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Abstract

Beam Position Monitors BPM are the most frequent non-dettel diagnos-
tics used at nearly all Linacs, cyclotrons and synchrotr@iBMs deliver the
center-of-mass of the beam and act as a monitor for the ladigél bunch
shape. The signal generation by the beam'’s electro-maxgfilti is described
using the transfer impedance concept. Different reabratiof BPMs are dis-
cussed with the focus on the capacitive linear-cut, butygeg and stripline
BPMs. Wall current monitor based systems and cavity BPM &sgl{p men-
tioned. Examples for the design criteria with respect toitps sensitivity
and linearity are given. The beam’s center is determined wite glifferent
time scales fronus for bunch-by-bunch observation up to s for precise closed
orbit determination. The resulting requirements for thalague and digital
electronics are discussed.

1 Basic Properties of BPM installations

Electromagnetic pick-ups serve as a non-destructive dstgndevice used very frequently in nearly
any accelerator operating with bunched beam. The idea isstsaore the charges induced by the elec-
tric field of the beam particles on an insulated metal plage, Big. 1. Because the electric field of a
bunched beam is time dependent, an alternating currensi@edl is seen on the plate and the coupling
is done using radio frequency (rf) technologies. The aptiin is the determination of the beam posi-
tion (center-of-mass). For this purpose, four pick-up gdadre installed crosswise at the beam pipe wall
and the difference signals of opposite plates yield the teaemter-of-mass for both transverse planes,
respectively. Based on this application, the installat®oalled aBeamPosition M onitor BPM or Po-
sition Pick-Up PU. Even in the case of longitudinal bunch shape observatieralibreviation BPM is
frequently used although the name ’electro-magnetic pigkwould better be suited for this application.

In general, pick-ups couple to the electro-magnetic fielgeaerated by the charged particle beam.
For relativistic beam velocities the transverse field congras in the laboratory frame (i.e. the frame
of all hardware installations) increase compared to theeslwithin beam’s rest frame. The Lorentz
transformation from the beam’s rest frarfie resi(t’) at timet’ to the laboratory fram& | 55(t) at timet
for the field component transverse to the direction of moisogiven by
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Fig. 1: The beam current induces a wall current of the same magnitutdeeversed polarity.



Fig. 2: Schematic plot for the relativistic increase of the tramsgelectric field.

as schematically shown in Fig. 2. This transverse field carapbincreases with the Lorentz factpe
1/4/1— B2 and even for moderate beam velocities the resulting fielcdhesapproximated by a so called
Transverse Electric and Magnetic field distribution. A TEMae has the electric and magnetic field
vector perpendicular to the propagation direction. Forthopslitative considerations and quantitative
calculations the beam can be substituted by a TEM wave. Guéd ie that the wall current has the same
time behavior as the beam passing by. Only for velocitiesvbaboutf3 < 0.5 major modifications are
required. Another valid assumption is that the power caliplat by the detector is much lower than the
power carried by the beam; in other words: The beam does aot mn the amount of signal strength
coupled out. For that reason, the wall current can be modadeal current source with arbitrary large
inner impedance.

The principle signal shape is best described by the so céletsfer impedanc&;, which is
basically a frequency dependent quantity transferringotieam current to the usable voltage signal. The
properties of this transfer impedangeis described in the second Chapter using a typical insiatiat
at a proton and ion synchrotron as an example. The desigridesason and realization for proton
synchrotrons using the so callédear-cut BPMs are discussed in Chapter 3. The advantage of this type
is the large signal amplitude and a high linearity with re$ge position offsets. But its application is
mainly limited to bunches much longer than the BPM lengtlypidally several cm. For shorter bunches,
as present at most electron accelerators and proton Lishoster installations are used, the so called
button BPMs; their properties are discussed in Chapter 4. Linear-cdtlariton BPMs are treated as
devices with capacitive coupling to the beam’s electridfielffects related to a signal propagation are
not taken into account. This is different stripline BPMs suited for short bunches. Here the signal
propagation, in most cases of relativistic beam velocdisd corresponding electro-magnetic TEM wave
type, has to be included in the design considerations; tB&¥ds are discussed in Chapter 5. Further
BPM principles are mentioned in Chapter 6, which offersegitiin extended bandwidth for longitudinal
bunch structure observations or a higher resolution fompibstion reading. In particular, the excitation
of a resonating mode with@avity BPM offers a higher resolution even for a short beam delivery mow
to theus time scale, which is important for modern free-electraefa or electron-positron colliders.

The signal shape and amplitude is significantly influencethbyrocessing electronics and there-
fore the type of electronics is an integral part of the BPMeys In particular, the spatial resolution can
widely be varied with the cost of resolution in time. Analdgaronic chains are used for this purpose
or, for modern installations, the main treatment is done igjtal signal processing. Several analog and
digital electronic principles are discussed in Chapter 7.

Even though the technical realization of the BPM systemsasiain focus of this article, we want
to address briefly the most frequent applications based endbtermination of the beam center from a
bunch-by-bunch time scale up to the position averaged @weral seconds:

— For the fast readout, one single value of the horizontalvantical position is given for each bunch
(bunch-by-bunch mode). Using this values, one can follow the beam behavimutihout the
accelerator and can treat this bunch as a 'macro-parti€le’s is important for the comparison to
particle-tracking calculations and give a rich source &limation e.g. on local betatron phase ad-
vance, chromaticity and several non-linear quantities.tli@ntechnical side of most applications,
a broadband signal amplification chain and fast digitalireis required for this mode. An appro-



priate trigger ensures the digitalization of each buncis; tiigger could be generated by hardware,
but in modern applications this might be substituted by stype of software algorithms.

— In a synchrotron lattice parameters, like tune and chrmigtare normally defined as a quantity
per turn. They can precisely be determined using BPMs reaaltam-by-turn basis. E.g. the
beam can be excited to coherent betatron oscillations anpldsition can be read by the BPM, the
corresponding Fourier transformation results in the tualeie. An appropriate hard- or software
trigger is required for this mode.

— To determine thelosed orbit within a synchrotron, the beam position is evaluated withreet
resolution much longer than revolution time within this slgrotron. The resolution of the position
reading is much higher than for the single bunch readingdorreasons: Firstly, coherent betatron
oscillations are averaged out by this long observation .tirBecondly, due to the much lower
bandwidth of the electronics the noise contribution, asgajiven by thermal noise, is drastically
reduced. A spatial resolution down tquan or 10~° of the pipe aperture (which always is smaller)
can be achieved for observation time in the order of secoflds.related electronics is discussed
in Chapter 7.

The position reading is not only used for monitoring, but anyfacilities for position correction as well.
Quite different reaction times are realized, from a bungibbnch feedback to cure fast instabilities up
to precise closed orbit corrections on a time scale of ségeonds. As for the position measurement,
fast reaction time counteracts high position resolutiod an adequate compromise has to be found.
Different feedback systems are discussed as a separatentidipin this CAS Proceedings.

But BPMs are not only used for the determination of the beamtecgbut also for the observation
of the longitudinal behavior i.e. the bunch shape recorded fnction of time. Frequent applications
are:

— The bunch shape is recorded with high time resolution usingdband processing electronics. In
particular, for a proton synchrotron with a bunch frequebejow several 10 MHz, the bandwidth
of the BPM and the processing electronics is large enougmémgé the bunch shape during in-
jection, acceleration and eventual bunch manipulation®a@mganization. For a synchrotron it is
sufficient to have one device for this purpose, because edlypariation of the bunch shape occurs
within the time scale of one period of the synchrotron oatidin, which is much longer than the
revolution time. To achieve the required large bandwidthal \Wurrent Monitor or a fast Current
Transformer is better suited than linear-cut BPMs.

— At a proton Linac the average beam velocity has to be detenivith high accuracy. From
the time-of-flight of a dedicated bunch between two BPMs teanh velocity is calculated, an
accuracy ofAv/v ~ 10~4 can be achieved. The same BPM installation is used for thieite and
the position measurement.

— The signal from a BPM can serve as a relative measure fordamlzurrent. This method is more
sensitive as can be provided by a dc current transformendsinarrowband filtering of the signal
from the BPM at one of the bunch harmonics, the thermal naisgribution can be drastically
reduced. Due to the evaluation at one frequency band omyevhluation becomes bunch shape
dependent and results in the ability of a relative currerasneement only.

In this paper the general properties of a BPM installatiandescribed for typical applications at
standard accelerators. Further details and quantitatipeession for the BPM properties can be found in
other review articles as Refs. [1]{7].



2 Signal treatment for capacitive BPMs
2.1 General formalism

A capacitive pick-up consists of a plate or a ring insertedhim beam pipe, as shown in Fig. 3. Here
the induced image charge of the beam is coupled via an ambfiéurther processing. The plate at a
distancea from the beam center has an areaAand a length in longitudinal direction of The current
lim driven by the image charg@n, is

dOm A dQuean(t)

dt  2mal dt (2)

lim(t) =

Having a beam with velocit3 we can write for the derivative of the beam chatf@ean{t) /dt

dQueart) | dibeam |
Gt~ Bo dt B i Wlpean{ W) 3)

where the beam current is expressed in the frequency dorsdi.a= lo€“t. (More precisely: The
derivative of a functiord f/dt can be expressed as a multiplication of its Fourier tramséion f (w)
with —iw.) As the signal source one uses the voltage drop at a refistor

Uim(w) = R- lim(w) = Z(w, B) - Ibean{ W) (4)

For all types of pick-up plates, the general quantity of iudjnal transfer impedanca (w, ) is defined

in the frequency domain according to Ohm’s law. It descrithes effect of the beam on the pick-up
voltage and it is dependent on frequency, on the velocityneflieam particle§ and on geometrical
factors. It is very helpful to make the description in thegiuency domain, where the independent
variable is the angular frequency, related to the time domain by Fourier transformation.
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Fig. 3: Scheme of a pick-up electrode and its equivalent circuit.

The capacitive pick-up of Fig. 3 has a certain capacitalicas given by the distance of the plate
with respect to the beam pipe and a capacitance contribuytetiebcable between the plate and the
amplifier input. This amplifier has a input resis®r Using a current source to model the beam and the
parallel connection of the equivalent circuit one can witdempedance as

1 1 R

T iiwC Z—_ " 5
Z R — 1+ iwRC ®)

therefore the transfer function of the pick-up is

R 11 A iwRC

Uin= == lim = f-= > = -lbeam= Z(®0,8) - lbeam - 6
M 14iwRC ™ BcC2maltiwRC AT (@, ) Ieam (6)
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Fig. 5: Top: Simulation of the image voltadén(t) for the values of the pick-up used in Fig. 4 terminated with
R=50Q for three different bunch lengths with of 100 ns, 10 ns and 1 ns for a Gaussian distribution, respebgti
Bottom: Fourier spectrum of the bunches and image voltaiggso) for the three cases. The cut-off frequency is
feut = 32 MHz. (The bunch length af; = 1 ns is artificially short for a proton synchrotron.)

This is a description of a first order highpass filter with a-efitfrequencyfcy; = wey/2m= (2rIRC) 2.

For the case of the so called linear-cut BPM used at protoolsgtrons (see below), a typical value of
the capacitance 8§ = 100 pF with a length of = 10 cm. For this type the highpass characteristic is
shown in Fig. 4 with a 5@, a high impedance 1 B amplifier input resistor as well as an intermediate
value of 5 KQ over the interesting frequency range. In the figure the aitsalalue

11 A W/ Wyt
BecC2ma .\ /1+ w? /il

is shown. A pick-up has to match the interesting frequenagea which is given by the acceleration
frequency and the bunch length. As extremes we can disshgwo different cases for the transfer
impedance, namely:

|Z| = and the phase relation¢ = arctan /) (7)




— high frequency range f > f.: Here we have

1w/ wout

y A
R ERTAVIA

—1 . (8)

The resulting voltage drop &is for this case

uim<t>=3%-%a-lbean(t) . ©)

Therefore the pick-up signal is a direct image of the bunatetstructure without phase shift,
i.e. ¢ = 0. To get a low cut-off frequencye,; = (2RC) 1 of typically ~ 1 kHz, high impedance
input resistors are used to monitor long bunches, e.g. itopreynchrotrons. The calculated signal
shape is shown in Fig. 5, right.

— low frequency range f < f¢y: Here the transfer impedance is
1/ Weut . W

0-— —i . 10
4 1+iw/weu Wout (10)

The voltage acrosRis in this case

. R A dlbeam
m(®) Bc 2ma | Wlbeam Bc 2ma dt

(11)

using again the frequency domain relatipaam= lo€“t. The measured voltage is proportional
to the derivative of the beam current. This can also be utmedsfrom the phase relation of the
highpass filter in Fig. 4, where a phase shift of @@rresponds to a derivative. The signal is
bipolar, as shown in Fig. 5, left.

The signal at the amplifier output depends on the frequenuyeras compared to the cut-off frequency.
In general the signal shape can be calculated using thddramgpedance concept by the following steps:

— The beam currentean(t) is Fourier transformed yieIdinﬁ)eam(a)).

— Itis multiplied byZ;(w) yielding the frequency dependent voltadg(w) = Zt(®) - ipean(®).

— To get back the time dependent signal the inverse Fouraastormation is applied yielding the
signalUin(t).

Beside the time evolution of the Gaussian beam bunches dhwidand the resulting signal voltage
the frequency spectrum is shown in Fig. 5: The width of thedfarmed beam currerﬂ)ea"(w) in
frequency domain is given by; = (2ma;) ! in case of a Gaussian distribution. If the bunch spec-
trum ranges far above the cut-off frequency the multiplaraby the transfer impedané(w) does not
change the spectral shape of image volttig,e(w) significantly as shown in Fig. 5, right. The inverse
transformation leads to a proportional image voltaigg(t) as discussed for the first case above. For the
second case, the main contribution of the frequency spacisbelow the cut-off frequency, therefore
the multiplication byZ;(w) leads to a strong modification of the spectrum as shown inFift. The
inverse Fourier transformation leads to the described\behaf Uin(t) [0 dI /dt. This type of calcula-
tion can be performed for any given bunch length; an exanggidatted in the center part of Fig. 5: The
main frequency components are in the same band as given lutiadf frequency of the BPM lead-
ing to a significant modification of the image voltage Spentflllm(w). The resulting time evolution of
Uim(t), called intermediate case, shows a more complex behavibrseime proportional and some dif-
ferentiating components. For the signal calculation festhparameters, the full calculation via Fourier
transformation is required.

With respect to the different limits of the transfer impedarabove, two important applications
are discussed for illustration:



voltage [mV]
Lbh  wo
oo 0o ;o

—100

-
o
a

voltage [mV]
o) o
S oo

—-100

time [us]

1 2 3 4 5
: : ] ; 06 [ \ T T T \ T \ .
;11 MeV , : low energy: 0.12 MeV/u
—
S 04 —
® 02 -
2 -00
-
s \/ \/ \/
50 100 150 200 —04 =
synchrotron circumference [m]

hlgher energy 14 MeV/u

time [us] 15
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 = [\ A ﬂ
r T T T T T T T ] 2 oqo - | I -
end acceleration: 1000 MeV o f ‘I ‘I‘ ‘I ‘I ‘I
@ 05 \ I I .
< g ..) | ./’ | m/ |
= K t T T
=] \ | i
> 05 - \ | ‘ -
—1.0 L 1 L 1 L 1 L 1
50 100 150 200 0 20 40 60 80
synchrotron circumference [m] time (ns]

Fig. 6: Bunch signals from a linear-cut BPM with 1 Fig. 7: Bunch signals from a button BPM with 50
MQ termination. The upper curve shows the bunchesermination for 0.12 MeV/u (top) and 1.4 MeV/u (bot-

along the synchrotron circumference at the beginningom) energy at the GSI-LINAC. The acceleration fre-
of acceleration, the lower curve at final energy. Notequency is 36 MHz.

the different time scales on top of the plots.

Range f > f. realized by alow f¢ due to high impedance:

In a proton synchrotron a low acceleration frequency 1 MH#z .. < 30 MHz is used, resulting in
bunches of several meters in length. In these machine® &grtures are necessary of typically
a = 10 cm, which lowers the transfer impedance du&tal 1/a. To get a larger sensitivity,
the length of the BPM in beam direction is typically~ 10 cm due toZ; O 1. Note that the
BPM length is still much shorter than the bunch length. Toehawvlat frequency response, i.e.
a large bandwidth, a lows, = (2RC)~! is used by feeding the signal into a high impedance
FET transistor as first step of the amplifier. A bandwidth of #mplifier circuit of 100 MHz
can be reached. To prevent from signal degeneration dueetbntited amplifier bandwidth the
application of high impedance amplifiers is restricted totpn synchrotrons with less than 10
MHz acceleration frequency. As shown in Fig. 6 a direct imab#e bunch is seen in this case.

Range f < fqy realized by a high f¢; due to 50Q impedance:

At LINACs and electron synchrotrons, the bunches are siothe mm range, due to the higher
acceleration frequencies (100 MHz fyc < 3 GHz). A 50Q termination is used to prevent
reflections and to get smooth signal processing with a laggelWwidth up to several GHz. The
shortl, and therefore a lower capacitanCeof typically 1 to 10 pF, and th& =50 Q leads to a
high fe¢ in the range of several GHz and differentiated bunch sigamedsecorded as displayed in
Fig. 7.

2.2 Application: Signal behavior for linear-cut BPM using transfer impedanceZ; concept

In the previous section, the transfer impeda#dgcwas discussed for a single bunch passage only, which
might be realized at transfer-lines between synchrotrd@g. most other accelerators deliver a train of
bunches separated by the timge. = 1/ facc @s given by the acceleration frequenty. (assuming that

all buckets are filled). As an example of transfer impedanogegrties and the resulting image voltage
Uin(t) behavior, the application for a typical linear-cut BPM usgroton synchrotrons is discussed

here,

see Chapter 3 for more details concerning this BPM. tyfffee following values are used: The

length in beam direction is = 10 cm; the distance of the plates from the beam center=s5 cm
covering the full circumference; the capacitanc€is- 100 pF; these are the same parameters as used
for the transfer impedancg shown in Fig. 4. For this example we assume a synchrotronyente
acceleration is performed bfg.c = 1 MHz acceleration frequency, a revolution time ofu8 and an
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Fig. 8: Signal simulation for 1 M termination of a BPM, see text for further parameters. LBam current,
middle: signal voltage , right: frequency spectrum of trgnsil voltageJm(f).

average current of 1 mA. In parts of the plots, the injectispérformed in such a way that only 6 of
8 buckets are filled. The beam has a velocityBo£ 50 % and a bunch duration @k = 66 ns for a
Gaussian distribution, corresponding to a bunch lengtbjet 10 m, i.e. much longer than the BPM
length of typically 10 cm. The following calculations usetboncept of frequency dependent transfer
impedance.

High impedance termination: In Fig. 8 a high impedance termination®f&= 1 MQ is chosen for
the BPM signals leading to the highpass cut-off frequefigy= (2mRC) ! = 1.6 kHz. The signal shape
for Uim(t) is proportional to the beam currelgtan(t) with the proportional constaizk ~ 5 Q. However,
the signal voltage shows some negative values, the so dadigeline shift. Due to the BPM’s high-
pass characteristic any dc-signal part is disregarded B EM. The unipolar beam current is therefore
transformed to an ac-signal with the condition, that thegral over one turn is zero, i.e. the baseline is
lowered to a value in a way to counteract the positive sigimahgth; note that the value of the baseline
depends on the bunch width. The frequency spectrum of thiegie signal is composed of lines at the
acceleration frequency and its harmonics. In other wottis,signal power is concentrated in narrow
frequency bands separated by the acceleration frequenhcy.qlite common for the position evalua-
tion to use only one of these frequency bands with high powesitdy e.g. by filtering or narrowband
processing to suppress broadband noise contributionsCkapter 7. The envelope of these lines is
given by the Fourier transformation of the single bunch entmultiplied by the frequency dependent
transfer impedance. For the bunch duratmrof this example, the maximum frequency is at about 10
times the acceleration frequency. For the layout of a braadkelectronics it is reasonable to enlarge the
bandwidth up to at least the tenth harmonics to record tHesiighal shape and its full power spectrum,
correspondingly. Using a Gaussian bunch shape the relattitve Fourier transformatioa; = (2ro;) 1
can be used for the bandwidth estimation. Note that for nansSian bunch shapes of the samnethe
frequency spectrum continues to higher values.

50 Q termination: It is quite common in rf-technologies to use 8Dterminations for signal
transmission, therefore a related impedance for the BPMliiengnput seems to be adequate. The
signal shape is depicted in Fig. 9. However, for the pararsetethis example a termination with a 50
Q resistor leads to a signal of differentiating shape with bage amplitude decrease by a factei20
compared to the high impedance termination. This is caugetiéf,; = 32 MHz BPM’s high pass
characteristic, which is larger than the relevant freqienas given by the single bunch envelope, see
Fig. 9, right. This low signal amplitude is the reason, whymaiton synchrotrons a higher impedance
termination is preferred.

Transformer coupling: A high impedance coupling delivers a larger signal streniih as it can
be seen in Eq. 9, the signal strength decreases with theitaapzec Because regular coaxial cables have
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Fig. 9: Signal simulation for 5@ termination of a BPM, see text for further parameters.

a capacitance of about 100 pF per meter, only short cabledestthe BPM plates and the amplifier are
allowed for this case. Sometimes cables of several metgtheare required and for that an impedance
matching to 50Q close to the BPM plates by a passive transformer is neces$aey realizations for
winding rations of typicallyN; : No ~ 6 : 1 to 20 : 1 are described e.g. in [8]. TRgnp = 50 Q input
impedance of the amplifier or the cables are transformedaptiopally to the square of the winding
ratio Reft = (N1 /N2)?- Rampl, leading to an effective impedance of ab&dt¢ = 1— 10 kQ for the BPM.
The transfer impedance for an impedancdRgf; = 5 kQ corrsponding to a highpass cut-off frequency
of fout = 320 kHz is shown in Fig. 4 together with the equivalent cir@fithis arrangement. Because
the voltage ratio above the cut-off frequency for a trans#r is given byJ,/U; = N/N; = 3/30, the
signal strengthJ, is lower by this factor compared to the high impedance casmveder, the thermal
noise is lower compared to the high impedance terminatiantduhe scaling of the effective voltage
Uett O V/R; this topic is discussed in Chapter 7.1. The cut-off freqyeof f.; = 320 kHz leads to a
deformation of the signal as depicted in Fig. 10. In pardgulhe baseline is not stable as for the high
impedance case, but approaches a zero value within a tinsardrgiven bytey: ~ (3- fou) ™t = 1 us,
leading to non-constant values between the bunches. Indhép behavior is depicted for the case of
empty buckets i.e. only part of the synchrotron is filled wptirticles. The frequency spectrum is more
complex due to the break of periodicity by the empty buckets.

Signal shape using filters:The concept of transfer impedance can not only be used tolatéc
the BPM characteristics but can serve as an estimation ®signal conditioning by the processing
analog electronics as well. Filtering is important to sgsrunwanted frequency components and to
restrict the bandwidth dependent noise. A mathematicathpke filter is the so called Butterworth

filter of n"-order with a frequency response for the lowpass k()| = 1/1/1+ (w/Wow)?" and
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Fig. 10: Signal simulation for 5 R termination of a BPM, see text for further parameters.
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Fig. 11: Signal simulation for 5 R termination of a BPM followed by a'%order Butterworth bandpass filter at
the 29 harmonics of the acceleration frequency, see text for &rnlarameters.

the highpass frequency responbhign(w)| = (w/high)"//1+ (w/whigh)?>" at the cut-off frequencies
flow = Wow/ 21T and frigh = whign/ 27T for the lowpass and highpass filter, respectively [9]. A hmass
filter is modeled as the produklyand(w) = Hiow(w) - Hhigh(w) taking amplitude and phase response into
account, i.e. regarding (w) as a complex function in mathematical sense. The actionabf ad" order
filter with cut-off frequenciesfioy = 2.2 MHz and fhigh = 1.8 MHz is shown in Fig. 11. As it can be
seen from the frequency spectrum only the region aroundubeft frequencies is transmitted through
the filter. In time domain, the action results in a certainiliz@n or 'ringing’, because the Gaussian
bunch shape cannot be reconstructed by the limited frequsgmectrum. It is worth mentioning that the
properties for the final signal shape including the freqyeresponse of amplifierBlamp, filters Hyier
and cabledH e €tc. can be estimated by multiplying the related transfgreidance and frequency
responses as complex functions via

Ziot (W) = Heaple() - Hampl(w) Htitter () - ... - Zt(w) (12)

resulting in the time and frequency domain signal behavibe properties of digital filters better suited
for these applications are described in textbooks on Didtgnal Processing [9, 10] as well as the
methods for signal treatment in time or frequency domain.

The discussion above took only the signal strength into @uigdout the noise contribution is
another issue as discussed in Chapter 7.1. The propertedirdar-cut BPM were derived here as an
example, but the same type of calculation can be performedtii@r types of BPMs, see e.g. [2, 11] for
a button BPM application.

2.3 Position measurement by a BPM

In the description above the signal properties from an atedl plate covering the full circumference were
discussed. However, the most frequent application of BFMMke measurement of the beam’s center-
of-mass with respect to the center of the beam pipe. For acitaygacoupling, this is performed using
four isolated plates by determining the difference voltagig = Uyight — Ujest and AUy = Uyp — Udown

of opposite plates for horizontal and vertical directioespectively. The closer distance to one of the
plates leads to a higher image current, which is called jpnity effect’ and is schematically shown in
Fig. 12. The signal strength on the plate can be estimatedstofider using the transfer impedance as
given in Eqg. 7 with the ared of the single plate. The horizontal displacemgman be obtained by a
normalization to the sum signally = Urignt +Ujeft as

1 Uright — Uleft 1 AUy .
X=— ———— 4+ =—-——+0& (horizonta 13
S( Uright +Uleft S( 2Uy ( D ( )

10



beam pipe | | Uup
pick up y from U, =U

| beam 1

up L{jowr

| | Udown
Fig. 12: Proximity effect for the BPM'’s vertical plane.

which is independent of the beam current. For the vertiah@lthe positiory is given by

o 1 Uup—Udown i %

y= § : Uup+Udown+5yE 5 . 50y +9, (vertical). (14)

The proportional constarg, respectivelyS, between the measured voltage difference and the beam dis-
placement is calleghosition sensitivity and its unit isS= [%/mn]. It is possible that this constant
additionally depends on the beam position itself, corradp@ to a non-linear voltage response for a
large beam displacement, which is demonstrated for but@®N&in Chapter 4. If the position sensi-
tivity is given as a pure number, it refers to the value of thatral region. In contrast to button BPMs,
the realization by the linear-cut design is optimized foirear position sensitivitys over a large dis-
placement range as discussed in Chapter 3. A deviation @léutrical center, as given by equal output
voltages on both plates, and the geometrical center istdessihich is considered by the offset correc-
tion & having the unid = [mnj. Itis not necessarily the case that the position sensit®and the offset

o are equal for the horizontal and vertical plane, becaus®Bd installation might be non-symmetric
for both directions and the surrounding close to the BPM iinighdify the propagation of the beam’s
electro-magnetic field. Moreover, due to the capacitiveptiog, a frequency dependence of the position
sensitivitySand the offsed is possible and has to be minimized by a good mechanicalmé&sigrevent
from complicated corrections. The definition of Eqgs. 13 aAdhadlds for other than capacitive BPMs, as
well.

For typical beam displacements less than 1/10 of the beamagpprture, the differencgU is
lower by about this factor compared to the sum voltagkei.e.

typically AU < 2V . (15)
10

Sensitive signal processing is required for the differemaéage to achieve a sufficient signal-to-noise
ratio. This concerns the usage of low noise amplifiers, wihiabe to be matched to the signal level.
Sometimes difference and sum voltage are generated byganmadans using a transformer with differ-
ential windings for the low frequency range at proton syoitfons orA — X hybrids for high frequency
applications. For these cases the difference voltage cambe amplified than the sum signal (typically
by 10 dB equals to a factor of 3 for the voltage amplificatiam)rtatch the optimal signal level for the
successive electronics or analog-digital conversion. st effective noise reduction is achieved by
a limitation of the signal processing bandwidth, becausetlilermal noise voltagges; at a resistoR
scales with the square root of the bandwidithasU. ¢t = /4kg T RAT with kg being the Boltzmann con-
stant andTl the temperature. As shown above in Chapter 2.2 the signatpi@xconcentrated in bands
given by the acceleration frequenéy.. The bandwidth limitation is performed by bandpass filtgrat
a harmonics of this frequency or mixing with the accelegtirequency in the narrowband processing
as discussed in Chapter 7.

11



2.4 Characteristics for position measurement

For the characterization of a position measurement systearal phrases are frequently used, which are
compiled in the following:

Position sensitivity: It is the proportional constant between the beam displanerard the signal
strength. It is defined by the derivative

Uright
Uleft

Si(X) d (AUX> = [%/mm] (linear)  S(x) d (Iog

= Ix \ 30, = Ix > = [dB/mm] (logarithmic) (16)

for the horizontal direction and for the vertical directjaorrespondingly. The unit iS= [%/mm] in
case of linear processing 8= [dB/mm] in case of logarithmic processing (the logarithmic prooess

is described in Chapter 7.3) . For small displacements ataohsalue is expected. For larger dis-
placements the horizontal sensitiviB¢ might depend on beam position in horizontal direction, ezhll
non-linearity, and additionally in vertical direction, liead horizontal-vertical coupling. Moreover, it
might depend on the evaluation frequency. In the most gknas& the position sensitivity(x,y, w) is

a function of horizontal and vertical displacement as wslfraquency. Often the inverse 8fis used
having the abbreviatiok = 1/Sand is given in the unit ok = [mm.

Accuracy: It refers to the ability of position reading relative to a rhaaical fix-point or to any other
absolutely known axis e.g. the symmetry axis of a quadrupmgnet. The accuracy is mainly influ-
enced by the BPM’s mechanical tolerances as well as thetkmngstability of the mechanical alignment.
For cryogenic installations the mechanical position repribility after cool-down cycles influences the
accuracy. Beside these mechanical properties, it is infle@iby electronics properties like amplifier
drifts, noise and pickup of electro-magnetic interferenBg calibrating the electronics in regular time
intervals long-term drifts can be compensated. The digétbn leads to a granularity of values, which
might limit the reachable accuracy; for modern installasighis limitation is compensated by improved
ADC technologies.

Resolution: It refers to the ability for measuring small displacemeniai#ons. In contrast to the accu-
racy relative values are compared here. In most cases, sbtution is much better than the accuracy.
It depends strongly on the measurement time because avgragicedures can exceed the accuracy by
a factor of 100. Typical values for the resolution for a broaid, single bunch reading is 1Dof the
beam pipe radius or roughly 100 um. For averaged readings on typical time scale of 10 to 1000 ms
a resolution of 10° of the beam pipe radius or roughty 1 um can be reached. As for the accuracy, it
depends on the electronics noise contribution as well ag-ggron and long-term drifts.

Analog bandwidth: The lower and upper cut-off frequency of the analog eledt®have to be matched
to the frequency spectrum delivered by the bunched beamndise reduction, the bandwidth can be
limited by analog filters.

Acquisition bandwidth: It refers to the frequency range over which the beam posiagecorded and
should be matched to the analog bandwidth. For monitorisgdaanges of beam parameters a much
larger bandwidth is required, resulting in a lower positiesolution. The same is valid for short beam
deliveries, e.g. in transport lines, preventing from agerg. The bandwidth can be restricted to achieve
a high resolution in case of slow varying beam parameterd,iaghe case for the analog narrowband
processing with multiplexing described in Chapter 7.4.

Real-time bandwidth: The data rate of producing an analog or digital position &ligvith predictable
latency to be used e.g. by an orbit feedback system is cleaized by this quantity.

Dynamic range: It refers to the range of beam current for which the systemtdasspond to. In most
cases the signal adoption is done by a variable gain ampdifitre input stage of the electronics pro-
cessing chain. Within the dynamic range, the position r@adhould have a negligible dependence with
respect to the input level.

Signal-to-noise ratio: It refers to the ratio of wanted signal to unwanted noise. Aavweidable contri-
bution is given by thermal noise. Cooling of the first stageokfiier reduces this thermal noise. Other
sources, like electro-magnetic pickup or ground-loopsamariribute significantly to an unwanted signal

12
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Fig. 13: An example of a rectangular electrode arrangement for atioat BPM and the scheme for position
determination.

disturbance and are incorporated in this phrase even thieghare not caused by noise. Careful shield-
ing and grounding is required to suppress these disturlsance

Detection threshold: It refers to the minimal beam current for which the systenivees a usable infor-
mation. It is limited by noise contributions. Sometimesthuantity is called signal sensitivity.

3 Linear-cut BPM

At proton synchrotrons the linear-cut or shoe-box BPM tygefien installed due to its excellent position
linearity and large signal strength. The transfer impedaB¢ above the cut-off frequency is typically 1
to 10Q. Basically, this type consists of consecutive plates sungong the beam. A typical geometry for
a rectangular realization is shown in Fig. 13, where theteddes for the horizontal direction look like a
piece of cake. In contrast to other BPM types, the signahgtteis not related to proximity of the beam
with respect to the BPM plates but is given by the fractionediin coverage by the BPM electrodes. For
a given beam displacemexthe electrode’s image voltadi, is proportional to the lengthof the beam
projected on the electrode surface as shown for the hoataltection in Fig 13, right. For triangle
electrodes with half-apertu@one can write:

lright — |
light = (a+X)-tana  and left = (a—X)-tana — x—q. gt left a7
lright + left

The position reading is linear and can be expressed by thgammaltages as

Uright —Uleft 1 AUy 1
X=a ———=_—_.—" — § == 18
Urgh +Uiert ~ S« ZUy a (18)
which shows that the position sensitivity for this ideal &as simply given by the inverse of the half-
aperture.

This ideal behavior can nearly be reached, e.g. a positiositséty up to S, ~ 90%- 1/a can
be realized by a careful design [13]. As an example the pos#ivaluation by a 3-dimensional Finite
Element Method (FEM) calculation is depicted in Fig. 14 thge with the geometry of the considered
BPM. The position sensitivity is given by the slope of thdetince-over-sum calculation as a function
of beam displacement according to Eq. 16. For this simuiati@ beam center is swept in horizontal
direction fromx = —60 mm tox = +60 mm in steps of 20 mm and the reading of the horizontal BPM
electrodes is plotted. These sweeps are performed with thfierent vertical beam positions, namely in
the middle plang = 0 and withy = +20 mm above as well 3= —20 mm below the BPM center. These
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Fig. 14: Results of Finite Element Method calculations for the hamial plane of a linear-cut BPM are shown left.
The center of the simulated beam is swept in horizontal Hoe¢curves with constant slope) and vertical direction
(constant functions). The BPM geometry for these calooitettis depicted right having a horizontal half-aperture
of a= 100 mm. Due to the cross talk between the horizontal eleet ik sensitivity is onl, = 0.43/a.

three curves coincide and show a nearly perfect linearith ¥&ss than 1% deviation from the linear fit.
Additionally, three sweeps in vertical direction with ctenst position inx are shown in the figure, but
there is no influence on the horizontal reading as the datstipare located on the three lines parallel
to thex-axis. This proves the linearity (sweeprdirection) and the absence of any horizontal-vertical
coupling (sweep ity direction), which is a unique feature of these BPM types.

However, the properties of the ideal case can only be maidiaby several precautions. The value
of the position sensitivity is influenced by the capacitiegigling between the adjacent electrodes and an
efficiently electrical separation between these elecsagleequired, i.e. a reduction of the plates’ cross
talk. The coupling capacitance depends on the electrodess the width of the diagonal cut and the
permittivity of the material used as the electrode suppeot. a BPM design based on metalized @4
ceramics the permittivity i€ ~ 9.5 which leads to a coupling capacitance of about 10 pF. Fdn suc
a BPM an additional separation region on ground potentia §o called guard ring) positioned in the
diagonal cut area is required and visible in Fig. 13, lefte Duard ring reduces the cross talk between
adjacent electrodes by factor of three and, correspongingireases the position sensitivity by a factor
of two [12]. If the BPM design is based on pure metallic eledés the distance between adjacent plates
cannot be increased above a critical value, otherwise tieality is spoiled by field inhomogeneities
within the gap.

The BPM electrodes are not symmetrical with respect to tlarbdirection which results in an
asymmetry of the electric field at the adjacent electrodeegeddven a small asymmetry introduces a
field inhomogeneity that leads to an offset of the geométdeater with respect to the electrical center,
defined by a zero difference voltage) = 0. This offset is regarded by in Eq. 13 and can be as large as
10% of the BPM half-apertura[13]. This fringe field contribution is minimized by suffigielong guard
rings on ground potential located at the entrance and extie@BPM to ensure identical environments
on both sides. Moreover, the guard ring is required for amdtatal separation of the horizontal and
vertical BPM part, see also Ref. [15]. The influence of theseodions depends on the BPM's length
and aperture. In extreme case for a short BPM with large apethe reading might be dominated by
this fringe field contribution [16, 17].

As it was already mentioned in Chapter 2.3 the position $gitgican be frequency dependent.
This is harmful for beams with varying bunch length duringeleration and possible bunch manipula-
tions which lead to a varying frequency spectrum. The left paFig. 15 demonstrates the frequency
dependence of the position sensitivity and offset for a BPilaut a guard ring between the horizontal
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Fig. 15: The position signal as a function of displacement and fragueerformed by Finite Element calculations
for a linear-cut BPM without a guard ring is shown left. Ints@y a guard ring the signal linearized (middle). The
frequency dependence of the position sensitivity and bftseboth cases is shown right, from [12].

Fig. 16: Photo of a linear-cut BPM at the ion therapy facility HIT (ledind its technical drawing (right).

electrodes: Above 50 MHz the sensitivity decreases sigmiflg and becomes nonlinear. This is caused
by the frequency dependent capacitive coupling betweerplttes, at about 200 MHz this cross talk
dominates the signal generation. The middle part of Fig.htihvs corresponding result obtained for the
same BPM but equipped with a guard ring. In this case the d¢edkss avoided resulting in a factor
twofold position sensitivity and a linear frequency beloaviThe position sensitivitys, defined as the
derivative for small beam displacements, and the ofisetcording to Eq. 13 yield the frequency depen-
dence which is depicted for both variants in Fig. 15, rightin®ar frequency behavior &and a small
value of9d is a crucial design criterion to avoid systematic errorshim position reading.

At proton synchrotrons the acceleration frequency is @ihyca few MHz leading to a bunch
length of about 10 m which is much longer than the BPM itseif. E6 shows an example of such an
installation. The rectangular shape and the required guagd lead to a relatively complex mechanical
realization of the BPM body. But the advantage of the pasitinearity and avoidance of horizontal-
vertical coupling legitimates the related efforts.

Linear-cut BPMs must not necessarily have a rectangulascsection. It is only important that
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Fig. 17: Left: Linear-cut BPM in cylindrical geometry, Right: Woued strip geometry, see [13, 14].

the projection of the cut between adjacent electrodes omdtigcal and horizontal planes is a diagonal
line. An example of a cylindrical BPM is shown in Fig. 17, lefthich has comparable properties to the
rectangular counterpart. An alternative geometry madeafrded strips is shown in Fig. 17, right. The
advantage of this wounded strip geometry is the equal lesugihcoupling capacitance for all electrodes.
In addition such electrode configuration allows to mountfedéld-through at the same distance from
the point where electrodes are fixed to the BPM chassis asnifdertant for a cryogenic environment.
However, one has to be cautious since the coupling betwéleogunal electrodes leads to a significantly
horizontal-vertical coupling [14]. A variation of this waded strip geometry is discussed e.g. in [4].

4 Button BPM

Button BPMs consist of an insulated metal plate of a typicaingiter from several mm to several cm.
They are used at proton LINACs, cyclotrons as well as at alesyof electron accelerators, where the
acceleration frequency is in most cases 100 MH#,.c < 3 GHz, which is higher as for proton syn-
chrotrons. The length of the bunches is correspondinglyteshdecoming comparable to the length of
typically 10 cm of a linear-cut BPM. Shorter intersectioms eequired with the advantage of a compact
mechanical realization. A typical installation is shownHig. 18, where the four buttons surround the
beam pipe. With a short pin the pick-up plate is connectedstaradard rf-connector outside the vacuum.
The transition from the button plate to the connector as ag&lhe ceramic support of the vacuum parts
have to be designed for low signal reflection, which beconmgmrtant at the GHz frequency range. In
particular, the signal path towards the analog electronéssto obey the coaxial 30 matching. Due to
the 50Q coupling, the derivative of the beam current is recordedssudsed for Eq. 11. The capacitance
of a single button is in the order of 1 to 10 pF, leading to a pags cut-off frequency of 0.3 to 3 GHz.
Together with the typical size of @ 5 to 20 mm the transfer idgree|Z; | above cut-off frequency is 0.1
to 1Q.

The small size of the button and the short vacuum feed-tlir@ligws for a compact installation
and is one reason for large proliferation at many accelesatdhe cost of a button BPM installation
is much lower than of a linear-cut arrangement, which is apartant aspect with regard to the large
amount of BPM locations along the accelerator.

4.1 Circular arrangement of button BPM

In the following a model for the estimation of the positiormding from the buttons is presented. This
model is basically an electro-static assumption in a 2-dsiaal geometry of a circular beam pipe, but
it leads to results comparable with numerical FEM calcalai According to Fig. 19 we assume a thin,
'pencil’ beam of currenty,eamWhich is located off-center by the amourét an angléd. The wall current
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Fig. 18: Left: The installation of the curved @ 24 mm button BPMs atlth¥C beam pipe of @ 50 mm, from [18].
Right: Photo of a BPM used at LHC, the air side is equipped witkconnector as well as a technical drawing for
this type.
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Fig. 19: Schematics for a button BPM and the image current densitergéed by a 'pencil’ beam at different
displacements for an azimuthg = 0.

density jim at the beam pipe of radiwsis given as a function of the azimuthal angias

jim() = lbeam a®—r2 (19)
Jiml®) = 5 "\ @512 _2ar-cod0—6)

and is depicted in Fig. 19; see [16] for a derivation. As désad above in Chapter 2.3, this represents
the proximity effect, where the current density dependshendistance with respect to the beam center.
The buttons covering an angéeand the image curreny, is recorded as given by:

+a/2
= & im(@)de - (20)
The resulting signal difference for opposite plates as atfan of horizontal beam displacement shows

a significant non-linear behavior as displayed in Fig. 20isTeimproved by the normalization to the
sum voltage yielding a better linearity up to about half of hipe radiusa. However, this is inferior
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Fig. 20: Difference voltage, normalized difference and logaritbmaitio for a button BPM arrangement of angular
coveragex = 30° as a function of horizontal beam displacementfle= 0 for a beam pipe radius= 25 mm.

compared to the linear-cut BPMs. For this reason the liceatype is preferred as long as the relevant
frequency range is sufficiently low as realized in most pnagnchrotrons. An improved linearity can be
achieved by logarithmic amplification of the individual f@aignals, the electronic setup for this purpose
is discussed in Chapter 7.3.

The non-linearity increases if the beam center moves aithiel horizontal axis, which is depicted
in Fig. 21 for different values of the azimuthal orientati@ras a function of horizontal displacement
according to Egs. 19 and 20. For an orientation along theodialgline, a significant deviation from
linearity starts for this case even at about 1/4 of the begma mdius. However, in the central part the
reading is nearly independent of the orientation leadirggdaiversal position sensitivitg. For the given
case the value iS= 7.4 %/mm, which is larger than for an ideal linear-cut BPM havB—= 1/a = 4
%/mm. The dependence between the horizontal and vertigagps better depicted in the position map
of Fig. 21, right: Here the real beam positions with equaliststeps are plotted as well as the results
using ¥/S- AU /32U calculations withS fitted at the central part. For the installations of these BPM
at Linacs, only the central, linear part is of interest forgnapplications and the position reading can
be used directly. If a better accuracy is required, the rapdifter digitalization has to be corrected
numerically, in most cases polynomial fits are chosen. Not arsingle direction has to be considered,
but due to the horizontat and verticaly coupling mixed terms in the forra,,- X"y™ occur for the fit
parameterg,m using the signals from both planes.

In the discussion above a 'pencil’ beam was considered pavipeam radius much smaller than
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Fig. 21: Left: Horizontal position calculation for different azirthal beam orientatiol® for the parameters of
Fig. 20. Right: In the position map the open circles repretereal beam position and the dots are the results of
the 1/S- AU /ZU algorithm withS= 7.4 %/mm for the central part.
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Fig. 22: Left: Transverse, normalized electric field at a distanc&®mm and 35 mm between the BPM plates
and bunches witH,cc = 150 MHz. Center: Position calculation for a beamBof= 0.08 at the fundamental fre-
guency and its harmonics as a function of horizontal disptaent and zero vertical displacement. Right: Position

calculation of the same case but wih= 0.28. Other parameters like in Fig. 20.

the beam pipe size. If the beam size is comparable to the bgsen the non-linearity of the button
response leads to a misreading. Moreover, the effect despemdhe azimuthal orientation due to the
coupling between the horizontal and vertical plane. Tonestt the misreading, the signal strength
according to Egs. 19 and 20 have to be calculated for differalues ofr and 8. The results have to
be weighed obeying the beam’s transversal distributiore dffect is relatively small for a beam close
to the center. However, the measurement cannot be correaly because the actual beam size at the
BPM location has to be determined by transverse profile distigs.

The 2-dimensional electrostatic model delivers satigfyiasults and only minor corrections are
necessary for a circular geometry and relativistic bearncrgés i.e. TEM-like field pattern. As given
by the electrical 5@ coupling scheme, the relevant frequency components aocsvitee BPM's cut-
off frequency and the signal strength does not depend on Hé Bapacitance as given in Eq. 11. In
contradiction to linear-cut BPMs, the relatively large cipg between the buttons prevent from cross talk
between the four buttons and therefore the difference kigment decreased significantly.

If the beam is accelerated to a non-relativistic velo@ty 1 only, as for proton Linacs and cy-
clotrons, the electric field cannot be described by a TEM vaawanore. Instead, the field pattern has a
significantly longitudinal extension because the eledtdld propagation is faster than the beam veloc-
ity. Moreover, this field pattern strongly depends strongitythe beam displacement for opposite BPM
plates, as shown in Fig. 22, left. In this example the trarsevelectric field is plotted for a beam of
B = 0.08 accelerated by, = 150 MHz and two different distances between the beam centeB&M
plates. As determined by the electric field propagationdimation of the signal is longer than the bunch
distribution and for an increasing distance to the wall tiggal gets less modulated, what is schemati-
cally shown in Fig. 2 as well. Generally, a weaker modulatibm time varying signal corresponds in
frequency domain to a decrease of high frequency compon€&htsfrequency dependence on the posi-
tion sensitivity is demonstrated for a horizontal displaeat variation in Fig. 22, center. For a velocity
of B = 0.08 the difference over sum signal depends on the evaluatugéncy, a higher frequency in-
creases the position sensitivi8/w) in the central region. This is related to the strong depecel@rf the
higher frequency content on the distance to the wall. Howdwuea larger displacement the sensitivity
(defined as the derivative of the depicted curve accordingqol6) decreases to nearly zero and the
BPM does not give any usable output at higher harmonickgf This is related to the fact, that the
electric field for a large distance to the wall is smoothed, ithe high frequency components nearly
vanish. For the given example &f.c = 150 MHz the effect gets weaker for velocities ab@ve 0.28 as
depicted in Fig. 22, right. The boarder of significance deijsamot only o3 but also onf,..: The varia-
tion of sensitivitySis stronger and continues to higher velocities if the acedilen frequency is larger.
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Fig. 23: Scheme of a rotated button BPM arrangement (left) and a pdfotioe realization mounted close to a
guadrupole magnet at the ALS Booster-synchrotron , Beykgight).

The reason is the more severe modulation dependence faesbanches. A detailed discussion and an
approximating formula can be found in [19], numerical cétions required for a realistic geometry are
described in [20, 21].

At electron synchrotrons, the irradiation by synchrotrgght mainly emitted in the horizontal
plane can lead to radiation damage of the electrical insuland the ceramic support of the button,
leading to the risk of a BPM failure. At circular beam pipes BPMs are therefore rotated by%4as
depicted in Fig. 23. The position reading in the horizontad &ertical plane is composed by a linear
combination of all four button signals as
1 (Ui+Ug)— (U2+U3)

horizontal:x = —= -
S Up+Ux+Uz+Uy

. 1 (Up+Uz) — (Us+Uy)
tical:y= = - . 21
VALY = 5 U Y U, 1 Us 1 Uy 1)

The range of linear behavior concerning the position siitgiis reduced for this arrangement compared
to the non-rotated orientation.

Fig. 24: Right: Typical button BPM arrangement within a vacuum chamdt a synchrotron light source, from
[22]. Right: Photo of the realization at Hera.
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Fig. 25: Position map calculated with 2 mm displacement steps folay@ut of planar oriented button BPMs of
distance 24 mm (left) and 30 mm (middle); the units at the nsmpEm. The height of the vacuum chamber is 30
mm. The sensitivity curve for a 24 mm button distance is shogimt, from [24].

4.2 Planar arrangement of button BPM

Based on the quite different beam emittances in horizomdhertical direction, the vacuum chamber
does not have a circular shape at the storage rings of syinchrtight sources. Moreover, to avoid
radiation damage in the plane of synchrotron light emissigplanar BPM arrangement is required.
A typical beam pipe shape and orientation of the BPMs is degimn Fig. 24. The beam position is
determined using the four button voltages according to EHqwRh different position sensitivitie§,
andS, in the orthogonal directions. Due to the more complex gegyreetlosed formula as Eq. 19 for
the circular case does not exist and even for a 2-dimensieladtrostatic model numerical calculations
are required, see e.g. [22, 23]. An instructive estimatiamf Ref. [24] is depicted in Fig. 25: The
position map shows a large non-linearity and horizontatie&l coupling. For a given beam pipe size
and button diameter, the position sensitivity is influenbgdhe spacing between the buttons: As can
be seen from the figure a larger distance leads to an impragdution in the horizontal but a reduced
separation in the vertical plane. The region of sufficiengdirity is influenced by the button distance,
as well. Compared to the circular geometry, the deviatiamfithe linear behavior occurs for lower
displacements as shown in Fig. 25 for the horizontal positialculation with two different vertical
displacements. The values of the position sensitivity atdntral part, in this examptg = 8.5 %mm

Table 1: Simplified comparison between linear-cut and button BPM

\ | Linear-cut BPM | Button BPM \
Precaution bunches longer than BPM bunches comparable to BPM
BPM length (typical) 10 to 20 cm per plane @0.5to5cm
Shape rectangular or cutted cylinder orthogonal or planar orientation
Mechanical realization complex simple
Coupling 1 MQ 50Q

or ~ 1 kQ via transformer
Capacitance (typical) 30-100 pF 3-10pF
Cut-off frequency (typical) | 1 kHz forR=1MQ 0.3to 3 GHz forR=50Q
or 1 MHz forR= 1kQ
Usable bandwidth (typical) | 0.1 to 100 MHz 0.1to 5 GHz
Linearity very linear, nox-y coupling non-linear,x-y coupling
Position sensitivity good good
required: min. plate cross talk required: 50Q signal matching
Usage at proton synchrotron, proton Linac, all electron acc.
face < 10 MHz face > 100 MHz
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beam pipe'

Fig. 26: Left: Scheme of a stripline pick-up. Right: Photo of the LHG@ine BPM of 12 cm length, from [18].

for y=0 andS, = 5.6 %/mm forx = 0, are comparable to the values one would obtain for the leircu

beam pipe. But in contrast to the circular arrangement, et¢he central part the horizontal position
sensitivity S, depends on the vertical displacem@r(and vice versa) and a correction algorithm using
polynomial coefficients must be used for a precise positedowation.

As a summary the basic parameters for linear-cut and butRiM$are compared in Table 1. The
table contains significant simplifications but should sexs&n overview.

5 Stripline BPM

In the discussion of capacitive BPMs above, basically actmlstatic approach was used disregarding
effects based on the signal propagation. If the bunch lebgttomes comparable to size the of the
BPM, the final propagation time leads to a signal deformatmmin other words: For short bunches
button BPMs have to be small and can therefore deliver onigwadignal strength. Stripline BPMs
are well suited for short bunch observation because theakjgopagation is considered in the design
like for transmission-lines in microwave engineering. Ermuthal coverage of the stripline BPM can
be larger than of a button type yielding an increased sigimahgth. Moreover, stripline BPMs have
the characteristic of a directional coupler which is of gliegortance for the installation in a collider of
counter-propagating beams within the same beam pipe: Wighise BPMs one can distinguish between
the directions of beam propagation and can record only tsdipo from one beam by suppressing the
signal from the counter-propagating beam, as explaineal\belhe electrical properties of such a BPM
are comparable to a directional coupler used for microwaxacgs [25].

A stripline pick-up consists of a transmission line of sevemm length, having at both ends a
feed-through with an impedance Bf andR, matched to 52, see Fig. 26. The stripline of length
is installed at a distanca from the beam center covering an anglecoiwithin a cylindrical vacuum
chamber of radius. The characteristic impedaneg;ip of this strip depends on the parametgisand
a, like for a micro-strip line on a printed-circuit board. B thosen to b&si, = 50 Q for matching
the characteristic impedance at the two ports, i.e. theitondZsip = Ry = R = 50 Q is fulfilled.
Further on, we assume that the beam is relativistic and cappmximated by a traveling TEM wave
with velocity vheam Which equals the signal propagation on the stdp = Vheam= C. The bunch
length should be shorter than the strip length to prevemasigverlapping. The signal generation at the
upstream port 1 during the bunch passage is visualized ir2iFignd described in the following:

— Att = 0 the bunch passes the front edge of the strip. The wall cuiseativided in two parts due
to the matching of the voltage divid&g i, = R1 = 50 Q. Half of this signal travels towards port
1 and half travels downstream along the stripline.
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Fig. 27: Four plots visualize the signal generation at a striplind/BFPhe plot on the lower right shows the signal
cancellation in case of a bunch repetitiontby 2| /c.

— During 0<'t < I /c the beam and the signal travel in phase according to the bomdiyi, =
Vbeam= C.

— At t =1/c the bunch reaches the upstream port 2. Here the image cleageslthe stripline,
generating an equal amplitude but opposite sign of currdntinis split in two halves according
to Zstrip = R» = 50 Q. However, the image current is leaving the detector anditeeposite sign
to that generated at the upstream port. Therefore, halfeoidnal cancels the initially generated
signal at port 1. The other half travels now back towards {he&ream port 1.

— Attimet = 21 /c the back traveling signal generated at port 2 reaches thesaps port 1.

— If the bunch repetition time of the bunchedds. = 2-1/c the reflected, inverted signal from the
first bunch cancels the signal from this second bunch.

This ideal behavior has two important consequences: ¥ittere is no signal at the upstream port 2
for a beam propagating in the described direction. For arsg@®am traveling in opposite direction,

the roles of the ports are interchanged, which enables treragon of signal from counter-propagating

beams like in colliders; this is not possible for other typé8PMs. However, due to imperfections of

the mechanical and electrical realization, the supprassidhe counter-propagating signals (i.e. signal
strength at port 2 compared to strength at port 1) is typic2dl to 30 dB, i.e. the voltage at port 2 is

lower by a factor 10 to 30. Secondly, the voltage signal feriteal case at port 1 is given by

1 a

Inserting a Gaussian bunch distributionlgsn{t) = lo - exp(—t2/207) this equation can be written as
_ Lstrip O (2002 _(1—21/c)2/202)
Ui(t) = =5 ’2n<e e t)-lo. (23)

This voltage signal at port 1 is shown in Fig. 28 for severaldiudurations;.

The related transfer impedangeis obtained from the Fourier transformation of such a stigl

BPM to be
a

Z (W) = Zstrip - an

and is shown in Fig. 28. For a short bunch it shows the follguweatures:

e @R/2 gin(wl /) - (M2 ®/0) (24)

— |z is composed of a series of maxima figfax= £ - (2n—1) forn=1,2, ...

— For a given acceleration frequen&y, the lengthl must be chosen to work close to such a max-
imum. The first maximum is located At ﬁm = A/4, with A being the 'wave length’ of the
bunch repetition. Due to this behavior such BPMs are callexitgr wave couplers.
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Fig. 28: Calculation of a voltage signal at the upstream port of glitie BPM ofl = 30 cm and a coverage of
a = 1(° for different bunch durations; (left) and the corresponding transfer impedance (right).

— The sensitivity is zero for=n-A /2. This means no signal is present when the spacing between
bunches is equal td 2iue to the destructive interference between consecutinehas.

— The phasegp as a function of frequency is built of straight lines with aag@hase shift at the
maxima locations fot = (2n—1)/4-A /4. For these frequencies, the recorded signal is a direct
image of the bunch. In contrast to capacitive pick-ups, tshonches can be monitored without
signal deformation close to these frequency locations.

For a finite bunch duration, the transfer impedance decreases for increasing freguengiven
by the term|Z| O e~ @*0¢/2in Eq. 24. This is related to the fact, that the overlap ofcti@nd reflected
signal leads to a destructive interference. For a bunchthecgmparable to the stripline length, even
the first maximum of the transfer impedance can be effectemventer, in most cases the length of the
stripline can be chosen with the objective of avoiding siglamping.

The position sensitivity of the four strips of such BPM candadculated in the same way as
for button types, see Eq. 19 and 20. In case of low beam cuthenazimuthal coverage can be
enlarged to intercept more image current leading to an &s&é signal amplitude without too much
signal distortion. However, the characteristic impedaoCéhe strips has to be kept ®ip = 50 Q

Fig. 29: Technical drawing of the stripline BPM installed inside adtupole magnet at TTF2 (left) and the design
of the transition for the strip to the feed-through (righithe beam pipe has @ 34 mm, from [26, 27].
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Fig. 30: Schematic for the signal generation at shorted striplin®BP

resulting in an increased mechanical size of the beam pipeed¥er, the signal propagation towards the
feed-through have to fulfill this matching condition. Evem $maller azimuthal coverage, the electrical
transition for the strips to the coaxial vacuum feed-thtohgs to be designed carefully obeying sensitive
radio-frequency and mechanical requirements. The rdalizaf a stripline BPM is more complex
compared to the button type. An example of the technicalgtej6] for the electron Linac at TTF2
is shown in Fig. 29. The striplines can be installed insidaiadgqupole magnet reducing the insertion
length for the BPM installation.

The so called shorted stripline BPM is a modification in a vilagt the downstream port is replaced
by a short circuit leading to a facile and more compact meiclahimstallation; for a realization see e.g.
[28, 29]. The consequence of this modification is explainembading to Fig. 30: The signal traveling
with the beam is reflected at end of the stripline, but due ¢ostort circuit ofR = 0 at this location
the polarity remains. It is added to the signal created byleéheing bunch having the reversed polarity
and twofold amplitude compared to the co-propagating sigitae result is a counter-propagating signal
with the original signal strength but reversed polarity itee same signal shape as for regular stripline
BPMs is finally recorded at the upstream port.

Shorted stripline BPMs are used at proton Linacs for beartis man-relativistic velocities with a
kinetic energy below 1 GeV [30, 31, 32]. In this case the bealnoity Vheam< Cis lower than the signal
propagation velocity and Eq. 23 has to be rewritten as

Zsyrip Q@ ,
Us(t) = s;np o <e*t2/202 _ e—(tfl-Z)2/202) lo with { = (1/c+1/Vpeam) - (25)

Table 2: Simplified comparison between stripline and button BPM

\ | Stripline BPM | Button BPM \
Idea for design traveling wave electro-static
BPM size (typical) length: 5 to 30 cm per plane @0.5to5cm
transverse coverage upto~ 70° | otherwise signal deformation
Signal quality minor deformation possible defromations due to
finite size and capacitance

Signal strength larger smaller

depending on trans. coverage
Bandwidth nearly broadband highpass withfe; ~ 3 GHz

with well defined minima
Requirement careful 50Q matching
Mechanical realization | complex simple
Installation inside quadrupole possible compact due @& 3 cm
Directivity yes no
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The amplitude of the transfer impedance is modified as

a 2 2 wl 1 1
Z T e 00/2 ginl 22 . [ = 26
|Z: ()] strip” 7 SI > c + Voomm (26)

The transfer impedance not only depends on the bunch daratibalso on the beam’s velocity. Along
a Linac the optimal length of the BPM for maximal signal sggnwould increase as can be calculated
from the first maximum of the transfer impedance. This maxinulfills the condition%' - (% + 1) =

7_21 = lopt = 1/2- Vpeany/ facc. Nevertheless, in most installations the BPM have a coh&agth to sim-
plify the mechanical construction and signal deformatiaresaccepted. A compact assembly within the
guadrupole magnets is sometimes realized. A typical leigthss than 5 cm with a relatively large

azimuthal coverage af ~ 6Q° for high signal amplitudes.

The basics of stripline BPMs are summarized in Table 2 andpemed to the button type. Due
to the precise matching condition required for the stripligpe, the technical realization is complex.
Beside the possibly larger signal strength and bandwitithjain advantage of stripline BPMs is their
directivity which is necessary at any collider with courpeopagating beams in a common beam pipe.

6 Further types of BPM

Within this chapter we briefly introduce three further tyé8PMs. The wall current monitor types are
based on a resistive or inductive broadband detection ofiilcurrent and allow for longitudinal bunch
structure observation. In a cavity BPM a resonator modeagexk with an amplitude proportional to the
displacement. Tiny displacementsxo& 1 um for beam pulses as short ag!4 can be detected. This is
an important requirement for short-pulses delivered bg &ectron lasers or at electron-positron-collider
projects. Even more types of BPMs have been realized bubtéediscussed here, like capacitive types
with an external resonator to improve the low signal detecthreshold, inductive types based on the
beam’s magnetic field measurement [33, 34, 35] or traveliagenstructures well suited for observation
above several GHz [36, 37, 38].

6.1 Resistive wall current monitor

The evolution of the bunches along an accelerator or withéyrechrotron is influenced by the longi-
tudinal emittance and therefore a bunch structure observi of great interest. It is advantageous to
have an equalized transfer impedaiZgef ) as a function frequency, i.e. the large bandwidth leads to a
non-modified image of the beam bunches. In a synchrotronviblateon of the bunches can be observed
and analyzed e.g.[39, 40], while for electron beams therghtien of short bunches is of importance
[41, 42].

shield signal

R -
) ferrite rings
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__beam—+=> .
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to signal

coax cable

-~«——ground

Fig. 31: Scheme of a wall current monitor.
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$114 mm

Fig. 32: The realization of a wall current monitor at a @ 40 mm beam [ipeCTF, from [41].

With a resistiveWall CurrentM onitor WCM, a bandwidth with a lower cut-off frequency down
to kHz and an upper value up to several GHz can be realizedinfdoge current flowing along the beam
pipe is interrupted by a ceramic gap shorter than the bunaithe as displayed schematically in Fig. 31.
The gap is bridged by typicallg =10 to 100 resistors with a low resistivity & =10 to 100Q leading
to a total value oRst = R/n~ 1 Q. The voltage drop at the resistors is the signal sourceethesstors
are azimuthally distributed in an equal manner, so thatityeas amplitude is independent of the actual
beam position. At several locations the signal is connetdeal coaxial cable and fed to an amplifier.
Within the passband the voltage across the resittgfss given byU;q = %- lbeam

The resistors have to be shielded carefully against nom® the surroundings as caused, e.g.
by ground currents from the rf-system. The shield also asta short circuit for low frequencies. To
achieve a low cutoff frequency, high-permeable ferritgsimre mounted across the beam pipe to force
the image current through the resistors. The equivalentitiof such a WCM is a parallel shunt of the
capacitanceéC of the ceramic gap, the resistoRs,; where the voltage is measured and the inductance
L as given by the ferrites. The transfer impedance and itaiéegy response can be calculated from
Z =Rt +iwL 1 +iwC. For the ideal case, the lower cut-off frequencyfiig, = 27T- Rt /L and can
be decreased down tf; ~ 10 kHz. The upper cut-off frequency is given by the capaciaaf the
gap to befpigh = (2mT- Rtot-C)*l; several GHz are realizable by a careful design of all rf-ponents.
Within this bandwidth the transfer impedance4g = R,; and¢ = 0° allowing un-differentiated bunch
structure observation. The realization for CTF shown in BRjhas a bandwidth over 6 decades from 10
kHz to 10 GHz, for more details see [41]. Other realizatioresdescribed e.g. in [40, 43]. The device is
rarely used for beam position determination.

6.2 Inductive wall current monitor

For position determination the wall current monitor priplei is modified to sense directly the azimuthal
image current distribution by at least four strips and idezhinductive WCM. The beam pipe is inter-
sected by a ceramic gap and the current strips are installtside of the beam pipe for better acces-
sibility, see Fig. 33. The wall current is sensed by a tramsér surrounding each strip i.e. each strip
acts as the primary winding of this transformer. The tramafer's secondary winding of about 10 to 30
turns is fed to an amplifier for further analog processing. féwsthe resistive counterpart, ferrites are
used to force the low frequency components to the curreipisstA realization is described in [44] and
depicted in Fig. 33. It uses 8 current strips mounted at aisadli @ 145 mm around the @ 120 mm beam
pipe. The reached position sensitivity for this devic&is 3.8 %/mm which is about a factor of 2 larger
than an ideal linear-cut BPM. The linearity in the centratt é 20 mm is very high with less that 0.1
mm deviation, as shown in Fig. 34. A large bandwidth with flagiency response over 6 orders of
magnitude is achieved. The large bandwidth and the factahaensitive parts are installed outside of
the vacuum are the main advantages of this BPM type.
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Fig. 33: Scheme of an inductive wall current monitor and the realirafor CERN LINAC 2, from [44]. The
abbreviations at the central photo are: A housing, B feriitgs, C current strips on @ 145 mm, D ceramic gap of
@ 120 mm, E support and F current transformers for the 8 strips
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Fig. 34: Linearity determination in the central region of the induetWCM of Fig. 33, from [44].

6.3 Cavity BPM

Precise beam alignment is required for Linac-based elegiositron colliders and free electron lasers
due to their high demands on accuracy and the very small b&aas. sMoreover, only short pulses of
less than 1us duration are accelerated with low repetition rate, cgllior single pulse measurements
without averaging possibilities. A resolution requirernéentypically 1 um for a single pulse of Jus
duration. These challenges can be approached by the @éxtitdtresonator modes within a cavity BPM.
Because the short bunches deliver a wide spectrum of freteeseveral modes resonating at slightly
different frequencies can be excited. Due to the resondtétavior the position sensitivity, as given by
the shunt impedance of the dipole mode (see below), is hidplaer for a button or stripline BPM. The
subject is reviewed in [45] and only the basic idea for a pillstructure is presented here.

In a pillbox cavity the wavelength of the resonator mode iedivy the cavity size due to the
boundary conditions for the electric field at the metallidlaaThe field pattern of the monopole mode
within a circular pillbox cavity is shown in Fig. 35. It has eamimum of the electric field in the center
of the cavity and is excited proportional to the bunch chargais mode has a field patter &fMo10
characteristics [46, 47] with the resonator frequerig)y; it is sometimes called common mode, too. For
typical cavity sizes of 5 to 15 cm the resonance frequenaytise order of several GHz. The dipole mode
has a node at the cavity center as described byl tie;o field pattern and a resonator frequentiyg
which is separated from the monopole mode frequency by ae¥@0 MHz. Its excitation amplitude
depends linearly on the beam displacement (as well as onuhehbcharge). The amplitude of the
resonatingl’ M1 field and its phase has to be processed, the magnitude rejzréise value of the beam
displacement and the sign is reconstructed from the phase phase is defined relative to the phase of
the monopole mode, which has to be processed in addition.hdheontal and vertical displacements
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Fig. 35: Left: Scheme of a cavity BPM in pillbox geometry. Right: Swoiagic electric field distribution of the
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Fig. 36: Schematic frequency spectrum of Fig. 37: Layout of a cavity BPM designed at FNAL [48].
a pillbox cavity.

can be distinguished by the different polarization of the possible dipole modes. The loaded quality
factor Qjoag for both modes is chosen to be typically 100 to 1000. A largdue gives a higher signal
strength, but reduces the time resolution and by that theilpibs/ to resolve consecutive pulses of about
us repetition time.

For typical displacements of severain only the dipole mode is excited weakly, while the monopole
mode with the maximal electric field on axis is excited effitig Due to the relatively low quality fac-
tor, the frequency spectrum is wide and a noticeable amdutfiteopower from the monopole mode is
present at the frequency of the dipole mode, as depictedratially in Fig. 36. An effective method
must be chosen to separate the weak dipole mode signal flemdhnopole contamination.

An example of such a device is shown in Fig. 37 as designed AtLFdt the International Linear
Collider [48, 49]. The diameter of the cavity is @ 113 mm intgting the @ 39 mm beam pipe by a gap
of 15 mm length. The loaded quality factor@,aq ~ 600. The resonance frequenciesfgfo = 1.125
GHz andfy10= 1.468 GHz are relatively low. The antennas for the couplindheorhonopole mode are
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short N-type feed-through. The signal for the dipole modeoispled out via a waveguide at a position
of large electric field amplitude. It has its cutoff frequgrabove thefpig resonance to suppress the
propagation of the monopole mode toward the antennas faijisée mode detection. A resolution on a
single pulse basis 6f 1 um for a displacement range gf1 mm has been achieved. Examples of other
recent realizations and descriptions of the principle caufolind in [50, 51].

7 Electronics for signal processing
7.1 General considerations

The electronic circuit attached to the BPM plates influertbegproperties of the signal shape and is there-
fore an important part of the full installation. By the cheiof the analog and acquisition bandwidth,
the time steps for meaningful data presentation is detexthand this has to be matched to the foreseen
measurements and applications. A wide range is covered Iy 8Rtems: The highest bandwidth is
required, if the structure of the individual bunches hasdmbserved; for this case the bandwidth has
to exceed the acceleration frequency by typically a factdr@® For a bunch-by-bunch observation the
signal from individual bunches has to be distinguishaldethe bandwidth has to be at least comparable
to the acceleration frequency. For such a mode, each burielerdea position value and they are used
to monitor the dynamic behavior during acceleration or teedaine lattice parameters. For the turn-
by-turn mode at a synchrotron, the position information dedicated bunch on each turn is stored and
lattice parameters like the tune are calculated. The reduanalog bandwidth is chosen to separate one
dedicated bunch from the successive bunches. At most sytnohs the circulating beam is composed
of many (10 to several 100) bunches and therefore the atignisiandwidth can be lower than the ana-
log bandwidth and is typically about some MHz. A much lowendbaidth is required for monitoring
slow beam variations with high resolution, like the closeditowvithin a synchrotron, where the averaged
behavior during thousands of turns is determined. The dssli choice of processing bandwidth signifi-
cantly influences the position resolution from about 100 or 10-2 of beam pipe diameter for the single
bunch reading down to typically im or 10-° of beam pipe diameter for a closed orbit measurement
with less than 1 kHz bandwidth. Beside the technical demath@scost of the BPM electronics is a
design criterion with regard to the large amount of BPM lamad around the accelerator.

For the low difference signal of opposite BPM plates, thertted noise gives a general limitation
on the achievable position resolutidmx. For the difference of sum evaluation it is

_ 1 Uets
S U
The thermal noise is described by an effective voltage tkgp at a resistoR as given by

Uerf = 1/4ks T -R-Af (28)

with kg the Boltzmann constarnit, the temperature of the resistRiandA f the bandwidth of the analog or
digital processing. A lower bandwidth results in a lowerthal noise contribution, corresponding to an
increased position resolution. This is depicted in Fig. 3@ the measured position resolution is plotted
for three different bandwidth settings of the same readdatrc[52]; in Chapter 7.6 the appropriate
electronics is discussed. A bandwidth restriction from %B{x (for the turn-by-turn mode) to 2 kHz
(for the closed orbit mode) leads to a better resolution @iuak/2 kHz/500 kHz~ 1/15 as expected
from Eq. 28. This reduction is true for a large signal amjpléu corresponding a large beam current.
For lower input signals, the relative contribution of thenstant thermal noise rises, resulting in a worse
signal-to-noise ratio and therefore a lower position resoh; in the displayed example by two orders of
magnitude for a current decrease by a factor of 100. Noteathatput level of -80 dBm corresponds to
a voltage of 3QuV at 50Q only. Moreover, the signal has to be amplified and additiowéde from the
amplifier input stage (as characterized by its noise fig)res added. Further signal perturbations might
be caused by electro-magnetic pick-up from the surroundimgronment which is most severe for weak
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Fig. 38: Determination of the position resolution as a function giutlevel and corresponding beam current
performed at the Swiss Light Source for different bandwsdts00 kHz (turn-by-turn mode), 15 kHz (here called
ramp 250 ms mode) and 2 kHz (closed orbit mode). Gain leveteetystem are kept constant for the marked
beam current ranges (colored underlays G1 to G8), from [3R, 5

signals and therefore the first stage amplifier should be teduciose to the BPM. If low currents have
to be monitored, a large signal strength is preferred, wharhesponds to a large transfer impeda#ge
realized in most cases by large BPM plates mounted as clgsesaible to the beam.

The analog electronic schemes can be divided in two caeganamely the broadband and nar-
rowband processing. In the broadband case, the behaviodvidual bunches can be monitored; the
broadband processing with linear amplifiers and logarithratio processing belong to this category. For
the narrowband case, the individual bunch properties atellee to the bandwidth restriction. In modern
installations the analog signal is digitized on an earlgstand digital signal processing delivers the
position information, offering flexible signal evaluati@nthout any hardware modification. In Ref. [54]
the various electronic schemes are compared.

7.2 Broadband linear processing

The most direct way of electronic treatment is the broadlpandessing shown in Fig. 39 which preserves
the full information of the bunch structure and is requiredd bunch-by-bunch evaluation. This scheme
is mainly realized at proton synchrotrons due to the reddyivow acceleration frequency and at proton
Linacs to perform velocity measurements by monitoring fheetof-flight of a single bunch between
two BPMs. The individual BPM plate signals are amplified watlbroadband linear amplifier having

a bandwidth up to about the 10-fold acceleration frequentiie impedance of the input stage can
be chosen to be either high impedance, as sometimes useot@h gynchrotrons having a bandwidth
limitation to typically 100 MHz, or 502 with an increased bandwidth up to several GHz. If a passive
impedance matching by a transformer is required (as disdufss Fig. 10) it is inserted in front of the
amplifier. Two examples of such treatments for a synchrotmod a Linac were depicted in Fig. 6 and
7. To achieve the required dynamic range, gain switchindnefamplifier is foreseen for matching the
signal amplitude to the required ADC input level. In someesathe signal from the BPM plates can
be that large, that attenuation is required. To ensure e@sgition measurements, a precise test pulse
injection (at periods where no beam is present) allows ferdbmpensation of possible gain variation
caused by thermal drifts. The signal is digitized by a fastGAlh the optimal case with a sample rate
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Fig. 39: Scheme of a broadband signal processing. The plate sigeadsther fed directly to the amplifier (dashed
line) or via a hybrid the sum and difference is generated iarsalog manner (solid line).

of 4 times the analog bandwidth. For noise reduction ang-graduct suppression, a lowpass filter is
used matched to the sample rate of the ADC. In older insi@tiatfast sampling was not possible and
an external trigger, as generated from the bunch passageanalog manner forced the digitalization.
In most applications the sum and difference voltages artogoasly generated by a 18@iybrid or a
differential transformer. Because they are pure passiveeds, they can be mounted quite close to the
BPM plates even in case of high radiation. The differencaaignvhich is normally lower by at least a
factor of 10, can be amplified by a higher amount than the sgmasio exploit the full ADC range. An
example of an amplifier design can be found in [55] and theasdguch a system in [56].

The advantage of the broadband realization is related tdatttehat the full information is pre-
served and post-processing, in most cases in a digital maisnpossible, resulting in flexible high
performance BPM readout. Linear amplifiers can cover a wigeathic range by gain switching. This
switching and the required high performance digitalizatioe. an ADC with high sampling rate, leads
to an extensive hardware realization. The disadvantagkeidimited position resolution due to the
broadband noise as well as the relatively extensive andiydustdware.

7.3 Logarithmic ratio processing

A very large dynamic range without gain switching can be eabd by using logarithmic amplifiers,
see Fig. 40 for the schematics. A compression of the sigdgtamic range of up to 80 dB (corre-
sponding to 4 orders of magnitude for the input voltage) idquened, where a ratio of input voltages
corresponds to an output voltage difference. The relatédark within an integrated circuit consists of
cascaded limiting amplifiers of several 100 MHz bandwidth, [58, 59]. Due to the intensive usage for
telecommunication and broadcasting they are well devel@el inexpensive. The output signal from
the logarithmic amplifier is lowpass filtered for noise retiloie. For most applications the lowpass cut-off
frequency is typically MHz and individual bunches cannobbserved. But a higher cut-off frequency is
also possible which is particularly useful for single burdiservation in transfer lines. The single plate
signals are fed to a differential amplifier (based on low frexacy operational amplifier technology) well
suited for relatively low bandwidth processing. The outpai finally be digitized by a slow sampling
ADC.

The beam position for this electronic processing is

1 1 Uy 1
X= § : (lOQUright - IOguleft) = § ! Iog U:S: 0 § 'Uout (29)

with the position sensitivity given i8; = [dB/mm| for the horizontal direction; for the vertical direc-
tion a corresponding formula can be applied. The outpuiagel,,; after the differential amplifier is
independent of the sum voltag&) and therefore of the beam current. It is shown in Fig. 20 fdtdou
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Fig. 40: Scheme of a logarithmic amplifier chain.

BPMs in a circular arrangement, that this type of proceskags to an improved linear position reading
compared to the difference over suxt />U algorithm.

The advantage of logarithmic-ratio processing is the laig@amic range without gain switching,
resulting in a robust and inexpensive electronics reatimat In most cases a commercially available
board is used [60]. The disadvantage is a relatively low &maipire stability and output linearity as a
function of input voltages, resulting in a poor position @@cy. Due to the differential amplifier the
intensity information is lost.

7.4 Analog narrowband processing

For a long train of bunches delivered by a Linac or stored igreclsrotron, the signal recorded by the
BPM has a repetitive behavior, which corresponds to a liretspm in frequency domain as discussed
in Chapter 2.2. A significant reduction of the broadbandrtt@@moise is possible by analyzing the BPM
signal at one harmonic of the acceleration frequency ongndpass filters with a narrow passband are
not well suited for this purpose due to their ringing behavimstead, after passing a linear amplifier,
a mixing stage is introduced as depicted in Fig. 41. Thisqipie is called heterodyne mixing and is
realized e.g. for a spectrum analyzer and even for any ANBrdd this sense one can express the signal
composition for position measurement in the following wardhe position information is transmitted on
carrier frequency and demodulation is required to extriaetamplitude. A mixer is a passive rf-device
multiplying a wave at the RF-port (for radio frequency) wihe at the LO-port (for local oscillator).
The product oscillates at the difference and sum frequendyisiavailable at IF-port (for intermediate
frequency). The LO-port is connected to a sine wave ositiiaivith the acceleration frequency shifted
by a certain amountl,e.(t) = Uace: COStacd. The RF-port is connected to the BPM voltddgrm(t) =
Ugpwm- COSwepyt. From the trigonometric theorem cascosb = 1/2- [cos(a— b) +coga+b)] it follows

Uir (t) = Uacc: UppM - COSWacdt - COStrpME = %Uacc‘ Ugpm- [COS (Wacc — Wapm)t + COS Wace + wapm)t] .

(30)
The difference frequency content is available at the IR-god is filtered by a narrow bandpass; typically
10.7 MHz or one of its harmonics is chosen due to its large eisagelecommunication. At a proton
synchrotron an IF-frequency of about 100 kHz is chosen téopar down mixing with respect to the
typical MHz acceleration frequency. The signal is rectifigdh so-called synchronous detector to recover
the amplitude contertdi=. In a synchronous detector (depicted as part of Fig. 42)igvebis split and
one branch is fed into a limiter amplifier driven into satioat which transforms the signal to a bipolar
rectangular pulse. This signal is mixed with the origingnsil to yield a unipolar waveform. It passes
through a low-pass filter with a cut-off frequency well belthe IF-frequency. The resulting quasi-dc
level is then digitized by a slow ADC. The mixing and rectifioa is equivalent to an average over
many bunches leading to high position resolution and goadracy. Because the information for the
individual bunches is lost, this method does not allow fourmtby-turn observation. A realization of
this scheme is described in [61, 62].
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Fig. 41: Scheme of an analog narrowband processing.

For beams of non-relativistic velocities stored in a progymchrotron this method can also be
applied because the varying acceleration frequency isgdthim phase with the bunch signal, resulting
in a constant intermediate frequency at the IF-port [63].

This method is used for cavity BPMs to extract the amplitufi¢he resonating modes, which
have a narrowband characteristics anyway. Here a signifit@ise reduction and mode separation is of
importance due to the low signal strength.

To increase the accuracy a compensation of systematicsaraor be performed by multiplexing
the signals from the four BPM plates to a single channel chhgnscheme of such a system is depicted
in Fig. 42. The main uncertainty arises from the gain- andesffirifts of the amplifiers. However, if all
four plate signals pass one single analog processing dhese drifts are compensated and do not effect
the position accuracy for the difference-over-sum alfgonit The switching of the individual channels
occurs at typically 10 kHz, which is much faster than typitiale constants for the thermal drifts. The
accuracy can further be improved by keeping the sum sigbakonstant, which is performed by an
automatic gain control loop acting on the pre-amplifier aR@mplifier gain. The general functionality
is similar to the scheme without multiplexing: The singlatpl signal is mixed with a signal locked to
the acceleration frequency including a certain offset.eAfiandpass filtering, the signal is rectified by
a synchronous detector. For the quasi-dc signals the limitidtiplexing is compensated in an analog
manner to have individual plate outputs. These values aredtvith the help of an analog sample&hold
circuit and are provided for an external connection andtdligiation after an active matrix; here a beam
displacement proportional signal is generated by an analmgner as well. However, at a given instant
of time, the signal from one plate is processed solely. Theghod can only be applied if any changes in

Narrowband acc. frequency
. . sample anlog out
+ multiplexing frequency & hold
synthesizer ) —

— T ___ D e multiplexer . — A
multiplexer | bandpass : IMiter jowpass| X

pre—amp. :IF—amp: w 1 B
' : & : 3

' mixer : —C
' synchronous detecton — Y

1
......................... . D

automatic gain control

AGC —
switching

switching (—]7 trigger
clock

Fig. 42: Scheme of a narrowband processing with multiplexing.
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Fig. 43: Scheme of Amplitude-to-Phase Conversion AM/PM, from [54].

the beam parameters are much slower than the switchingdoefiabout 0.1 ms , which leads to severe
restrictions for the usage of such a scheme. This populdog@mectronics is commercially available
[60].

The advantage of the narrowband processing is the very bBigiution even for low beam currents
due to a bandwidth restriction to a region of high signal atagé. Additionally, this narrow bandwidth
results in an effective noise reduction. However, by theavabandwidth any reference to the individual
bunches or turns is lost. The choice of the IF-frequency aeddwpass filter characteristic determine
the time resolution of such a system and the output bandvsdihleast a factor of thousand below the
acceleration frequency. By multiplexing the four inputreds to a single analog processing channel,
systematic errors can be ruled out in an effective mannee shistem is well suited for precise closed
orbit measurements, but any beam parameter must be stalaleifioe of at least 10 ms.

7.5 Amplitude-to-Phase Conversion AM/PM

An analog method to transform the BPM plate voltages intacklgsignals is the Amplitude-to-Phase
Conversion AM/PM. Such analog electronics can be installese to the BPMs and the resulting logical
pulses, which are less sensitive to any electro-magnetcf@rence, are transmitted via long cables out
of the accelerator tunnel. The digitalization of logicalg®s is straightforward and more cost-efficient
compared to digitalization of voltages. The scheme of an RIMI/Conversion is shown in Fig. 43: The
BPM signalsA and B are bandpass filtered to generate a single working frequéarcthe electronic
circuit. Each signal is split by a passive hybrid where oranbh is used directly, while the other branch
is shifted by -90 (based on the processing bandpass-filter frequency) aretladdhe remaining signal
from the opposite plate. As it can be seen from the vectoresgmtation, the resulting sign&sandD
have a phase shift, which depends on the amplitude ratioeobpiposite BPM plated andB. At this
stage the amplitude is transformed to a phase shift whatigssthe name AM/PM Conversion. With a
phase detector the signals can be compared. Another ditgsés shown in the figure, is to detect the
zero-crossing in an analog manner and to generate a logitsg;pone signal branch has to be delayed
to arrive later than the signal from the other branch (indeleat of the plate’s amplitude ratio). With
the help of an Or-Gate the position can be transformed toyafdator of logical pulses. For an AM/PM
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Conversion the position reading is related to the BPM plateages by

1 Ua
X = s [arctan(U—B> — 900} (31)

with the position sensitivity now measured$a= [degre¢mm)|. Realizations of AM/PM Conversions

are described e.g. in [64, 65, 66]. The scheme can be moddieditieve larger bandwidth (i.e. less
sensitivity due to working frequency variations) by remtacthe hybrid by a time delay and a combiner.
The position information is then transformed into a lengthadogical pulse; this is called wideband
Amplitude-to-Time normalizer and is described in [67, 68].6

The advantage of AM/PM Conversion is the large dynamic raxfge to~ 60 dB without using

a switchable gain amplifier. Within a dedicated analog dirite plate voltages are converted to logical
signals, which can be transferred by low-cost cables faigitforward digitalization. This method is
well suited for large accelerators with many BPM locatiofke disadvantage is the relatively complex
analog electronics dedicated to only one frequency andattiettiat a beam current proportional signal
is not available. The bunches have to be well separated,et@pt any overlap of the filtered signal
by successive bunches as required for the zero-crossiogndisator. The method does not work well
for faec > 150 MHz. If one wants to use it for this frequency range an tamlthl down conversion via
heterodyn mixing is required, making these electronicsienere complex.

7.6 Digital signal processing

The methods discussed above perform the BPM signal conmtigdn an analog manner; for most cases
it leads to a low bandwidth output, which is then digitizedhna slow sampling ADC. Motivated by
the intensive use in telecommunication, the properties DA in terms of sampling rate and voltage
resolution were significantly improved during the last disaAdditionally, the digital signal processing
capabilities were enhanced. The tendency of modern teocbiesl is to digitize the signal on an early
stage of the signal path and replace the analog conditidnyndjgital signal processing. In most cases
the required parallel processing is realized on an FPG/Asl{&seld Programmable Gate Array) to ensure
fast, real-time response [70, 71]. On this digital basissaile treatments can be implemented without
any hardware exchange. An example is the filtering of onesktavith different bandwidths to match the
position and time resolution to the requirements. The aabiobsuch a digital filter variation performed
within one hardware board is depicted in Fig. 38.

The scheme of a commercially available electronics boa2d {3] designed for the usage at syn-
chrotron light sources is shown in Fig. 44. Its general fiomzlity is described in the following:

— The analog signal from the BPM plates (called A to D in theriare fed to a crossbar switch,
where multiplexing is performed. In contrast to the switchifor the analog narrowband case,
each signal goes to one analog channel and all 4 BPM signalbecarocessed in parallel. The
multiplexing is performed at an adjustable rate of typicdl8 kHz.

— The analog signal is conditioned by a linear amplifier wittitshable gain adjustments of 1 dB
steps and a dynamic of about 30 dB to ensure a constant in@lttétethe ADC. The gain setting
to achieve constant output power is controlled using theli&uae value available in the digital
part; the response time of about 10 s compensates slow therifits,

— Analog bandpass filtering is performed with a relativelyairandwidth of about 10 MHz at the
acceleration frequency of typically 352 or 500 MHz as usesh@st synchrotron light sources.

— The analog signal, conditioned in the described manneligitized with a fast, high resolution
ADC having a maximum sampling rate of about 130 MS/s and a nalmisolution of 16 bit.
The sampling frequencysampieis locked to the acceleration frequenty using the principle of
under-sampling [74], as schematically depicted in Fig. Bbe to the fact, that a sine wave can
be reconstructed from 4 values, a periodicity of the digilizalues is achieved if the sampling
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Fig. 44: Scheme of digital BPM electronics as typically used at theagje rings of synchrotron light sources.

frequency fulfills the conditiorfsampie= %—i—l - faccWith n=1,2,3.... The value ofn is chosen
in such a way, thafsampiehas the closest value below the maximal sampling rate of h€ A

In time-domain one can describe under-sampling in a wayamriodic signal is reconstructed
from 4 digital values equally spaced over-4 1 periods. The resulting reconstructed sine-wave
is called IF signal for intermediate frequency, accordiagts analog counterpart. For the typical
case of a synchrotron light source with an accelerationueeqgy offy.c = 500 MHz, the ADC is
sampled affsample= #‘H - facc = 117.6 MHz corresponding ta = 4. This means that the signal
is mirrored to a band from zero técc — 4fsample= 32 MHz. In time domain this case can be

described such that 4 ADC values are equally distributed bvdounches.

— In the following block the digital data are corrected to g@nsate the analog multiplexing i.e. a
correction related to the gain value of the input amplifiertfee actual path is applied in a digital
manner.

— The digital crossbar switch shifts the multiplexed sigrizdck with respect to their original order-
ing.

— Now the data are demodulated by a Digital Down Converter D®@ slightly lower frequency
range resulting in a data reduction. The DDC is the corregipgndigital device to the analog
mixer [74].

— A digital filter increases the accuracy of the data. Theypaowided for external readout at the so
called wideband port with a bandwidth of typically 10 kHz.€Ttiifference over sum algorithm is
performed digitally using the data from this port.

— Further filtering, required for precise closed-orbit detmation at a rate of typically 10 Hz is
performed and the result is provided at the narrowband pidrese digital values have the same
usage and accuracy as generated in an analog manner by tyglerad narrowband processing

[75]. Moreover, the gain settings of the analog input amgiifiare controlled by these numerical
values.

Due to the digital realization of the filter functions, thergmeters can be adapted to the requirements
by FPGA programming. The digital data can be used for manijoand for a feedback system, simul-
taneously. If a turn-by-turn measurement is demanded, @glestounch is chosen as derived from the
revolution frequencyf,e, Of typically 1 MHz to trigger the ADC.

At a proton synchrotron the acceleration frequency is lotlvan the maximum sample rate of the
ADC and a direct sampling of the bunch signal after broadkemglification can be applied. With the
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help of digital signal processing, the position of each lbucan be calculated resulting in a very flexible
data acquisition system; an example is described in [56].

The advantage of digital signal processing is the greatdity without hardware modification.
Using digital filters, the bandwidth, data rate and themfthre position resolution can be varied over
a wide range. Even the original data processed with diftefigars are digitally available and can be
used for feedback purposes of different reaction times ti@digital processing a high resolution ADC
with 14 bit is desirable, which limits the sampling rate t@ab200 MS/s. For an acceleration frequency
above this value under-sampling has to be applied, whiahiteegn some limitations for single bunch
evaluations. There is no significant disadvantage of susteBys. However, the versatile usage requires
a large amount of engineering power for the FPGA programmamgell as matched data exchange and
analysis.

7.7 Comparison of BPM electronics

In Table 3 the advantages and disadvantages for the usul@nraptation of the discussed electron-
ics schemes are summarized. Electronics can be adapted tedghirements in a flexible manner to
partly compensate the related disadvantages. The apiiticalb various schemes is mainly fixed by the
necessary performance and the financial investments ezhfdr the manifold BPM locations.

For a pure analog signal processing scheme, the logarithatiw has the advantage being very
robust as well as cost efficient and is therefore suited fdustrial applications, where a low accuracy
might be acceptable. Analog narrowband processing givaghadtcuracy, but cannot be adapted to
the requirements in a flexible manner. Digital signal preges delivers nearly the same accuracy. The
flexibility without hardware exchange is the key advantagethis modern scheme, which opens the
possibility of versatile usage of position data. At neatlynaw accelerators the BPM readout is realized
in such a way. For a proton synchrotron with an acceleratieguencyf,.. < 10 MHz, the BPM signal
is amplified on a broadband basis preserving the bunch stauend the sampling is even performed in
the baseband; the position is than calculated by digitalegigrocessing.

8 Summary

BPMs serve as a versatile non-destructive device for treraénation of the beam’s center-of-mass. The
signal strength and shape can be calculated using thedrangbedance;. The signal properties can
widely be influenced by the choice of the impedance couplibpae-amplifier properties. Several BPM

38



Table 3: Simplified comparison between various electronic processchemes

| Type | Usage| Precaution | Advantage | Disadvantage \
Broadband p-acc | facc bunch structure monitoring resolution limited by noise
< 300MHz | post processing possible | extensive hardware
required for fast feedback
Log-ratio all bunch train robust electronics limited bunch resolution
> 1us very high dynamic range | large thermal drift
cheap and easy usage limited accuracy
Narrowband all stable beams | high resolution no turn-by-turn
> 10us low detection threshold complex electronics
Narrowband all stable beams| highest resolution no turn-by-turn
+ multiplexing > 10ms low detection threshold complex electronics
high accuracy only for stable storage
AM/PM all limited facc only two channels special analog circuits
low bunching | high dynamics range no intensity signal
only for constantf,cc
Digital Signal | all some bunches very flexible limited time resolution
Processing ADC with high resolution due to under-sampling
~ 200MS/s | modern technology extensive hardware
for future demands complex technology

types matched to typical applications were described: Heai-cut type is used at a proton synchrotron
operating with low acceleration frequencies. This typeisia very linear position sensitivity but the me-
chanical realization is quite extensive. The mechanicsherbutton type is simpler, but non-linearities
for the position reading occur. This type is used at prototh electron accelerators within various con-
figurations. For short bunches the signal propagation albed3PM has to be considered and stripline
BPMs are used if a signal deformation must be avoided. Maeavith this type one can distinguish
counter-propagating beams. But strong mechanical regeinés have to be fulfilled, in particular related
to the 50Q matching at the ports. Cavity BPMs are recently realizedtdu@e requirement of precise
position determination for short beam pulses.

Quite different electronic principles are commonly useds diven by the thermal noise contri-
bution, one can chose between high position resolutionrageo’averaging’ time, or lower position
resolution at a faster data refresh i.e. the position réismiuand the time resolution are counteracting
guantities. The different requirements lead to varioussws, which are traditionally realized in an
analog manner. Broadband and narrowband analog procedsiimg the two extreme cases concerning
position and time resolution. The tendency at modern tasliis to digitize the signal at an early stage
and use digital signal processing for the necessary sigmalitioning. However, the digitalization by
state-of-the-art ADCs with about 200 MS/s gives some &girns for the applicability of digital signal
processing.
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