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Outline

Å Introduction

ï What is a BPM system?

ÅBeam Position Monitor Pickups

ï Image charges

ï BPM operational principle

ï Broadband BPMs

üNormalization & beam position 

characteristic

ï Numerical methods

üScaling & correction 

of position non-linearities

ï Analysis of a capacitive BPM pickup

ï Wakefields

ï Higher-order moments

ï BPM pickup types

üSplit-plane (linear cut) BPM

üButton BPM

ï Design example

üStripline BPM 

üSignals from broadband BPMs

üResonant cavity BPM

üñotherò types of BPMs

ï Position monitoring of low-♫beams

ï EM beam pickups & kickers

ÅBPM Read-out Electronics

ï RF/analog signal conditioning

ï Signal reflections

ï BPM read-out block diagram

ü The need for symmetry and high linearity 

(dynamic range)

ï Online calibration methods

ÅSignal-to-noise and BPM resolution
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Functional Principle: A BPM Movie
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A System of Beam Position Monitors
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Naming conventions:

Å BPM: Beam Position Monitor
ï An entire BPM unit (station), i.e., pickup, 

read-out electronics, cabling, infrastructure

Å BPM PU: BPM pickup
ï The EM pickup (vacuum device), 

e.g., button-, stripline-, cavity-BPM PU type

Å BPM electrode
ï A single, e.g. 1-of-4 button electrode

Å BPM read-out / signal processing electronics 
and data acquisition (DAQ) system
ï Analog, RF and digital electronics that extract 

the beam position from the signals 
provided by the BPM PU

Å BPM infrastructure
ï Power-supplies, trigger and timing, crates, 

racks, cabling, etc.  
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BPM Pickup and Read-out Electronics

Å BPM pickup

ï Electromagnetic detector, being part of the vacuum chamber. 

ï Consists of 4 (sometimes 2) symmetrically arranged electrodes to convert the bunched beam EM field into electrical signals.

Å BPM read-out electronics

ï Extracts the horizontal and vertical beam position information from the PU electrodes.

ï Usually,  but not always located in a service building outside the accelerator tunnel (to avoid damage due to radiation).
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Learning Objectives

Å Introduction into BPM systems
ï From an engineering perspective

üHow to design and build key components for a BPM system!?

ï Focus on the principle of operation 
üOften in graphical format 

ï Sorry, there are a few equations, but I try to focus on the principles
ü keep lengthy derivations in the backup slides and for the writeup

ï Stick to the fundamentals
ü Expert and exotic stuff: please study the related papers

ÅVery personal selection of BPM topics
ï Focus on BPM pickups and only a few notes on read-out systems

ü The image charge (wall current) model and its relevance to to beam position 
measurements 

üBPM pickups, such as buttons, stripline, cavity BPM, etc.

üA few notes on wake fields and beam-coupling impedance: Why this is important!

ï Only briefly: BPM electronics, e.g. RF signal conditioning, digital signal processing
ï Technology advances quickly outdate some of my statements 

ï Will not cover much on BPM applications and beam measurements
üCovered at other CAS courses

ÅGive the design basics for the key elements of a BPM system
ï So, lets starté
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The BPM System

Å is based on Beam Position Monitors (BPM), 

which are beam detectors located along the accelerator

ï BPM: Beam Position Monitor

üBeam pickup with signal processing (read-out) electronics

ï Often colleagues just refer to the beam pickup as BPM 

ï BPMs are typically located near each quadrupole magnet

üUse 2 or more BPMs per betatron oscillation period

Ådelivers beam orbit (trajectory) information

ï Non-invasive monitoring based on the EM-field of the passing beam

ï Synchronized BPMs deliver beam timing information

üBeam orbit measurement

ï turn-by-turn, batch-by-batch, bunch-by-bunch, or averaged over many turns

üBeam phase or time-of-flight (TOF) information in linacs

Å is a powerful beam diagnostics tool

ï Machine commissioning, characterization of the beam optics, 

measurement of beam parameters, trouble-shooting,é
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E-field of a moving point charge

ÅA relativistic moving charge has a ñpancakeò-like EM-field

ï Only Transverse Electric Magnetic (TEM) field components

üalmost no longitudinal field components
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▲◌

▲

Wall (image) current at ♫ḙ

ÅPoint charge ▲ in a perfect 

conducting cylindrical beam pipe 

of radius ╡

ï Travelling with:

üñpancakeò-like field distribution

ï Image charges ▲◌along the 

azimuth of the beam pipe wall:

ÅWall current density

♫ ϳ○╬ḙ

▲ ▲◌

▒◌◄
░╫◄

Ⱬ╡
ÅBeam current:

ï with charge
Å nȡ# of particles

Å ᾀȡcharge state* (ᾀ ρe.g., for ions)

Å Ὡ ρȢφɇρπ ὅ
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in most parts of this lecture
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Effects of Low-ɓBeams

ÅAt ♫Ḻ the EM-field of a point charge develops longitudinal field components 

(non-TEM field)

ï Point charge in a cylindrical beam pipe of radius ╡

ï The longitudinal image charge distribution ▀▲◌Ⱦ▀▼follows a complicated expression 

from a Bessel-Fourier series expansion 

üFortunately, the RMS value is simply:
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The Electrostatic BPM Pickup
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BPM Pickup Response ïHigh-pass 
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Beam Position Monitor Principle

d

ÅThe BPM principle is based on symmetry

ï The beam displacement d is detected by a pair of symmetrical arrange electrodes

ïBUT: Hoops, wait a minute, not so fasté
What happens if the beam / bunch intensity changes?!

üThe -signal still contains beam intensity information!

üNeed to ñnormalizeò the -signal 

courtesy 

O.R. Jones

=ï

◕ᶿἸἷἻἱἶἼ
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A

B

Electromagnetic Pickup for Position Measurements  

Å The BPM pickup converts the EM-field of the beam into electrical signals

to monitor the beam position by means of:

ï identifying asymmetries of the signal amplitudes from two (or four) 

symmetrically arranged electrodes, e.g., ═& ║:

ü broadband pickups with, e.g. button- or stripline electrodes

ï Detecting dipole-like eigenmodes of a beam excited, passive resonator:

ü narrowband pickups, e.g. cavity BPM

Å BPM broadband electrode transfer impedance:

ï following Ohmôs law in the frequency-domain

ï The beam displacement coupling (or sensitivity) function ▓●ȟ◐
is frequency independent for broadband pickups (@ ○ḙ╬)

ÎÏÒÍȢÂÅÁÍÐÏÓȢθ
ὃ ὄ

ὃ ὄ

╩▄■▄╬█╘╫▄╪□█

frequency depending

transfer impedance 

of the BPM electrode

beam position

beam

intensity

╥▄■▄╬ █ ▓●ȟ◐ȟ ●ȟ◐

ḳ ○▄■▄╬●ȟ◐ȟ◄ ▓●ȟ◐ ╩▄■▄╬█╘╫▄╪□█▄
░Ⱬ█◄▀█

ï time-domain equivalent:
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Analytical Analysis of a broadband BPM Pickup

ÅTo understand the position behavior of a broadband BPM pickup 

we apply some simplifications:

ïñPencilò beam, i.e., zero transverse dimensions (Ɑ●ȟⱭ◐ ), 

traveling with relativistic velocity (○ḙ╬) in the beam pipe

üPerfect transverse electromagnetic(TEM) beam field

üNo transverse dimensions, can be approximated by a line-charge distribution ⱦ▼ȟ◄

ï Beam pipe with circular cross-section and infinite conductivity

üusing a perfect electrical conductor (PEC)
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Reminder: E-Field of a Line Charge

Å E-field of an (infinite) line charge ⱦ◑

ï point charge element:
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Ὁ

E-field distribution in a circular beam pipe cylinder

Å E-field distribution 

= wall (image) charge distribution

ï Infinite grounded cylinder (beam pipe) 

and line charge ⱦ(beam charge) 

ᴼ2D electrostatic problem

Å Apply ñmethod of imagesò:

ï condition at the pipe surface ⱬ ╡:

ï results in:

ï Now calculate Ὁ Ὁ Ὁ ή

ü details in the backup slides 
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Applying the Result for a Pair of BPM Electrodes

ÅWall (image) current density

ï Image current integrated on BPM electrode

ï Similar solution for electrode

or for a two vertically arranged electrodes  
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Normalized Beam Position Characteristic

ÅPair of symmetric horizontal electrodes:

ï Horizontal and vertical beam position (Cartesian coordinates):

ÅNormalized beam position characteristic ϳ (horizontal):

ï By approximation, or as closed form solution
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Example

ÅPosition characteristic for R = 12.5 mm, Ŭ = 300:

ÅApproximations

ï Point-like electrodes:

ï Small beam positions:
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Logarithmic Ratio Normalization

ÅResults in a more linear position characteristic

ï The example for R = 12.5 mm, Ŭ = 300 

gives a sensitivity of 2.75 dB/mm near the origin
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Page 22November 16thï29th , 2025, CAS Beam Instrumentation, Split, Croatia ïBPM Systems  ïM. Wendt

BPM with 450 Rotated Electrodes

ÅRequired in all electron / lepton ring accelerators!

ï Prevents that sync light, or collision debris, hits the electrodes

üMore non-linear position behavior

üReduced position sensitivity (this example: 1.94 dB/mm)

ï Same mathematical procedure, but with coordinate rotation of 450

◕
♅ ╬▫▪▼◄Ȣ
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Numerical Analysis

Å BPM electrodes may have different shapes

ï e.g., curved or flat, following (flush) or not the vacuum pipe cross-section shape

Å BPM electrodes are not 2D objects

ï circular-shaped ñbuttonò electrodes, very popular

ï long, strip-like, ñstriplineò electrodes

ü which are a rather good match to the 2D analytical model

ï many other shapes and stylesé

Å The BPM housing / beam pipe cross-section is not always circular!

Å For most real-world BPMs the analytical analysis is just the 1st step, 

used as initial estimation

ï éneed to be followed by a series of detailed numerical analysis

curved electrodes flat electrodes ñbuttonò-style electrodes stripline electrodes

octagonal-shape vacuum chamber

with button BPM feedthroughs
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Poisson Equation ᵼGreenôs Reciprocity Theorem

Å To analyze the coupling between the beam particles to the

BPM electrode we need to numerically solve the Poisson equation:

ï for a point charge ”ᴆὶ ή‏ᴆὶ ᴆὶ travelling at relativistic velocity ‍ ὺȾὧḙρ

ü In the following the point charge is replaced by a line charge density ”ᴆὶ ‗ᾀ‏ὼ‏ώ, 

mimicking a pencil beam with small transverse dimensions „ȟ„ Ḻὥwrt. to the beam pipe aperture ὥ

Å Instead of scanning the line charge (beam) 

across the ●◐-plane and recording the potential 

at the BPM electrodes through many calculations, 

we apply Greenôs reciprocity theorem:

ï Applied to one BPM electrode, ‰ ‰ ᴆὶ
set to a fixed voltage potential ם ρὠ, it simplified to:

ü Assuming all other electrodes and the beam pipe cylinder 

being on ground potential     

‰”Ὠὠ ‰”Ὠὥ ‰”Ὠὠ ‰”Ὠὥ

‰ ᴆὶ” ᴆὶὨὠ ήם

ᶯɮ ᴆὶ ”Ⱦ‐

π π

‗ᴆὶ ρὠ

button BPM with a line-charge excitation line-charge E-field in the ●◐-plane at ◑ fixed potential ╥set on the UR electrode
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Greenôs Reciprocity Theorem ᵼLaplace Equation 

ï furthermore, assuming ” ‗ᴆὶ
we retrieve the scalar potential ‰ ᴆὶ at ᴆὶ:

üWhich is equivalent to the position coupling characteristic of the electrode ▓●ȟ◐ ▄ꜚ■▄╬►

ÅThe resulting Laplace equation ᶯɮ ᴆὶ πneeds to be solved in 3D

ï as of the geometric symmetry of the BPM, the calculation requires to be performed only 

for one electrode, by putting it on a fixed potential, e.g. ╥

üThe resulting 3D scalar potential, 

here for the upper-right electrode ╤ꜚ╡●ȟ◐ȟ◑, 

needs to be mapped to a 2D-plane to account 

for the induced image charge on the electrode:

ï with Љ ḙЉ ύ (here: Љ ḙὨ ύ ) 

ή
‗ᴆὶ‰ ᴆὶ

ם

ή ᶿ‰ ὼȟώ
᷿ ‰ ὼȟώȟᾀὨᾀ

Љ

2D equipotentials ╤ꜚ╡●ȟ◐ȟ◑ ╬▫▪▼◄Ȣ 3D isometric surface potential ╤ꜚ╡●ȟ◐ȟ◑ Ȣ
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Wakeup Quiz

ÅAgain, assuming a fixed potential of ╥
is applied on one BPM electrode,

the resulting scalar potential ranges:

ÅWhat information gives us the value 

of the scalar potential in the beam pipe center?

ÅThe value, in our example ╤ꜚ╡ ȟ ḙ Ȣ , expresses the amount of coupling 

between the beam, passing the BPM in the center of the vacuum chamber, and the 

BPM pickup electrode, here ͯ Ϸ

ï Useful to estimate BPM signal levels based on the beam current

π ‰ ὼȟώ ρὠ

‰ ὼ πȟώ π

2D equipotentials ╤ꜚ╡●ȟ◐ ╬▫▪▼◄Ȣ
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Ⱦ-Normalized Position Characteristic

Å The 2D potential field scalar of one BPM electrode, e.g. ▄ꜚ■▄╬●ȟ◐ ╤ꜚ╡●ȟ◐ is simply 

transformed to the other BPM electrodes by symmetry operations.

ï No further calculations required due to the BPM symmetry

Å With all 2D field scalars for the 4 buttons at hand we now perform a normalization,

e.g., following the popular Ⱦ-normalization:

‰
‰ ‰

‰ ‰
‰

‰ ‰ ‰ ‰

‰ ‰ ‰ ‰

‰
‰ ‰

‰ ‰
‰

‰ ‰ ‰ ‰

‰ ‰ ‰ ‰

hor./vert. electrodes                   rotated electrodes
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Scaling & Correction of the Position Nonlinearities

Å Any EM BPM pickup is an LTI system: a linear, time-invariant device!

ï e.g., the superposition principle applies

Å However, the position characteristic of most BPM pickups is non-linear, thus, needs to be corrected.

ï The exception is the split-plane type BPM pickup, which has a linear position response

ü at the expense of lower sensitivity and limited operation frequency range

Å The signal levels of the BPM pickup electrodes are acquired digitally, measured in ñADC countsò

ï Today, in most cases, the signals are acquired separately for each BPM electrode, as averaged value on a 

bunch-by-bunch or turn-by-turn basis, or as down-converted and decimated ñbase-bandò value

ü If the electrode signals are combined, e.g., by a hybrid, or altered non-linear, e.g. by a logarithmic amplifier

before the digitalization, that process needs to be included in the non-linear correction procedure

ï The normalized raw beam position is calculated from those ADC values,

e.g., for a pair of horizontal BPM electrodes:

üWith ╡and ╛being the (averaged) ADC values of the right and left BPM electrode signal level

ï This raw beam position need to be scaled to a beam position value, e.g., in □□

ü Scaling and correction of the position non-linearities are performed simultaneously by the non-linear correction 

procedure, e.g. a look-up table or as discussed here: a polynomial fit function

ὼ Ὢὼ
ɝ

ɫ

Ὑ ὒ

Ὑ ὒ
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Linear Fit = Simple Scaling

ÅA linear fit is applied to the normalized position response

ɀ═and ║are the signal levels of the, e.g. horizontal or vertical pair of BPM electrodes

ɀ╬ is the gradient of Ⱦ █●ȟ◐ in □□ at the beam pipe center ●ȟ◐

ÅExample for a BPM with:

ὴέίȢ
ρ

ὧ

ὃ ὄ

ὃ ὄ

hor./vert. electrodesrotated electrodes



Page 30November 16thï29th , 2025, CAS Beam Instrumentation, Split, Croatia ïBPM Systems  ïM. Wendt

1D Polynomial Correction

ÅThe relationship between the raw (measured) position data

of the right ╡and left ╛BPM electrodes, for the horizontal axis, 

and the true horizontal position value ●is given as:

ï Based on the electrostatic analysis

ï Again, ╡and ╛are the digitized and decimated (averaged) signal levels

of the right and left BPM electrodes

üOr in case of rotated BPM electrodes the equivalent levels of the ñvirtualò electrodes

╡ ╤╡ ╓╡and ╛ ╤╛ ╓╛

ÅThe true horizontal beam position is then given by the inverted function:

ï which is approximated by a 

1D polynomial function of power ▬

üAs of the BPM pickup symmetry the even polynomial coefficients vanish, ╬░ ȟᶅ ░ɴ ᴚ

üThe values of ▬(order of the polynomial) and the fitting range has a large impact on the quality 

of the fit (remaining error)! 

ὼ Ὢὼ
ɝ

ɫ

Ὑ ὒ

Ὑ ὒ

ὼ Ὢ ὼ

●╫▬□
╓

░

▬

╬░●►╪◌
░ ╤▬●►╪◌ḙ●
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1D Polynomial Correction ïExample (▬ ) 
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2D Polynomial Correction

ÅFor an arbitrary beam offset ●ȟ◐
the normalized Ⱦ raw horizontal and vertical beam position, 

●►╪◌, ◐►╪◌, based on the ADC data, 

and the true beam position ●, ◐, can be linked to two functions:

ÅAgain, these functions need to be inverted to get from Ⱦ to □□:

ï Please note the swap ώ Ὣ ώ ȟὼ

ï which is approximated by a 2D surface

polynomial function of power ▬ȟ▲:

üAgain, as of the BPM symmetry the even polynomial coefficients, vanish, ὧ πȟᶅ Ὥɴ ςᴚ

üIn practice, many other polynomial ñcross-termò coefficients have a small value and can be set to 

ü The range ‰ȟ ‰ ‰ȟ , ‰ȟ ‰ ‰ȟ of the fit has a large impact on the fit errors!

ü 2D polynomials of order ὴȟή υ▫►χare typically sufficient for the correction 

of the position non-linearities of most BPM pickup configurations.

ὼ Ὢὼȟώ

ώ Ὣὼȟώ

ὼ Ὢ ὼ ȟώ

ώ Ὣ ώ ȟὼ

●╫▬□
╓

░ȟ▒

▬ȟ▲

╬░▒●►╪◌
░ ◐►╪◌

▒
╠▬ȟ▲●►╪◌ȟ◐►╪◌ ●

◐╫▬□
╓

░ȟ▒

▬ȟ▲

╬░▒◐►╪◌
░ ●►╪◌

▒
╠▬ȟ▲◐►╪◌ȟ●►╪◌ ◐
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2D Polynomial Correction ïExample (▬ȟ▲ ) 
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Capacitive Pickup

+
+

+

+

+
+

+

+

+

+

-
-

-

-
-
-

-
-

-

-

Ὥ

Љ

ὅ

Ὑ
ὺ

inner surface charge ▲▄■▄╬

outer surface charge
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Capacitive Pickup (2)

ÅLetôs assume a Gaussian particle distribution

ï Gaussian bunch charge line density:

üὲὩ ή and ‍ὧ ὺ(beam velocity)

ï For reference: Gaussian bunch current in the time domain:

ï and: Gaussian bunch current in the frequency domain:

Å Integration along the pickup electrode:

ï The image charge of the electrode ▲▄■▄╬depends on the electrode / bunch length ratio Љ▄■▄╬ȾⱭ

‗ ίȟὸ
Ὠή ίȟὸ

Ὠί

Ὡὲ

ς“„
Ὡ

Ὥ ίȟὸ
Ὠή ίȟὸ

Ὠὸ

Ὠή ίȟὸ

Ὠί

Ὠί

Ὠὸ

Ὠή ίȟὸ

Ὠί
ὺ
Ὠή ίȟὸ

Ὠί
‍ὧ

Ὡὲ‍ὧ

ς“„
Ὡ

Ὅ Ὢ ὲὩὩ

ή ὸ

Љ

Љ

‗ ίȟὸὨί
Ὡὲ

ς
ὩὶὪ

Љ ς‍ὧὸ

ςς„
ὩὶὪ

ὰ ς‍ὧὸ

ςς„
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Capacitive Pickup (3)

ÅBPM electrode spanning an angle: ‌

ï gives a (geometric) coverage factor:

üḳ ▄ꜚ■▄╬ȟ from the electrostatic analysis and

ḳ▓● ȟ◐ the coupling constant

ï and results in the charge on the electrode:

ÅThe induced image current on the electrode is:

ï with the frequency domain equivalent being:

‌

capacitive

BPM electrode

‰
‌

ς“

ή ὸ
‰Ὡὲ

ς
ὩὶὪ

Љ ς‍ὧὸ

ςς„
ὩὶὪ

Љ ς‍ὧὸ

ςς„

Ὥ ὸ
Ὠή ὸ

Ὠὸ

‰Ὡὲ‍ὧ

ς“„
Ὡ
Љ

Ὡ
Љ

Ὅ Ὢ ‰ὩὲὩ
Љ

Ὡ
Љ

ρ

Љ

ὶ

ὶ
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Capacitive Pickup (4)

ÅVoltage signal of the BPM pickup electrode

ï In the frequency domain:

üwith:

ï In the time domain:

Ὥ ὅ Ὑ ὺ

ὠ Ὢ Ὅ Ὢὤ Ὢ

ὤ Ὢ
Ὑ

ρ Ὦς“Ὢὅ Ὑ

ὅ ‐
ὃ

Ὠ
‐
‌ὶ ὶ

ςὶ ὶ
(w/o fringe fields)

ὺ ὸ
ρ

ς“
ὠ ὪὩ ὨὪ

(no closed form for the inverse Fourier integral exist, must be solved numerically.)

Example:

Sanity check 

with button BPM
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Ὅ ͺ Ὢ
‰Ὡὲ

ρ ‍
Ὡ

Љ

Ὡ
Љ

ρ

Ὥ ͺ ὸ
‰Ὡὲ‍ὧ

ρ ‍ ς“„
Ὡ
Љ

Ὡ
Љ

‰Ὡὲ

ςρ ‍
ὩὶὪ

Љ ρ ‍ ς‍ὧὸ

ςς„
ὩὶὪ

Љ ρ ‍ ς‍ὧὸ

ςς„

Capacitive Pickup (5)

ÅTransit time considerations

ï Required if the bunch length „ Љͯ

ïWe assume the tap-point in the center of the electrode at: ϳЉ ς

üWe are ignoring azimuthal time effects. TEM fields assumed, otherwise: „ „ „

ï Signal velocity on the BPM pickup electrode assuming air-dielectric: ὺ ϳῳίῳὸ

ï Charge on BPM electrode:

ï Current on BPM electrode:

ɀὠ ͺ Ὢȟὺ ͺ ὸ follow as before 

ή ͺ ὸ
Ὠή ίȟὸ ϳίὺ

Ὠί
Љ

Љ

‗ ίȟὸ ϳίὺ Ὠί

‰Ὡὲ

ςρ ‍
ὩὶὪ

Љ ρ ‍ ς‍ὧὸ

ςς„
ὩὶὪ

Љ ρ ‍ ς‍ὧὸ

ςς„

Ὥ ͺ ὸ
‰Ὡὲ‍ὧ

ρ ‍ ς“„
Ὡ
Љ

Ὡ
Љ

Ὅ ͺ Ὢ
‰Ὡὲ

ρ ‍
Ὡ

Љ

Ὡ
Љ

ρ
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Wakefields

ÅWakefield are beam generated EM-fields due to the surroundings

ï The EM-field of the charged particles moving at constant velocity ♫ ○Ⱦ╬is altered by 

vacuum pipe components, e.g. kickers, pumps, bellows, RF cavities, beam monitors, 

etc., but also by the finite resistivity of the beam pipe itself. 

üAny discontinuity or resonant structure (cavity) in the beam pipe causes wakefields

ÅWakefield generated by the leading particles in a (bunched) beam will act on the 

trailing particles in that beam (wakepotential)

This topic is covered later in detail

by Christine Völlinger

Here we just look at a few aspects

relevant for the design of BPM pickups
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Wake Function and Wake Potential

ÅWake function based on the sketched 2-particle model:

ï A Lorenz force acts on ▲ by the wake field of ▲:

ï The wake function of the structure, e.g., 
a discontinuity or cavity, due to ▲ is the defined as:

ï The change of momentum on test charge ▲ is then:

ÅThe wake potential is defined for a distributed source

ï and can be derived from the wake function

ÅPlease note, the point charge has an unlimited frequency spectrum, 
the spectrum of the distributed source is limited!

◑

◐

●

▲
▲

▼

╛

●ȟ◐

●ȟ◐╕
▀▬

▀◄
▲ ╔ ╬▄◑ ║

◌●ȟ◐ȟ●ȟ◐ȟ▼
▲

ἷἺ

ἷἺ╛

▀◑╔●ȟ◐ȟ◑ȟ◄ ╬▄◑ ║●ȟ◐ȟ◑ȟ◄
◄ ▼◑Ⱦ╬

◕▬
▲▲

╬
◌▼

” ᴆὶȟὸ –ὼ Ӷὼȟώ ώ ‗ᾀ ὧὸ

╦▀●ȟ◐ȟ●ȟ◐ȟ▼ ◌●ȟ◐ȟ●ȟ◐ȟ▼ Ɫ● ●ȟ◐ ◐
ⱦ◑

▲
▀●▀◐▀◑

transverse distribution

longitudinal 

distribution

(line charge)

ÅThe wake potential is defined for a distributed source
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Loss Factor and Coupling Impedance

ÅWake function / potential can be separated into longitudinal and transverse components 

ï and they are linked with each other (Panofsky-Wenzel theorem)

ï For beam pickups often the long. wake potential is dominant:

üWith the long. wake function given as: 

üHere assuming a Gaussian bunch source:

ÅThe loss parameter describes the energy loss due to the wake fields

ï The bunch shape-dependent total loss parameter is given as:

üAssuming a Gaussian longitudinal particle distribution 

and negligible transverse dimensions

ï Please note, the total loss factor Ὧ ȟ is usually computed by time-domain wakefield software

ÅLongitudinal beam-coupling impedance:

ï Frequency domain representation 

of the long. wake function

ï Please note for resonant structures:

▓◄▫◄ ▀▼╦᷆▼ⱦ▼

╦᷆▼ ▀ǲ▼ⱦ▼ ǲ▼◌᷆ ǲ▼

„ᴆὶȟὸ ή‏ὼ‏ώ‗ᾀ ὧὸ ‗ί
ρ

„ς“
Ὡ

ύ᷆ ί
ρ

ή
ὨᾀὉ ὼȟώȟᾀȟί ᾀȾί

╩᷆ ●ȟ◐ȟ●ȟ◐ȟⱷ
╬

▀▼◌᷆ ●ȟ◐ȟ●ȟ◐ȟ▼▄▒ⱷ▼Ⱦ╬

Ὑ ȟ ὤ᷆ȟ
ςὯ ȟὗ

‫
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Beam-induced RF Power Losses (1)

Å The long. Wakefield effects result in a power loss in the vacuum device, e.g. in the BPM pickup

ï That power dissipation is converted to heat, able to damage the BPM pickup

ü At SPEAR (SLAC) operating with higher beam currents some BPM buttons dismounted and fall into the 

vacuum chamber as of the heating related to beam-induced power losses !

ï Evidently, the beam-induced power losses are an issue for high beam-current ring accelerators, 

not for linacs and transport-lines.

ï There are different ways to estimate those wakefield-based power losses:

Å Field loss calculation (geometric power loss)

ï Energy loss of a single bunch:

ï Results in an EM-field power loss:

ü This power loss includes the power coupled

to the signal ports of the BPM electrodes!

ü Depending on the calculation setup, i.e. loss-free

or lossy, it may or may not include power losses

in the materials (resistive wall losses)  

ɝὉ
ή

Ὧ

╟■▫▼▼ȟ█░▄■▀
◕╔╫◊▪╬▐
◄►▄○

╝╫◊▪╬▐
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Power Losses in Metals 

ÅNumerical wakefield analysis software (CST Studio, GdfidL, Echo 3D, etc.) has many field 
analysis features, including the sampling of E- and H-fields vs. time or frequency.

ï The beamôs H-field related surface currents and the resulting power losses due to the finite 
conductivity of the metals are of interest for the BPM design

ï E.g., in CST Studio we can separate the power losses by material type and part to get an idea of the 
loss distribution within the BPM housing, by calculating:

üwith ╔■▫▼▼ȟ□▄◄╪■▓▲╢╬╪■▄╔■▫▼▼ȟ□▄◄╪■╒╢╣,

▓▲╢╬╪■▄▲╫◊▪╬▐Ⱦ▲╫◊▪╬▐╒╢╣,

╔■▫▼▼ȟ□▄◄╪■╒╢╣᷿▀◄╟■▫▼▼ȟ□▄◄╪■╒╢╣
assuming the CST Studio software 
is used with a different bunch charge

ὖ ȟ

ɝὉ ȟ

ὸ
ὔ
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Types of BPM Pickups

ÅBroadband pickups

ï Capacitive coupling

üe.g. button BPM, split-plane (ñshoe-boxò) BPM

ï Inductive coupling

ü Image current, transformer or toroid-based

ï Loop or transmission-line (directional) coupled 

üStripline BPM

ïé

ÅResonant pickups

ïCylindrical (ñpillboxò) TM110 resonator, 

ï common-mode free, waveguide coupled cavity BPM

ï Re-entrant cavity BPM

ïé

ÅñExoticò pickups
ï Electro-optical pickup

ï Cherenkov radiation-based pickup

ïé 

, arbitrary electrodes

, exponentially tapered stripline BPM
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Button BPM and Equivalent Circuit

╩╫ⱷ
╥╫ⱷ

╘╫▄╪□ⱷ
╡ꜚ■
ⱷ

ⱷ

ϳ▒ⱷⱷ

ϳ▒ⱷⱷ

ⱷ
╡■╒╫

ⱷ
╬

►

ὅ
ς“‐ὸ

ÌÎ
ὶ Ὣ
ὶ

“‐ὶ

Ὤ
ὅ

Increase Effect

►
(larger area & ὅ)

Higher signal level

Lower resolution

◄
(larger volume)

Lower wake impedance

Lower resolution, higher weight

▌
(more trapped modes)

Higher resolution

Higher wake impedance

typically 

50 ɋ

1/time constant 1/electrode transit time

button capacitance, estimate

typically, 2é15 pF

╓
►

◄▌

▐

░╫▄╪□ ░▄■▄╬ ╒╫ ╡■
╩

○╫
coaxial stub

(TL feedthrough)

geom. coverage factor

(flat button electrodes)

ꜚḙ
►

╓
ḳὯὼ πȟώ π

╡ꜚ■
ⱷ ⱷ

ⱷ ⱷ
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Button BPM

+ Pros

ï Robust simple construction 

ï cost effective! 

ïminimum real-estate!

üRF UHV feedthrough and BPM button 

is a single element

- Cons

ï High-pass characteristic with high cut-off frequency 

üTypically, >= 500 MHz, 

üOften no a good match to operate with long bunches, or at low frequencies

ï Capacitive source impedance, reflective

ÅAs a matter of fact: The button BPM is by far the most popular BPM pickup type! 



Page 47November 16thï29th , 2025, CAS Beam Instrumentation, Split, Croatia ïBPM Systems  ïM. Wendt

EM Design Procedure for a Button BPM Pickup

Å Tools: 3D EM design software

ï Wakefield analysis (time-domain) with ports, RF/MW solver

(S-parameter, preferable time-domain), electrostatic solver

Å Button shape

ï KISS: keep it stupid simple!

ü Complicated shapes (e.g., conical) may have some 

advantages, but makes the manufacturing expensive

ï Details matter!

üImpedance matching, grounding, coaxial connection,é

ï Materials, tolerances, operating temperatures, signal cables 

Å Button and BPM pickup (housing) dimensions

ï The beam pipe mandates shape and dimensions of the BPM pickup housing

ü Avoid discontinuities (e.g. bellows) nearby

ü Preferable locate the button electrodes in the hor./vert. plane, of course, only if sync-light is not present!

ï The button dimensions depend on the beam parameters, BPM performance requirements 

(e.g., BPM resolution) and wakefield considerations (impedance budget, beam-induced power losses)

ü In an ideal world the size of the electrodes (button diameter) should be similar or larger than the bunch length.

ü The details of the button need to be optimized by a comprehensive numerical analysis to find the best compromise

ᶮ □□conical buttonȢ □□gap

canted-coil spring

for grounding

Cu vacuum

chamber

SS 316L

flange
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Cylindrical Button Optimization

Å Perform a loss-free analysis, make use of symmetries

ï To speed up the numerical calculations

ï Donôt forget geometrical details!

Å Fully parametrize your geometry and the material parameters

ï Avoid using imported, non-parametric 3D geometry files, e.g., STEP files, 

in your optimization procedure

Å Software optimizers?!

ï Good idea but may lead you into a trap.

ï Sometimes better, follow your engineering instincts

loss-free button BPM pickup geometry

Define free parameters 

of the button geometry
button as 2-port TEM-line 



Page 49November 16thï29th , 2025, CAS Beam Instrumentation, Split, Croatia ïBPM Systems  ïM. Wendt

Summarize all Results

geometry & materials 

signal levels in TD & FD 

button capacitance

& imp. matching 

peak E-fields 

position characteristic

& correction of non-linearities 

wakefield effects 

beam-induced

power losses 
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Examples of Button BPM Pickups

ATF Button BPM (KEK)

NSLS-II Button BPM (BNL)

TTFII Button BPM (DESY)

located inside an undulator magnet

LHC Button BPM 

(CERN)


