformers, as it is depicted in the figure 3.2, but, of course, eadnoele@cts also as
a primary circuit for the wall image current when sensing the beam position.

The calibration circuits have 5@ 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 thetrelge
wall current signals but of 0.1% amplitude level. Then, from the contmir¢see figure
2.12) the operators will be able to calibrate and check the performanceBPthand the
amplifier 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 radidtien.
calibration signals, Caland Cat-, will excite each half PCB corresponding, respectively,
to a pair of outputs, the positiv®,, andH,, and the negative one¥, andH_. Hence,
when exciting only one calibration input, say €athis will be equivalent to a have the
beam in a equidistant position from thg andH.. electrodes. Similarly, when exciting



43 3.2 Electronic Design

both calibration inputs with identical signals, it will be equivalent to have aered
beam. This situation is also useful to check the common mode rejection ratio (CMRR
of the amplifierA channels, because they should get a zero output and only noise will be
present.

BPS On—Board PCB 1st Half BPS On—Board PCB 2nd Half
Rcal Rcal
100 100
JCAL1 JCAL2
- Calibration + yya * Calibration + vy
alibration VITROVAC_W65@_F alibration VITROVAC__W650_ F
+ | VAC_ _ _ p DVAC_ _
Cal Primary Toroidal Cal Primary Toroidal
Transformers JB1 Transformers JB2
R, TORB1 R, TORB2
100 b H, 100 b
1N = 1:N -
SC1 SC2SC3 SC4 VITROVAC_ W650 SC5 SC6SC7 SC8 VITROVAC_ W650

E ?f E PCB fastening screws grounded ? E? ?

Figure 3.5: PCB schematic circuit design.

In order to get the basic BPS output voltage relations in the pass-banchnsaler
each transformer electrode curreiRfsc, €xciting its respective secondary circuits, shown
in the schematics (fig. 3.5), and inducing a secondary curtent= leec/N, using the
ideal transformer relation witlN turns from (2.4). And, from the secondary circuit of
the schematics with the resistoRs; andRsz, but taking into account the resistor loads,
Rioad = 50 Q, when the outputs are connected, we can obtain the output voltage relation
for the BPS, equivalent to the general relation (2.5) for the IPU,

RSlRLoad ) _ ( RSlRLoad | |
Rs1 + Rs2 + Rioad (Rs1 + Rs2 + Rioad)N | ©°°

whereVgecstands foV,, H,, V_ or H_ BPS outputs, the transformer current relation
(2.4) has been used. In order to match the output resistance to the loatingyossible
signal reflections at high frequencies, and, at the same time, be able dbfssddy the
output voltage level with the resistor valugg:; the resistor divider of the secondary
circuit must fulfill the conditionRs1 + Rs2 = Rigag = 50 Q. In this case, the general
output relation (3.1) is simplified, and can be written as

Vsec= (%) lelec (3.2)

Therefore, the output signals will depend on the varying electrodemiias the beam
changes its position, and from the more general output relation (3.1) walsa get the
sum of the output signalg, as

Rs1Rioad )
Y= Ig, 3.3
((R51 +Rsz2 + RioadN/ ° 33

Veeo= ( (3)
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wherelg is the total beam image current. So, the sum signal will keep constant in mag-
nitude for a given beam image current in the pass-band frequenoymss of the BPS.
Like for the particular output relation (3.2), the sum sigmalis simplified by matching
the output resistor divider to the load, and, then, it is written as

Rs1
= (N) Is. (3.4)
Clearly, the proportional factor is the same for the electrode outputs ansuthe
signal, hence folN = 30 turns andRs; = 33 Q as the selected design values, we get
the equivalent impedance value, or the output voltage sensitivity to theagleaturrent

variation, as a characteristic parameter of the BE3lg = 0.55Q.

And, also, using egs. (3.1) and (3.3), the electrode output voltage weuld

z
Vsec= (E) lelec = 0.55Q lgjec (3-5)

Once this parameter is fixed, and for a given nominal beam currenitz $ag0 A, we
can get some output voltage levels which will help in the external amplifier gégéatsons
in order to adjust these signal levels to the ADC input. These output levels are

e ¥ =16.5V for the sum signal,
e Vgec=2X/4=4.125V for the four BPS outputs with a centered beam;

¢ ||AV|Imax = lIAH|lmax = £/2 = 8.25 V, the estimated maximum output level of the
difference signals for each plane, which can be obtained takifeyetices in the
relation (3.5), and as

Figure 3.6: View of a mounted PCB prototype with the transformers havingalitea-
tion turn and 30 turns in the secondary winding.

Inthe figure 3.6 itis shown a real PCB prototype with the components mourtézh w
implements the BPS inductive sensing circuit schematic described befanee(8gb).
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e
4 Signal Layers PCB

1.6 mm
BOTTOM Foreseen: 1.2 mm

Y MAX. PCB HEIGHT

Figure 3.7: BPS PCBs layout with the dimensions, the layers structure addlttiable
depicted.

Also, the layout design of the two half PCBs of the BPS is shown in the figiteThe

PCB tracks were chosen to have at least 30 mils (approx. 0.8 mm) to reslpossible
the track resistance for currents in the order of 1 A. They have the cuemp® layer or
top layer (in red), the bottom layer as a ground plane (in green), andtemmiediate
ground plane (in violet) closer to the top layer. This layer is intended to helpepikg

the secondary current return paths concentrated below each traesf&econdary circuit,
and then reduce the ground coupling in the other secondary circuits, \&hehe worst
case, the current is totally balanced to one electrode.

Notice the room leaved in the PCB layout to place the toroidal transformgrséfi
3.7), with circular footprint and holes for the screw electrodes that wilha¢he primary
winding for sensing the beam position. The transformer core, made of aatiagnate-
rial called Vitrovac, was chosen to have high relative permeabilityand then getting
high inductance with few turns. In principle, this is important since the low dutre-
guency decrease with a higher inductance according to (2.14). Fromeldimn for a
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toroidal shaped transformer (2.3) and knowing the Vitrovac core spatitfns [14], the
inductance per square turn can be determingtl? = 35.35uH. Therefore, having se-
lectedN = 30 turns in the transformers secondary winding, the secondary indecign
Lsec=31.8 mH.

3.2.2 BPS electric model and frequency response characteaitzon parame-
ters

The particular BPS frequency response analysis will be based on thecteodel [8]
of the figure 3.8, and it is better to start from the BPS secondary circugsaf trans-
former electrode, which exhibit a well-established behavior having alpasd pattern
with a bandwidth delimited by the low and high cut-érequencies, as it was presented
in the 2.2.3 subsection for a general IPU.

[ ] L1
RLoad=50Q RLmzd:SOQ RLOWIZSOQ RLoadZSOQ

Figure 3.8: Electric model of the BPS which determines its frequency resjiaigvior.

As a first description of the electric model (fig. 3.8), the four strip eleetsodith
their respective secondary circuits are represented. The cuowgcess equivalent to the
beam image currentg, andLy is the inductance of the loops made up from the electrodes
and the cooper body walls enclosing the outer ferrite cylinder (figurdep.1{he strip
electrodes are modeled by each of the branches departing from tleatcsource with
the following circuit elementsRc representing the parasitic resistance of the connections
in the BPS assemblRp will take account for secondary circuit resistance seen from the
primary of the toroidal transformer, ang for reflecting, in certain cases, an important
inductive coupling among the strip electrodes at low frequencies that wikekeribed
later.

Then, from the present electric model it can be obtained the transfer ampedor
each of the secondary circuits of the BPS,

Rioad lwlsec
. _ _ ‘ : , 3.6
tsed2) (Rsz + RLoad) 1+iwlsedRe + iwbsed Re - I0RLCs 40
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whereLsecis the inductance of the secondary winding with N tur@s,is the stray
capacitance mainly present between the windings of the transformerdsegoandR.
stands for the equivalent resistance of the secondary circuit inclttarigad resistor and
in parallel with the stray capacitance, which is

Re = Rs1 Il (Rs2 + Rioad)- (3.7)

The transfer impedance of the BPS secondary circuits (eq. (3.6))antesly equiv-
alent to the transfer impedance for a general IPU (eq. (2.10)), mexkén the previ-
ous chapter, since they onlyfl#ir in the resistive factor multiplying the same transfer
impedance form, but with the BPS particular circuit componenis, R. andCs. Fur-
thermore, the output voltage relation (2.9) will remain unchanged, but thaldtansfer
impedanceZ;se, is used instead of the former transfer impedance for the IPU.

Therefore, the frequency response pattern of the BPS secondauitscwill be the
same as the obtained for the general IPU, and the low and highticineguencies rela-
tions will be equivalent to those for the IPU in eqgs. (2.14), but now esga@ in terms of
the BPS secondary circuit elements,

f zﬁ fii :#
low 2L see high 27rReCs’

where the well-known relation between the frequency parametess2r f, has been
used.

(3.8)

In principle, these cutf®frequencies will delimit the bandwidth of the pass-band re-
gion for the BPS, and the transfer impedance will have an approximatesfasurvalue
in this frequency range. Then, in the pass-band region, the BPSdramgfedance ex-
pression (3.6) can be approximated as,

RLoadRe ) _ ( RLoadRSl )

Rs2 + Rioad Rs1 + Rs2 + Rioad

Zisec~ ( (3-9)

where the equivalent resistance relation (3.7) has been used to gedttbegdeession
only in terms of the secondary circuit elements. Moreover, the BPS outjtageaelation
(3.2) for the pass-band region, presented in the 3.2.1 subsectione e@sity recovered
by applying the secondary circuit matching conditi®a; + Rs» = R gag = 50 Q, to the
last expression of the approximated transfer impedance in eq. (3.9}handsubstituting
it into the output voltage relation (2.9).

Again, as it was discussed in subsection 2.2.3, the design values of thredaec
circuit in the PCB must be chosen to be far away from a resonant beh&léoce, the
non-resonance condition of eqgs. (2.21) must be fulfilled, but now it wilekpressed in
terms of the BPS secondary circuit elements, using the ffditemuencies in egs. (3.8),

L
frigh > 2flow & R’ < ===, (3.10)
2Cs

hence, although the stray capacitanCg, were not known a priori, the design val-
ues for the secondary circuit elements were chosen to have a brodaitim with a
relatively high secondary inductandese, and low equivalent resistandgg, favouring,
then, the fulfilment of the non-resonance condition. In specific compgorednes we
have: Lsec = 31.8 mH as it was calculated in the previous subsection,Rand 22.2Q
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from eq. (3.7) withRs; = 33 Q, Rs2 = 18 Q andR 03¢ = 50 Q; yielding from the non-
resonance condition (eq. (3.10)) that the stray capacitance showdadhmaximum value
given by,Cs < 32.2uF, what is far above the typical values for these loss capacitances.
The last was confirmed when the BPS high cfiti@quency was determined to be above
the 100 MHz, as it is presented in the next chapter with of BPS test resntisaa a
result, the non-resonance condition is fulfilled by far, since the stragoitamce will be,

Cs < 72 pF, from the high cut{d frequency relation (3.8) fofyigh > 100 MHz, having a
much lower stray capacitance than the maximum value specified before toegperant
response.

Concerning the BPS behavior at low frequencies, the first tests pegtbin the BPS
suggested to us that the low cut-érequency was not fixed by the secondary winding
inductancel s calculated before. When designing the PCB, this secondary inductance
was made large enough to get, according to (3.8), a small lowfEfteguency for each
electrode output, and, as a result, have a minimum droop deformation of tisenitted
pulse signal. But, indeed, the existing inductances in the electrodes, actimg primary
circuits, were limiting the bandwidth at low frequencies since the involved tathces,

Ly andL,, are much lower than the secondary inductantes, and they will set higher
low cut-of frequencies.

For that reason, in order to justify the behavior of the BPS frequenppnse at low
frequencies, it is needed a deeper analysis performed from the primnauit side of the
four BPS transformer electrodes shown in the electric model. Therdfueyue low
cut-of frequency cannot be determined from the first relation in egs. (3.8¢hwdomes
directly from the transfer impedance expression (3.6) applied to eacle @RS sec-
ondary circuits treated independently. Nevertheless, the highfEfrequency relation in
egs. (3.8) will hold for limiting the upper region of the bandwidth, since the B&t&vior
at high frequencies is dominated by the stray capacitance present beéhedsmnsformer
secondary windings, and, hence, it is perfectly defined by the saopuoitcuits transfer
impedance.

Now, turning to the primary circuit side of the transformer electrodes, fiieeteof the
secondary circuits in the frequency response is considered bydrams§ the secondary
equivalent impedance, seen from the terminals of the transformer winding, into the
primary electrodes side as a series impeda#dpge, Thus, the transformation relation is
given by

zo(f) = 220)
which represents the secondary impedance seen from the transfommieale at the

primary side. This relation can be derived considering that the toroidafoemer, as

an ideal transformer, transmits all the power from the primary to the sepositie, so,

Porim = Pseo @nd, jointly, using the ideal transformer relation (2.4) to get the transfor-

mation factor between the impedancegN)?, which is the squared ratio of the primary

over the secondary number of turns.

(3.11)

The secondary equivalent impedangZg, is the impedance seen from the terminals
of the transformer secondary winding and not the transfer impedZpgg between the
secondary current and the output; tyt.conly differ fromZe in the multiplicative factor
depending on the resistor valu&s,;; andR, o4, in €q. (3.6). Thus, the secondary equiva-
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lent impedance can be written in the more appropriate form of resistivecaictivie parts
as

_ R
1+ F(¥)

Ze(f) =

(L+iF(f)), WM1FU)E(1_ 2 )EW

—_, 3.12
fiow fhigh (3.12)

which is completely analog to the transfer impedance of the general IPU (.£6),
and, as before, thE(f) term (eq. (2.17)) contains all the frequency dependence of the
secondary equivalent impedance with the cfliti@quencies of egs. (3.8).

Thereby, substituting the last expression in eq. (3.11), the resistivéhangactive
parts of the secondary transformed impedance seen from the primaryiide

Re ( ReF(f) )
I )
(1+ F2(f))N2 (1+ F2(f))N2

but the resistive partRp, will be the only term of the primary impedance that will
contribute significantly to the frequency response at low frequencéesuse, as it was
discussed before, the inductances involved in the primary sidandL,, being much
lower than the secondary inductantge, they will limit the lower region of the BPS
bandwidth, instead of the low cutfdrequency of the secondary circuifiyy, fixed by
Lsec Then, at the low frequencies where the electrodes will attenuate thed3p&nise,
the secondary equivalent impedance will be still in the pass-band refiiba secondary
circuit, where the frequency term in eq. (3.1B]f), is very close to zero, and, hence, the
reactance of the transformed secondary impedafgewill be negligible.

Zo(f) = Re(f) + iXp(f) =

(3.13)

As a consequence, in the electric model (see fig. 3.8), it is only condideeere-
sistive term of the primary impedance in eqg. (3.13), and it is also cancellegdpsency
dependence factok(f) ~ 0, in the pass-band region of the secondary circuit, yielding

Re _ Rs1l(Rs2 + Rioad)
N2 N2 ’
for a secondary winding witN turns, and beingRs; andRs», the secondary circuit
resistors, andR qaq the external amplifier input resistance when connected to the BPS
outputs. For the design values of these secondary circuit elementsr{fmé subsection

3.1.1), the primary resistor will b&p ~ 25 MQ.

Re =

(3.14)

It is not easy to analyze the true frequency response behavior ofRBeaBlow fre-
guencies, and the influence of thefdient inductances represented in the model by
andL,. One has to take into account the image current distribution through theoelectr
primaries depending on the beam position. There are tiferdint cases, when the current
is balanced through the four strip electrodes corresponding to a cetteaen position;
and the unbalanced case, when the current is greater in one eleaietteadcloser beam
position to it.

Concerning the first case, all the electrodes behave in the same waytwnogage
current is equally distributed among them (balanced-current cagkdhamlectric model
will be the same as the one depicted in the figure 3.8, but without theductances that
will take effect in the second case. Thus, will fix the low cut-off frequencies of each
electrode output\(,, H,, V_, H_), and also of the sum signa), which does not depend
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on the beam position, as it was established in subsection 2.2.2, and itsfcggasponse
pattern will remain unchanged with the beam position variation.

Hence, like forwiew in €gs. (2.14)Ls in parallel with the series resistand®; + Rc,
yields

1
= o (Re + Rc). (3.15)

By the other side, when the beam is displaced in one plane toward one @dectro
say V., in the vertical plane, the image current through it increases as it is texpec
decreasing in the opposite electrode (unbalanced-current case). Consequently, the
difference signalAV = V, — V_, can be measured between the vertical plane outputs.
Due to this situation of image current imbalance between the two vertical elestribe
inductanced., must be considered, but not for the horizontal plane electrodes $ecau
they are at the same distance from the beam position, and their currefultyaralanced.
Likewise, the inverse situation will occurs for the horizontal plane and\tiesignal. In
this way, theL, inductances are used, in each coordinate plane, to model the coupling
between opposite electrodes when there is a current imbalance. Treetbfy will fix
now the low cut-@& frequencies for both elierence signals\VV andAH, sincelL, will be
much lower than the common parallel inductarigg,getting

L,

1
= 2nla (Rp+Rc). (3.16)

This coupling can be better understood considering that the electroldes clvanging
the beam position, only are able to detect the high frequency componentsyef amaent
pulse, varying their amplitudes in consequence. But for the low frequemmponents,
above the electrode cutidrequency €.,), their amplitudes keep constant. In another
words, the low frequencies of the image current pulse will be alwayallyogistributed
through the electrodes, being not sensible to beam position variationjdeettee image
current will be redistributed among the electrodes through their commonadnteection
points. In consequence, when making thfedence of the output signals for each pair
of electrodes or coordinate plangsy or AH, the lower frequency components of the
electrode voltage outputs remain constant in magnitude, and tliregice will vanish
in this low frequency range, appearing only &elience in magnitude at the higher fre-
guency components, what will yield a higher low cdffoequencies for tha signals. Of
course, this behaviour was inferred from the frequency resposteperformed to the
BPS, and the plot of the figure 3.9 illustrates the discussed cougiiagt detween the
strip electrodes for both coordinate planes.

fL

Finally, turning to time domain, as we discussed in the section 2.2.3, the transmitted
pulse will sufer from a exponential droop deformation from the flat-top response due
to the defined low cut4® frequencies for th& and A signals, and also it will have a
rise or setup time constant caused by the high ¢ifrequency (common to all signals).
Then, summarizing for the characteristic ctit-bequencies obtained before, and using
the relations in eqgs. (2.23), we define

1

b
WLy

Tdroops = (3-17)

as the characteristic droop time from the low céitfeequencyw,, = 2rf., for the
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Figure 3.9: BPS1 frequency response for the electrode outputs anliffarent simulated
beam positions (or current wire positions):+& mm in the vertical plané/, andV_ are
measured; and, at6 mm in the horizontal plandi, andH_, are measured. Above
the electrode low cut{bfrequency,fi, ~ 2 kHz, the lower frequency components keep
constant in magnitude, increasing the low ctitfeequency for the\ signals,f,.

¥ signal, and also for the output electrodes with a centered beam;

1

b
WL,

Tdroopy = (3.18)
as the characteristic droop time from the low céitfeequencyw,, = 27 f,,, for theA
signals, and also for the output electrodes when the beam is out of ttee;card, finally,

1
Trise = —>» (3-19)
Whigh
as the characteristic rise time from the high cfitfteequencywhigh = 27 fhign, for the

output electrodes, the andX signals.

All the defined low and high cutfbfrequencies, and its associated characteristic time
constants, can be measured for a beam (or current wire) input excjtatidralso for the
calibration input excitation, as it will be shown in the next section 4.3 of thelB#8to-
type test results. In both cases, the output signals are generatedhthineugansformer
secondary circuits but induced frontidirent primary circuits: the electrodes for beam (or
current wire) excitation; and, the calibration turn for the calibration inpxt#tation (see
fig. 3.5).
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Chapter 4

BPS Prototype Characterization
Test Results

4.1 The BPS wire test description

The tests to characterize the BPS1 prototype performance parametersaizesd
using a special testbench setup, so called the wire test method. Essentsathstirench
allows moving the BPS with respect to a current wire that simulates the beaimgas
through the BPS under test. The main aim of the wire test method is to obtain mea-
surements of the sensitivity, linearity and frequency response (batigwaitithe BPS1
prototype. These tests were carried out during several short $ta@yR, in the ABBI-

PI laboratories [15], where the wire testbench is placed. This setup hagbagously
used for testing and calibrating the BPMs for the DBL of the CTF3.

As can be seen in figure 4.1, the wire testbench consists in a stage wiérstalled
the BPSL1 prototype with its adaptation support. The stage holding this setupctseatta
to a 3-axis manual positioning structure which has a digital display encodeatbthe
stage displacement with 85 um resolution. On the other hand, the top of the wire is
soldered to a SMA connector screwed it down to a static roof, which will bdrtput
of the excitation signal. Because the wire has to simulate the beam, it cross $he BP
longitudinally and a weight is hanging at the bottom end of the wire to keep iteadign
with the BPS longitudinal axis just by gravity (depicted in the figure 4.1 with a dotte
line and a blue triangle). This weight is inside a tank floating on mercury inrdcde
make contact with the tank walls and, then, close the circuit of the wire. Becall
this, the wire current will have its return path mainly through the BPS body,ibis
worth to remark that the current sensed in the BPS electrodes is not this cetwent,
it actually is the transient image current induced in the BPS conducting walteeby
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 dispiaat.
Therefore, the current wire will stand still, while moving the platform jointly witle th
BPS. This procedure of moving the BPS instead of the wire is preferrlibe, making
wire displacements to a certain position would cause oscillations in the wire edehn r
this position, so it would be necessary to wait each time until they stop completely.

LCERN AB/BI-PI: Position and Intensity (PI) Section of the Beam Instrumentationu@(&1) from the
Accelerators and Beams Department (AB) of CERN.
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Figure 4.1: Testbench setup for wire test with the BPS installed (left sidRS; Bmnplifier
connected to the four electrode signals:, H,, V_ andH_ (left side of PC); Network
Analyzer to generate the excitation signal and capture the amplifier outpatisia\V,

AH andZ (right-bottom side); and the PC running a LabVIEW acquisition program.

In the following section, the procedures for each kind of test measutsmih be
described, as well as the resulting characterization parameters and plots.

4.2 Sensitivity and linearity error test

Firstly, the purpose of this test is to obtain the sensitivity for the vertical aniddntal
planes,Syn, from the linear fit equations (2.8) explained in the chapter 2, which gives
the variation of the normalized fiierence signalsAV/X and AH/X, with respect to the
vertical and horizontal positions, respectively. Also, from the same umnearents but for
the linear fit relations (2.7), the deviation of the BPS1 center position maasatdrom
the mechanical center, so called electfisets for both plane€OSyy are obtained. In
second place, the linearity errors for both planes are calculated, alsalfie linear fits
data, having taken three points per wire position to be able to perform aerfiostanalysis.

The wire was excited with a sinusoidal signal of 1 MHz, in the pass-batitedPS1,
and power amplitude of 0 dBm (1 mW), generated from a network analyizes. four
electrode outputsM,, H., V_, H_) were connected to a known and calibrated external
amplifier, used in previous BPM developments, with linear gain factor&af= 1.065
and Gy = 0.3477, for theA andX channels. Then, the output amplifier signald/(
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Figure 4.2: Measured data and linear fits to get the eledfisets EOS, 4, for the vertical
and horizontal planes (3 sample measures per wire position and plane).

AH, andX) were driven to the network analyzer inputs where thiffedénce signals were
normalized to the sum signal, making them independent of the input signal areplitud
(beam current). Moreover, the incoming signal amplitude was averaijed @v'samples

to reduce the noise influence.

Finally, the measurements were taken with a PC running a LabVIEW program th
acquired the wire position from the digital position encoder of the testbeositigning
system; and the normalized signats//X andAH/Z, from the network analyzer GPIB
bus. These measures were taken for each plane independentlyinghtuegwire position
with respect to the BPS mechanical center calibrated previously.

One important remark about the finaf~ measures is that they were divided auto-
matically in the PC by the gain factors of the external amplifier channels in twdgat
just the BPS true output level without amplification. So, indeed, the role ddrthdifier
was only to mix the BPS electrode output signals to yield the desiféeteince and sum
signals.

The electric &sets for the vertical and horizontal plane were obtained from the origin
ordinate of the linear relations (2.7) fitted to the measured data of figure 4.2. Bjmila
fitting the inverted linear relations (2.8) to the experimental data of the figurevé.got
the sensitivity for each plane from the respective slopes. Notice that ffemameters
were calculated for positions betwee® mm, beyond the range of interest65 mm
specified in the table 2.1.

Therefore, when the beam is centered, the BPS1 eledidgets for both coordinate
planes are:

e EOS,=(0.03:0.01)mm, for the vertical plane;
e EOS,=(0.15:0.02)mm, for the horizontal plane.

Likewise, the BPS1 sensitivity to the beam position displacements in both catedin
planes are:
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Figure 4.3: Measured data and linear fits to get the sensitivity param®{grsas the lin-
ear fits slopes, for the vertical and horizontal planes (3 sample meg&irase position
and plane).

e Sy=(41.09:0.08)103mm 1, for the vertical plane;
e S1=(41.53:0.17)103mmL, for the horizontal plane.

These BPS1 characteristic parameters will be used in the normal prededulstain
the position from the sensitivity, and compensate the elecffgets by software in the
control room servers. In principle, these parameters results wesideoad satisfactory
for the correct performance of the BPS1 prototype.

At the end of subsection 2.2.2 was stated that the BPS1 performance is netiny d
mined by the overall precision (accuracy), andoy, for each coordinate plane. These
characteristic parameters come from the linearity error analysis donefdath depicted
in the linear fit plot of figure 4.3. Then, the linearity error was calculate@&zh position
of both coordinate planes, as the deviation of the measured wire positiorttilinear
fit represented by the relations (2.7), and the resulting plots are prdsetite figure 4.4.

Furthermore, as it was previously discussed at the end of section 2.2 Ihehrity
errors were obtained for the range of interesb (nm), and it was calculated the root
mean square (RMS) linearity error, or variance, from the data depictad figure 4.4 of
all the positions in the range of interest, yielding the BPS1 overall precisiancuracy:

e oy = 78um, for the vertical plane;

e oy = 170um, for the horizontal plane.

From the plots in the figure 4.4, jointly with the last accuracy results, we caerob
that there is a significant flerence between both coordinate planes. The horizontal plane
shows higher error values for every position and, thus, an unattepierease in the
horizontal accuracy parametety. This can be justified by a misalignment of the primary
electrodes from the real horizontal plane, what would increase theitynearors for all
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Figure 4.4: Linearity error for the vertical an horizontal plane wire pas#i¢with 3
sample measures per wire position and plane).

the measured positions, but it would keep the typical s-shape of the plethdrizontal
plane misalignment causes will be revised and corrected in the seriescpoodof the
BPS.

With respect to the TBL specifications for the BPS, the overall precisiordth
coordinate planes was found to be above the specified upper limit ghB0so they
must be lowered to accomplish the specifications. Apart from the misalignméime in
horizontal plane, another reason for the poor values of the ovemigion could be
due to the low current intensity we could get in the wire, just only 13 mA, wdwethe
BPSL1 is designed to manage a beam current of 30 A. This means, acctwrd@lation
(3.5), a sum signal amplitude of, ~ 7mV. In consequence, for these very low level
amplitudes, a typical noise level of 1 mV could have a great influence in thiéigro
measures, increasing the linearity errors as a result. Concerning trsetiggt it must
be said that in spite of having higher currents at the input wire connélatolow current
through the wire was caused by a resistor divider after the input ctonradfthe testbench,
which was used for matching purposes, and, presumably, for testifgedevith diferent
features. The low current influence in the BPS linearity errors and tlgganenprove the
accuracy results will be investigated in a future work.
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4.3 Frequency response test

The main aim of the frequency response test is to measure the low and tigffifte-
guencies, described in the section 3.2.2, for two ways of exciting the BR&itype: the
wire and the calibration inputs (Gaknd Cal-). Then, its associated droop and rise time
constantsrgroops, Tdroopr aNdTrise, Can be calculated from the relations (3.17), (3.18) and
(3.19). In addition, this characteristic time constants can also be measuzetlydirom
a transmitted pulse signal, and, in this case, the @ufrequencies would be calculated
from the same relations.

Therefore, it was decided to measure the dtifrequencies from the BPS1 frequency
response using a Network Analyzer (NA), leading to more precise nmerasuits of the
cut-of frequencies due to its higher immunity to noise than a scope measuring time pulse
signals. Moreover, in our particular case, having such a low curreéneiwire, we needed
to improve the noisy frequency response of the BPS1 transfer magnaptiered by the
NA, which is the ratio of the BPS1 output signals over the input or excitatiamasign
order to get the BPS1 transfer ratio, the frequency sweep signalajeddy the NA must
be split in two equal signals, one for exciting the BPS1 input (wire or caidrg and
the other one for getting the same BPS1 excitation signal at the NA refeirgndeport.
Then, with the BPS1 output signals connected to the NA, through its availghkd s1put
ports, the NA will be able to calculate the BPS1 transfer ratio from the sigoéd pver
the reference port. In this way, the BPS1 frequency response ceuttehned just by
attenuating only the reference signal at the NA, but not the signal usedtite the BPS1,
increasing artificially the BPS1 transfer ratio in the NA.

The frequency span of the NA was set between 100 Hz and 200 MH, itmust be
commented that, due to the problem of the low current in the wire, the relativerpoag-
nitude (in dB) between the BPS outputs and the reference signal at theal&hvanged,
in the way commented in the last paragraph, every time the BPS output poweituolag
was too low to yield a clear response, improving the frequency resporg@toge over
the noise. Although, the variation of the relative power magnitude did naecay prob-
lem, because the important parameters to be determined were th& tatjoencies, and
they are not fiected by this fact.

In the next subsection, the frequency response plots for the BP&itygre will be
presented, first for the case of wire input excitation &iiedént positions; and, in second
place, for the case of calibration inputs excitation. In both cases, gettirfgetingency
response for the electrodes output sign®lls H., V_, H_), the diference signals for both
planes AV, AH), and the sum signakj.

4.3.1 Frequency response results for the case of wire inpukeitation

From the figures 4.5 to 4.8 will be presented the frequency responsdqrloi® wire
excitation cases, when the wire is further from the center8atnm in both coordinate
planes; and, for the centered wire position at 0 mm. These plots are ereprghentative
in order to obtain the BPS1 characteristic cfitfoequencies, since they do not depend
on the wire position, taking into account that for theignals, and the wire in the central
position, the frequency response will vanish showing only noise (fig&e Also, remark
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that theX frequency response will be constant for any wire position, sinc& ignal is
the sum of all the electrode outputs and does not depend on the wireqror pesition,
as it was established in subsection 2.2.2.

Therefore, from the next representative plots we can obtain the BRS#aateristic
low cut-of frequencies, and its associated droop times, in the case of a wire (or beam)
excitation:

e fi, = 1.76 kHz, is the low cut# frequency for the electrode outputs and e
signal (eq. (3.15)); from heregroop, = 90 us, is the droop time constant for the
electrode outputs and tiesignal (eq. (3.17));

o fi, = fi,, = fi,, = 282 kHz, is the low cutfi frequency for theAV (verti-
cal plane) andAH (horizontal plane) signals (eq. (3.16)); from hetgoop, =
Tdroopyw = Tdroopyy = D64 NS, is the droop time constant for the (vertical plane)
andAH (horizontal plane) signals (eqg. (3.18)).

Because the pulsed beam of TBL will have a maximum pulse periggigf= 140 ns,
the specification for thé,, is set to 10 kHz to getyroop, = 16 s (€q. (3.18)) and thus, as
it was discussed at the end of section 2.2.4, the droop time constanifpukse would
be much larger than its pulse period, beifigoop, /tpuise = 10?, and allowing a good
flat-top pulse transmission through the BPS outputs. In consequen@ysieefor the
BPS1 the measurefi, is clearly above the specified 10 kHz, it will need to be lowered,
compensating the droop in the external amplifiethannels.

The high cut-& frequency could not be determined exactly due to signal reflections
starting over 100 MHz, which was caused by the wire lengibofin, = 3 m in the order
of magnitude of the wire length), and a poor matching at its bottom end. In dghésp
one can say that:

e fhigh > 100 MHz, for the high cut-f frequency of the electrode outputs,and
¥ signals (eq. (3.8)); from hereyise <1.6 ns, for the rise time constant of the
electrode outputs) andX signals (eq. (3.19));

and, in consequence, the TBL specifications of table 2.1 are accompfishéte
upper limit of the bandwidth.

4.3.2 Frequency response results for the case of calibratianput excitation

From the figures 4.9 to 4.12 will be presented the frequency responsef@tdwo
calibration excitation cases, when exciting the positive calibration input-jCalhich
will be essentially equivalent to the negative one (§ahnd, when exciting both calibra-
tion inputs at the same time (Gal-). This last case will be equivalent to the excitation
case of a centered wire position.

Therefore, from the next representative plots can be measured StedRracteristic
low cut-of frequencies for the BPS calibration inputs, getting the same results as in the
wire excitation case for the high cuffdrequencies. Then, the frequency response results
for the calibration excitation case are summarized as followBfrequencies. Then, the
frequency response results for the calibration excitation case are sizadas follows:
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o fiycqg = 1.76 kHz, is the low cut frequency for the electrode outputs and the
signal (eq. (3.15)); from heregroopc,; = 9048, is the droop time constant for the
electrode outputs and thesignal (eq. (3.17));

® fiyca = flavicar = fLanca = 180 kHz, is the low cut-§ frequency for the\V (ver-
tical plane) ana\H (horizontal plane) signals; from het@yoop, . = Tdroopwicay =
Tdroopcay = 884 NS, is the droop time constant for th¥ (vertical plane) andH
(horizontal plane) signals (eq. (3.18));

e fhighcay > 100 MHz, for the high cut-f frequency of the electrode outputsand
X signals (eq. (3.8)); from heresisgcay <1.6 ns, for the rise time constant of the
electrode outputs) andX signals (eq. (3.19)).

It must be noticed thafy , ., < fi, (€q. (3.16)), and their @ierence is about 100 kHz.
This difference raises a problem for the amplifier compensation in tieannels, in order
to decrease th& low cut-of frequency for the wirefy,; just, because the same compen-
sation designed for this frequency will be applied to the lower ¢lifrequency when
exciting the calibration inputsf,.,,. In consequence, only one droop time constant
could be compensated correctly, and the transmitted pulses would Heememti droop
times. This significant dierence between the wire and the calibration low diifie-
guencies for thésignalsis a new observediect, and it will need to be investigated in a
future work.

4.4 Pulse response

In the figures 4.13 and 4.14 are presented the plots of the pulse respoageulse
excitation in the wire, and a pulse excitation in the positive calibration input. eTpless
are just to illustrate the transmitted pulse response of the BPS1, and, albowtahe
observed dierence between the droop time constantafsignals rdroopyc.y @Nd7droop, »
when the calibration and the wire are excited by a pulse. Finally, remarkdhatdiven
positive input pulse, the turns winding orientation in the transformers wasechto get
an inverted polarity pulse, as it was specified for a TBL electron beain [11
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Figure 4.5: BPS1 frequency response for the electrode outputs aifi@oedt wire po-
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Figure 4.7: BPS1 frequency response for the electrode outputs aritered wire posi-
tion (0 mm).
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Figure 4.11: BPS1 frequency response for the electrode outputstiofptemes when
exciting the positive (Cal) and negative (Cal) calibration input at the same time.
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positive (Cak) and negative (Cal) calibration input at the same time.
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Figure 4.13: BPS1 transmitted pulse forandX signals at+8 mm wire position in the
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Chapter 5

Conclusions and Future Work

A set of two BPS prototypes with the associated electronics were desiguedoa-
structed. The electric model and characterization parameters: sensitreitg)l precision
(accuracy), electricalftset and cut-fi frequencies with its associated time constants; has
been determined with the wire method test. The BPS1 performances are suethiariz
the table 5.1. The performed tests yield good linearity results and reasdoabdyec-
trical offsets from the mechanical center. Also, from the linearity errors analysibea
stated that the overall precision results have to be ameliorated, consitlexiggect of
the very low excitation current in the wire and the misalignment for the horizptaae
electrodes. Concerning the frequency response measurements, toet{divfrequen-
cies for theA signals are equal for the vertical and horizontal planes, and theyiane g
for performing the compensation of droop time constants with the external ampbiit
they show a dference of around 100 kHz between the low cfiitforequencies for the
wire/beam and the calibration excitations. Thifeet never seen before must be investi-
gated in a future work. The low cutfofrequencies for th& signals, corresponding also
to each electrode output frequency response, are the same for Bethvaiagbeam and
calibration excitation, and they are under specifications (below 10 kidzyel as, the
high cut-df frequency that we could determine to be above the required 100 MHz.

The construction of 15 BPS units for the whole TBL line, and their respectiar-
acterization tests, will start after finishing the characterization of BPS1 withldbeam.
This second phase of our collaboration with the CTF3 project is propaséature PhD
work.

To carry out this work, a new improved setup will be built for testing the BRS’
ries. In the figure 5.1 it is shown a sketch of the proposed design forevewire test
setup. This testbench setup is inspired in the one at BI-PI group lab#, \aitidbe used
to perform the needed improvement tests in the BPS2 prototype unit, anckfonainac-
terization tests of the full BPS’ series at IFIC. The main features of thistesthench
setup is that the BPS under test will be moved by a motorized XY axis to chaage th
relative wire position with respect to the BPS, and, moreover, the wire wiktevith a
higher current to avoid the low currenffects in the test measurements. The wire posi-
tioning system will allow to fully automatize the measures and, due to its high resolutio
(from 0.3um to 1um), we will also be able to determine, or, for a lower current than the
beam nominal current, at least estimate the minimum position resolution dowarno 5
according to TBL specifications, with enough accuracy. The final ddsignder study
and subsequent modifications will be done to improve this testbench setup.
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BPS1 Sensitivity and Linearity Parameters

Vertical Sensitivity,Sy 41.09 mm1
Horizontal SensitivitySy 41.53mm1
Vertical Electric Gfset,EOQSy 0.03mm
Horizontal Electric Gfset,EOS4 0.15mm
Vertical overall precision (accuracyjy 78um
Horizontal overall precision (accuracyyy 170um
BPS1 Characteristic Output Levels
Sum signal levelg 16.5V
Difference signals max. levelf\V||max l|AH||max 8.25V
Centered beam leve¥ged Xy = 0, x4 = 0) 4.125V
BPS1 Frequency Response (Bandwidth) Parameters
2 low cut-of frequency,f, 1.76 kHz
A low cut-of frequency,fi, 282 kHz
2[Cal] low cut-off frequency;fi ., 1.76 kHz
A[Cal] low cut-of frequency,f ., 180 kHz
High cut-af frequency,fhign >100 MHz
High cut-af frequency calibrationfyigrcay >100 MHz
BPS1 Pulse-Time Response Parameters
~ droop time constantgroop; 90us
A droop time constantgroop, 564 ns
Z[Cal] droop time constantgroopycy 90us
A[Cal] droop time constantdroopyca 884 ns
Rise time constantyise <1.6ns
Rise time constant calibratiofyisgcar <1.6ns

Table 5.1: BPS1 monitor prototype performances.
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1: LevelingScrews  5: Wire matching resistor 9: BPS vacuum pipe
2: Braided earth lead 6: SMA input connector 10: Wire alighment weight

3: BPS 7: Wire 11: Oil bucket
4: BPS fixing pin 8: Pipe clamp 12: XY positioning axes
E Al/Steel g Methacrylate (Motorized)

Figure 5.1: Sketch of the new wire test setup design with motorized XY positjonin
system to be build at IFIC (final design pending on further improvements).



Chapter 5: Conclusions and Future Work

70




Bibliography

[1] B. Barish, M. Ross, N. Walker, A. Yamamotih,C Research and Development Plan
for the Technical Design Phask.C Global Design Hort, Release 2, June 2008.

[2] G. Guinard and The CLIC Study TearA, 3 TeV ée Linear Collider based on
CLIC TechnologyCERN 2000008, 28 July 2000, Proton Synchrotron Division.

[3] G. Geschonke, A. Ghigo et alCTF3 design reportCERNPS 2002-008 (RF). CTF3
Note 047, 2002.

[4] S. Doebert, D. Schulte, I. Syratche8tatus report of the CTF3 Test Beam Line
CTF3 Note 076, 2006.

[5] J.J. Garta-Garrighs, A. Faus-Golfe, J.V. Civera-NavarrelBgsign and Construction
of an Inductive Pick-up for Beam Position Monitoring in the Test Beam Lifdef
CTF3 Proceedings of the 11th European Particle Accelerator Conferd?A€'as,
paper TUPCO028, pages 1110-1112. JACoW conference progmedin

[6] P. Forck,Lecture Notes on Beam Instrumentation and Diagnos@Gesellschaftiir
Schwerionenforschung (GSI), Joint Universities Accelerator SIcfitAS) 2007.

[7] H. Koziol, Beam Diagnostics for AcceleratoBage 154 in report CERN 2005-004,
2005.

[8] M. Gasior,An inductive pick-up for beam position and current measurenGHERN-
AB-2003-053-BDlI.

[9] I. Podadera, S. Calatroni, L. SgiB3tecision Beam Position Monitor for EUROTeV
EUROTEV Report 2007-046.

[10] R.E. ShaferBeam position monitoringn S.R. Smith, editor, 7th Beam Instrumen-
tation Workshop, volume 390, pages 2658. AIP Conference Progeedifi90.

[11] S. Doebert. Private communications.

[12] M. Gasior,Hardware of the CTF3 beam position measurement systarR3 Note
053, 2003.

[13] G. Montoro. Private communications.

[14] VITROVAC - Amorphous Tape-Wound Cores for Digital Interface Toarmsers
and Common Mode Chokes in ISDN - Equipment and Communication System
Part number T60009-E4006-W650. Manufacturer VACUUMSCHMELZMBH
& Co. KG, P.O. Box 2253, D-63412 Hanau, Germany.

71



BIBLIOGRAPHY

72

[15] L. Sgby and F. Guillot. Private communications.



