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Short Explanation of Course Materials

ü Particle accelerators come in various types. The beam diagnostic techniques discussed in this course focus on the diagnosis of high-

energy bunched electron beam. Diagnosing heavy ions and low-energy electrons presents its own specific challenges; while the 

underlying principles are similar, practical details differ. Therefore, the experience or case studies presented in this course cannot 

be directly applied. Compared to high-energy electron accelerators, signals from low-beta accelerator beams exhibit lower intensity 

and narrower bandwidth.

ü The content will primarily focus on the introduction and discussion of experimental methods and results, including only a small 

number of relevant formulas. For those interested in more details regarding specific issues, it is necessary to consult the relevant 

references and textbooks.

ü The courseware incorporates extensive research findings from numerous domestic and international research groups, primarily 

sourced from journals such as PRAB, NIMA, IEEE TNS and NST, as well as proceedings of international conferences including 

IPAC, IBIC, BIW, EPAC and CERN CAS. Given the broad range of sources, itôs possible that citations may not be fully 

comprehensive; we kindly ask for your understanding should any omissions occur.

ü Many research teams have contributed to advancements in beam diagnostic technologies, resulting in hundreds of publicly 

published papers to date. For studies employing similar technical approaches, this lecture notes will not list every individual 

contribution exhaustively. Instead, we selectively feature the most representative works as illustrative case studies.

ü During the preparation of these materials, we drew upon the research achievements of multiple colleagues and PhD candidates 

from both the Hefei Light Source and the Shanghai Synchrotron Radiation Facility (SSRF).Their substantial support during the 

collection and organization of references is deeply appreciated, and we extend our sincere gratitude to them here.
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Outline

üOverviewof beamdiagnostics

üTypicalbeam diagnostics
¸ Beam intensity
¸ Transverse position
¸ Transverse distribution
¸ Longitudinal parameters

üBeam diagnostics challenges for advanced light source

üBunch by bunch beam diagnostics technology

üOutlookandsummary



BeamDiagnostics Overview
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What is Beam Instrumentation / Beam Diagnostics ?

üObtain optical and electrical signals carrying beam information through the 

interaction between the sensor and the particle beam

üThe output optical and electrical signals from the probe are processed to extract
Å spatial distribution characteristics of the particle beam (such as transverse cross-section 

dimensions, longitudinal bunch length, trajectory, emittance, etc.), 

Å electrical parameters (including bunch charge, average current intensity, etc.), 

Å and time-varying properties (like beam lifetime, bunch instability, etc.).

üBased on the measured beam parameters, accelerator characteristic parameters 

are derived: tune, response matrix, Beta function, dispersion function, coupling 

coefficient, chromaticity, etc..
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What is Beam Instrumentation / Beam Diagnostics ?

ɴ · ɵ

An accelerator is just as good as its diagnostics

Beam Diagnostics for Accelerators, H.Koziol, CERN

Beam observer, beam (accelerator) data deliverer 
üAccelerator builder: gauge for machine acceptance test
üAccelerator operator: commissioning & operation toolkits
üAccelerator physicist: machine study toolkits
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Physics
Brain

Define the basic logic

RF
circulatory system
Deliver energy to the beam  

Control
nervous system

Link all other systems together
Exchange information

Beam Diagnostics
sensory organs

Monitoring beam behavior
Feedback and feedforward

Magnet
Muscle

Maintain beam path

Power supply
digestive system

Electrical power conversion

Mechanical support
skeleton

FrameЇkeep everything 
positioned precisely

Vacuum
skin

Maintain the survival 
environment for the beam

Integral Field Error Distributions of a Typical Sextupole 

at the Maximum Operating Current
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Beam diagnostics
ѻBehavioral Benchmarks
ѻNot essential for survival
ѻBut crucial in determining system performance

What is Beam Instrumentation / Beam Diagnostics ?
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Beam diagnostics for acceleratorH. Koziol
CERN, Geneva, Switzerland

Typical diagnostic devices and beam properties measured



0 500 1000 1500
-2

-1

0

1

2

What kind of beam information do we need ?

Engineers: Meet anyneeds of accelerator operation and physical research.
Charge, Current, Lifetime, Orbit, Size, Bunch Length, Energy, etc.

Scientists: A complete beam measurement should determine the distribution of particle 
groups (bunches) in four-dimensional space (three dimensions of real space x/y/z + energy E) 
and the their changes over time.

In practical,  full dimension measurement is not feasible to achieve. Deliver lower 
dimension projection results to user: 
ü Charge/Current/Lifetime: Total number of particles in the bunch/First derivative with respect to time/Second derivative 

with respect to time. 
ü Bunch Position: The centroid of the bunch on a specific coordinate axis after one-dimensional projection in real space (xyz).
ü Bunch Length: One-dimensional projection of the bunch along the direction of motion (z) in real space. 
ü Transverse profile: Two-dimensional projection of the bunch on the normal plane (xy) along the direction of motion in real 

space. 
ü Energy Spectrum/Energy: One-dimensional projection of the bunch on the energy axis (E)/The centroid of this projection. 
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Beamdetector

Signal conditioning FE

Electron Bunch in 
real world
¸Charge/ Energy
¸3D position
¸3Ddistribution

Digital signalprocesser
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Beam Information 
Extraction Algorithm

Electronbunch in 
digital space
¸Meas. charge/Energy
¸Meas. 3D positions
¸Meas. 3D distributions

ü Establishing a perfect mapping of beams in the 
measurement space

ü Multi -stage cascading achieves this mapping 
(relay race)

ü Different stages are related by multiplication
ü The performance of the system is not defined by 

a single stage

Rawbroad band beamsignal IFanaloguesignal Digital signal

Bunch parametersEMcoupling

1 2

3 3

( )CBPM

U U
std k

U U
d = - Ö

Result evaluation

What are we doing and how can we do it ?
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Beamdetector

Signal conditioning FE

Electron Bunch in 
real world
¸Charge/ Energy
¸3D position
¸3Ddistribution

Digital signalprocesser

Beam Information 
Extraction Algorithm

Electronbunch in 
digital space
¸Meas. charge/Energy
¸Meas. 3D positions
¸Meas. 3D distributions

ü No free launch

ü No best solution for each module

ü Expensive solution is not always right one

ü Best solution defined by your boundary condition

Rawbroad band beamsignal IFanaloguesignal Digital signal

Bunch parametersEMcoupling

1 2
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Result evaluation

How to do a beam diagnostics system design

Sensitivity
Charge range
Band width
SNR

Linearity
Noise figure
Band width

Sampling rate
ENOB
Band width

Real-time processing
Best SNR
Low latency
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A typical beam diagnostics system: SXFEL 

CBPMɹSBPMɹBAMICTProfile

Beamsignalpick up
Signal conditioning

Data acquisition
Signal processing
Control

Userinterface
High level application

Shielding wall
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What kind of beam signals we can use ?

Image 
charge

Radiation

Interception

Current 
transformer

Wall current 
monitor

Button 
pickup

Stripline
pickup

Synchrotron 
Radiation

Faraday cup

Fluorescent 
screen

OTR screen

Wire scanner

Compton 
scattering

Cavity
pickup

EO sampling

Optical 
Diffraction

Smith-Purcell
Radiation

Cherenkov 
Radiation

Same longitudinal distribution
Dependent to beam trans. position
ʬcharge

Light pulse faithfully 
replicates the beam bunch
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Signal conditioning

Optical
Signal

Electrical
Signal Filter

Filter

Attenuator

Attenuator Splitter

Splitter

Nonlinear
Crystal

RF Detector
Mixer

YAG screen

Amplifier

Polarizer

Phase shifter

S & H 
circuit

OE convertor

Focusing 
lens

Grating

Frequency Doubler
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DAQ solution

Commercial
DAQ & Instruments

Custom Designed
Beam Signal Processor

FPGA Development
Toolkits

Commercial
Dedicated Instruments
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Signal processing method

Raw signal parameters extraction
ü Digital Filtering
ü IQ demodulation
ü Integration
ü FFT, amplitude and phase extraction
ü Decimation, intepolation
üΧΧ
ü ML

Beam information calculation
ü Delta/Sum calculation (beam position)
ü Correlation
ü Curve fitting (size or length)
ü Lookup Table
üΧΧ
ü ML

Typical DAQ and digital signal processing of DBPM
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Machine commissioning stage 
Small charge Ą high sensitivity 
Uncorrected Lattice Ą large dynamic range
Tuning tools Ą qualitative measurement, large measurement errors acceptable

Facility acceptance test stage 
Optimize accelerator performance Ą high resolution
Determine machine parameters Ą Accuracy
Continuous measurement not required Ą destructive method acceptable

Operation stage
Online monitors Ąminimal interference for beam / non-interceptive
Good enough to identify abnormal condition Ą high resolution
Easy to use Ą reliability/repeatability/stability

Beam data source for the various feedback or feedforward loops in the machine
High data rate, high bandwidth
Low latency

Configuration and optimization



Typical BeamDiagnostics:
beam intensity and lifetime

18
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Typical diagnostics devices for beam intensity

Beam sensor DAQ solution resolution Remarks 1 Remarks 2

Destructive Faraday Cup Q meter / Scope ~ 1% Absolute value LINAC

Non-destructive

ICT Scope / fast digitizer 1 ~ 2% Absolute value LINAC

DCCT DMM 2 uA(1E-6) Absolute value RING and LINAC

Other CTs Scope / fast digitizer ~ 1% relative value LINAC and RING

Wall current monitor Scope / fast digitizer ~ 1% relative value LINAC and RING

BPM sum signal Scope / fast digitizer 0.02% (multi-turns) relative value RING and LINAC

Cavity (TM0X0) RF-FE + fast digitizer 0.01% relative value LINAC

SR + PD Scope / fast digitizer ~ 1% relative value RING



0 500 1000 1500
-2

-1

0

1

2

Faraday Cup

A Faraday cup is a device used to catch charged particles and measure their current, helping to determine the amount of 
electric charge carried by these particles. It works by collecting electrons or ions, which then generate a measurable electric 
current proportional to the number of particles striking the cup. 

cross-sectional view of the FC 
of the KEKB injector linac
(courtesy T. Suwada, 2003)

ü Primarily used for the absolute measurement of charge quantity in low-energy beams.
üWhen the particle beam strikes the collector electrode, it dissipates all its energy, causing the charge to accumulate on 

the collector.
ü By connecting an ammeter or electrometer across the collector electrode and the signal ground, the beam current or 

total charge can be measured.
ü Given the relatively wide signal bandwidth, an oscilloscope is typically utilized as the data acquisition device.
ü To mitigate signal distortion resulting from secondary electron emission, a negative bias voltage is conventionally applied 

to the shielded enclosure.
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Integration Current Transformer (ICT)

Scope embedded IOC

Fast Scope

BW >= 200MHz

SSRF example: 1000 samples               RMS:  0.009/1.067nC =  0.8%              P-P:  0.06/1.067 =  5%

BergozICT
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ICT raw waveform acquired by scope IOC
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ICT resolution test @ 2009.03.31

Total samples1000
Average = 1.067nC 
STD = 9pC
0.009 / 1.067 = 0.8%

Suitable for absolute measurement of average beam current in storage rings and high-repetition-rate linacs(operating 
at tens of ˃ !), serving as a reference calibration device for other measurement techniques.
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DC Current Transformer (DCCT)

Bergoz NPCT175Shield design borrowed from SPEAR3
NI 4070
DVM

NI 8187
PXI controller

Suitable for absolute measurement of average beam current in storage rings and high-repetition-rate linac(operating at 
hundredsof ˃!), serving as a reference calibration device for other beam intensity measurement techniques.

Beam Instrumentation and Diagnostics, 
Peter Forck, Proceedings of the General 
Introductory CAS course on Accelerator 
Physics & Technologies, 2019 and beyond 
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Filling Pattern Monitor @ SSRF

OPI
Matlab/EDM

EPICS CA

Beam
Button pickup

Signal

Combiner

Attenuator

Delay lines

2ns

Waveform

Digitizer

PXI  IOC

18dB

BW 1-1000MHz

BW DC-2GHz

Sampling 8GHz

Res. 10bits
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Storage ring filling pattern @ 2009.04.14 Button pickup
Acquire beam signal, RF = 499.654MHz
Delay line
Compensate phase difference of signals form 4 buttons
Signal combiner
Filter out beam position independent intensity signal
Attenuator   
Adjust signal level of FE output to ADC input range
Waveform digitizer
ADC @ BW 2GHz, sampling rate 8GHz, resolution 10bits
IOC     
Rebuild waveform, calculate bunch charge
OPI 
Provide human interface  
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Filling Pattern Monitor @ SLS

EPACõ04, Kalantari et al., SLS
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Bunch Charge and Lifetime Measurement @ SSRF
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