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OUTLINE

RF beam diagnostics – 1st lecture

Introduction

Beam intensity diagnostics

Current transformers

Passive Cavity based devices

Beam transverse position diagnostics

Transmission line beam position monitor

Cavity beam position monitor

Definitions (from metrology)

Field from a relativistic moving charge

Longitudinal diagnostics

- to link to the hands on session 
(bench measurement).

- to show general principles.

Only few selected examples

- It is impossible to cover all.
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BASIC DEFINITIONS

smallest change in a quantity being measured that causes

a perceptible change in the corresponding indication

Resolution (of the measurement system)

non-negative parameter characterizing the dispersion of 

the quantity values being attributed to a measurand, 

based on the information used. 

Measurement uncertainty

closeness of agreement between a measured quantity 

value and a true quantity value of a measurand 

Measurement accuracy
Calibration

Precision

It depends on noise

Hopefully once!!!

Hopefully always!!!

quotient of the change in an indication of a measuring 
system and the corresponding change in a value of a 
quantity being measured.

Sensitivity of a measuring system
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FIELD OF A MOVING CHARGE

Courtesy of M. Migliorati
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FIELD OF A MOVING CHARGE

Courtesy of M. Migliorati
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FIELD OF A MOVING CHARGE

Courtesy of M. Migliorati

Only Transverse Electric Magnetic (TEM) field components



Andrea Mostacci 

(Sapienza University, INFN-Roma)

RF beam diagnostics - slide 7

Berlin, June 2023

PRIMER OF BENCH MEASUREMENTS

Electron beam 

travelling on axis

Electric pulse traveling 

on the wire

Cavity mode 

excitation

Cavity mode 

excitation and power 

reflection

Ultra-relativistic 
beam field

TEM mode coax waveguide
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BEAM INTENSITY

BEAM INTENSITY: Charge and/or current

Courtesy of P. Forck

𝐼𝑚𝑒𝑎𝑛

𝐼𝑝𝑢𝑙𝑠𝑒

𝐼𝑏𝑢𝑛𝑐ℎ

long time average (Ampere)

average on the beam delivery (Ampere)

Current with the bunch (charge or number of particles)

Pulsed LINAC
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BEAM INTENSITY MEASUREMENTS

BEAM INTENSITY: Charge and/or current

Transformer (dc, pulsed)Linac

Ring

Faraday Cup

Particle Detector (e.g. scintillators)

Transformer (dc, pulsed)

Normalised pick-up signal

Normalised pick-up signal
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Widespread, commercial devices

Current Transformers Passive cavity

BEAM INTENSITY

Research group design

Pulsed beam
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B FIELD PROPERTIES

Current transformers detects of beam magnetic field.

No dependence on beam energy.

Bunched beam has the same

B field of an infinite current

𝐵 = 𝜇0
𝐼𝑏𝑒𝑎𝑚
2𝜋𝑟

ො𝜑

𝜎𝑧 ≫
𝑏

𝛾

Courtesy of M. Migliorati
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CURRENT TRANSFORMER – PULSED BEAM

Non destructive measurement

Typical detection threshold in uA range due to noise limitation.

Sensitivity

Courtesy of P. Forck



Andrea Mostacci 

(Sapienza University, INFN-Roma)

RF beam diagnostics - slide 13

Berlin, June 2023

FAST CURRENT TRANSFORMER - FCT

beam

t
Ie

N

R
tU droop =

− 
)(

Courtesy of P. Forck
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FAST CURRENT TRANSFORMER PARAMETERS

𝑓𝐿𝑂𝑊 𝑓𝐻𝐼𝐺𝐻

𝑓𝐿𝑂𝑊 𝜏𝑑𝑟𝑜𝑜𝑝 𝑑𝑟𝑜𝑜𝑝

𝑓𝐻𝐼𝐺𝐻 𝜏𝑟𝑖𝑠𝑒 faster response

G. Franzini - INFN
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𝑓𝐿𝑂𝑊 𝜏𝑑𝑟𝑜𝑜𝑝 𝑑𝑟𝑜𝑜𝑝

𝑓𝐻𝐼𝐺𝐻 𝜏𝑟𝑖𝑠𝑒 faster response

FAST CURRENT TRANSFORMER PARAMETERS

G. Franzini - INFN
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In-flange FCT In-air FCT

FCT FROM INDUSTRIAL SUPPLIER

G. Franzini - INFN

From Instrument manual
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Turns ratio / Model 20:1 5:1 20:1 –low droop 5:1 –low droop

Sensitivity (V/A) 1.25 5.0 1.25 5.0

Rise time (ns) 0.23 0.39 0.4 0.78

Droop (%/µs) < 6 < 32 <1 < 8

Upper cutoff frequency (GHz) 1.50 0.9 0.85 0.45

Lower cutoff frequency (kHz) < 9.5 < 50 < 1.6 < 13

L/R time constant (min.) (µs) 17 5 100 12

Max. charge/pulse (µC) 324 20 324 20

Max. rms current (A) 2.7 2.7 2.7 2.7

Max. peak current (pulse = 1 ns) (kA) 0.2 0.1 0.2 0.1

FCT SPECIFICATIONS

Based on the duration and shape of the bunch (i.e., its frequency content), the most suitable model

can be chosen. For instance, a low risetime (i.e., high upper cut-off) may be desired to track fast

variations (short bunches) at the expense of reduced sensitivity, etc.

Models with the low droop option decrease both the lower and upper cut-off frequencies.

Consequently, they decrease droop but increase risetime. Therefore, they are used for longer

duration bunches with slower variations.

G. Franzini - INFN
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In-flange ACCT In-air ACCT

ACTIVE CURRENT TRANSFORMER

By using an operational amplifier in the output stage, it is possible to significantly reduce the lower 

cut-off compared to the FCT and, consequently, decrease the droop time. 

The ACCT is therefore employed for long-duration impulses (µs-ms). Typically, an amplifier with 

limited bandwidth (e.g., 1 MHz) is used to reduce high-frequency noise resulting in a high risetime 

(e.g. 350 ns).

G. Franzini - INFN
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In-flange ACCT In-air ACCT

ACTIVE CURRENT TRANSFORMER

By using an operational amplifier in the output stage, it is possible to significantly reduce the lower 

cut-off compared to the FCT and, consequently, decrease the droop time. 

The ACCT is therefore employed for long-duration impulses (µs-ms). Typically, an amplifier with 

limited bandwidth (e.g., 1 MHz) is used to reduce high-frequency noise resulting in a high risetime 

(e.g. 350 ns).

G. Franzini - INFN
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The FCT is a pure and simple transformer that, within a certain bandwidth, allows measuring the

current of the bunch while also reconstructing its temporal profile.

On the other hand, the ICT uses passive components (R, L, C) mounted on the device that

completely deform the bunch profile, elongating it while guaranteeing that the integral of the output

signal is proportional to the bunch charge.

It is used when the bunch is short (i.e. ps level) and FCTs would not be able to measure it. For

instance in high brightness LINAC the 1ps signal from the bunch is increased up to 5ns.

ICTs are used to measure the charge of bunches when they are very short (i.e., ps level).

CTs sensitivity is in V/A, while ICTs sensitivity is given in Vs/C, emphasizing the fact that the charge

of the bunch is measured by calculating the integral of the output signal.

INTEGRATING CURRENT TRANSFORMER

In-flange ICT In-air ICT
G. Franzini - INFN
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In-flange ICT In-air ICT

ICT SPECIFICATIONS

G. Franzini - INFN

It corresponds to a 

precision of 1pC
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FAST CURRENT TR.. ACTIVE CURRENT TR. (ACCT) INTEGRATING CURRENT TR.

Turns Ratio 10:1 ... 5:1

Sensitivity 2.5 V/A Depends on the amplifier 5 Vs/C

Low cutoff frequency 16 kHz 3 Hz 5.3 kHz

Up cutoff frequncy 1.17 GHz 1 MHz 191 MHz

Rise time 0.3 ns 350 ns 1.5 ns

Droop 10 %/µs 2%/ms 3.6 %/µs

Output Pulse Length Depends on bunch length Depends on bunch length 5 ns

Uncertainty  (typical) … 1.5µArms (in 1A range) ~0.55 pCrms

Accuracy
Depends on eddy currents 

(up to few percents)
~1%

.. from datasheet … measured @LNF

PERFORMANCE COMPARISON

Datasheet parameters can vary within the same category from model to model.

Therefore, they should be considered as orders of magnitude.

G. Franzini - INFN
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ACCURACY AND RESOLUTION OF CTs

G. Franzini - INFN

The accuracy can depend on several factors, including eddy currents (which, in turn,

depend on the frequency content of the bunch), offset (of the measurement

electronics), accuracy in device calibration/construction, and temperature.

Data on accuracy is rarely available, but when provided, it is typically presented with

an order of magnitude of around 1-2% of the measured quantity (current or charge).

This data has been verified against some articles.

The uncertainty typically depends on the active components (such as amplifiers in 

the case of ACCT) and the measurement electronics. For example, in the case of 

SPARC high brightness LINAC, ICT uncertainty is in the order of 0.5/1 pC (measured 

as the rms value of noise in the measurements). 

For ACCT, a value of 1.5 µArms is reported for a 1A range.

Accuracy

Uncertainty
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Widespread, commercial devices

Current Transformers Passive cavity

BEAM INTENSITY

Research group design

Pulsed beam
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CAVITY BEAM INTENSITY MONITOR

Passive Cavity Beam Intensity Monitor for 35MeV Pulsed Proton

Beams for Medical Applications

Example

With CT averaging is necessary to

extract signal from noise but losing

single pulse information

Sensitive, compact, non interceptive

detector between sections to be used

in commissioning

Non destructive measurement

Single pulse measurement

Problem
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CAVITY BEAM INTENSITY MONITOR

With CT averaging is necessary to

extract signal from noise but losing

single pulse information

Sensitive, compact, non interceptive

detector between sections to be used

in commissioning

Non destructive measurement

Passive Cavity Beam Intensity Monitor for 35MeV Pulsed Proton

Beams for Medical Applications

Single pulse measurement

Example

Problem Solution

Short TM010 cavity

beam
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EXTRACTED POWER

𝑷𝒎𝒆𝒂𝒔 = 𝟒𝑰𝒃𝒆𝒂𝒎
𝟐 𝒆−𝝎𝒃

𝟐𝝈𝒕
𝟐
𝑹𝒔𝒉𝒖𝒏𝒕𝑻

𝟐𝑸𝟎

𝜷

𝟏 + 𝜷 𝟐
𝟏 + 𝟒 𝑸𝑳

𝟐 𝝎𝟎 −𝝎𝒃

𝝎𝟎

𝟐 −𝟏

𝝎𝒃 =
𝟐𝝅

𝑻𝒃𝑰𝒃𝒆𝒂𝒎

𝑻𝒃

𝝎𝟎 = 𝟐𝝅𝒇𝟎

Bunch spacing

Average current

𝒇𝟎 Resonant frequency

F. Cardelli et al., Design and test of a compact beam current monitor based on a passive RF cavity for a proton 
therapy linear accelerator, Rev. Sci. Instrum. 92, 113304 (2021); https://doi.org/10.1063/5.0062509

Beam Cavity Coupling Detuning

RF power extracted from a resonant cavity excited by a pulse with a train of bunches

𝑻 Transit time factor

beam
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EM DESIGN OF THE CAVITY

F. Cardelli et al., Design and test of a compact beam current monitor based on a passive RF cavity for a proton 
therapy linear accelerator, Rev. Sci. Instrum. 92, 113304 (2021); https://doi.org/10.1063/5.0062509

Example
Design goal:

re-entrant cavity 12mm long with filling time between 100 and 200 ns, maximizing

shunt impedance and transit time factor

RF output power variation with

respect to the beam current

(PIC-CST module vs theory)

Electric Field (CST) Magnetic Field (CST)
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CAVITY MEASUREMENT

F. Cardelli et al., Design and test of a compact beam current monitor based on a passive RF cavity for a proton 
therapy linear accelerator, Rev. Sci. Instrum. 92, 113304 (2021); https://doi.org/10.1063/5.0062509

Example



Andrea Mostacci 

(Sapienza University, INFN-Roma)

RF beam diagnostics - slide 30

Berlin, June 2023

BEAM MEASUREMENT

F. Cardelli et al., Design and test of a compact beam current monitor based on a passive RF cavity for a proton 
therapy linear accelerator, Rev. Sci. Instrum. 92, 113304 (2021); https://doi.org/10.1063/5.0062509

Transformer

Passive Cavity
Example
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BEAM POSITION MONITOR

Courtesy of M. Wendt
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TRANSVERSE POSITION MEASUREMENT

Strip line BPM Cavity BPM

Resonant pick-upTransmission line pick-up
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STRIPLINE BEAM POSITION MONITOR

Courtesy of M. Wendt

Directional coupler BPM
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Courtesy of M. Wendt

STRIPLINE BPM BASICS

Strip transmission-line of characteristic 

impedance Z0 = 50 Ω

TEM signal (except near the ports)

Electric + Magnetic coupling to the beam field

Ability of detecting beam direction
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STRIPLINE BPM PRINCIPLE

+
𝒕 = 𝟎

𝒕 =
ℓ

𝒄

ℓ

+

-

ℓ

𝒗 ≈ 𝒄

-

𝒗𝒔 ≈ 𝒄
𝒗𝒔 ≈ 𝒄

𝒗 ≈ 𝒄

𝒗𝒔 ≈ 𝒄

𝒗𝒔 ≈ 𝒄

ℓ

stripline 𝒁𝟎

upstream line 𝒁𝟎
𝑹𝒍𝒐𝒂𝒅

= 𝒁𝟎
upstream
port

downstream
port

Courtesy of M. Wendt
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𝒕 = 𝟐
ℓ

𝒄

ℓ
𝟐ℓ

𝟐
ℓ

𝒄

𝒕

𝒗𝒔 ≈ 𝒄
𝒗𝒔 ≈ 𝒄

Courtesy of M. Wendt

STRIPLINE BPM PRINCIPLE

Double pulse with 

spacing

2ℓ

𝑐
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TRANSFER IMPEDANCE

Courtesy of M. Wendt
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Simplified design: short circuited connector

No directivity

Compton source Linac design

Example

SHORT CIRCUITED STRIPLINE

50W vacuum feedthroughs are

difficult to make

Simulation of wire 

bench measurement
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SHORT CIRCUITED STIPLINE BPM

TDR measurement with Network analyser

Example
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SHORT CIRCUITED STIPLINE BPM

TDR measurement with Network analyser

Example
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ACCEPTANCE TEST OF BPM

TDR measurement with Network analyser

Example

Difficult feedthrough 
realisation
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OFFSET CALIBRATION

Lambertson method uses the coupling between strips to determine the gain factors of

each electrode; the ratios between gain factors then provide the difference between

the mechanical and electrical centres.

A. A. Nosych et al., Measurements and calibration of the stripline BPM for the ELI-NP facility with the stretched wire 
method, IBIC2015, Melbourne, Australia.

Accuracy
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NON LINEAR RESPONSE OF BPM

Wire scan bench measurement using readout electronicsAccuracy

A. A. Nosych et al., Measurements and calibration of the stripline BPM for the ELI-NP facility with the stretched wire 
method, IBIC2015, Melbourne, Australia.
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CORRECTION OF NON LINEAR RESPONSE

(Polynomial) correction algorithm can be applied

1.85mm

0.084mm

Accuracy
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WAKE FIELDS IN BPMs

Maybe relevant for novel low emittance rings …

Courtesy of G. Castorina - Sapienza
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TRANSVERSE POSITION MEASUREMENT

Strip line BPM Cavity BPM
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FIELD EXCITED BY A OFFSET BUNCH IN CAVITY

G. Franzini - INFN

monopole mode

dipole mode

Courtesy of  D. Lipka

TM110 (dipole)

TM010 (monopole)

PILLBOX CAVITY

Different modes have different oscillating 

frequencies
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CAVITY BPM - TWO PILLBOX RESONATORS

Extracting Dipole and Monopole mode signals is possible to measure the beam offset

independently by the beam charge as well as offset sign. The working frequency is

driven by the electronics.

G. Franzini - INFN



Andrea Mostacci 

(Sapienza University, INFN-Roma)

RF beam diagnostics - slide 49

Berlin, June 2023

CAVITY BPM OUTPUT SIGNALS

G. Franzini - INFN
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CAVITY BPM FOR MULTIBUNCH OPERATION

Example

G. Franzini - INFN
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CAVITY BPM - SIGNAL PROCESSING (1/3)

Example

G. Franzini - INFN
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CAVITY BPM - SIGNAL PROCESSING (2/3)

Example

G. Franzini - INFN
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CAVITY BPM - SIGNAL PROCESSING (3/3)

ExampleG. Franzini - INFN
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CBPM MEASUREMENTS AT SWISSFEL

B. Keil et al., First beam commissioning experience with the SwissFEL CAVITY BPM SYSTEM, 
IBIC2017, Grand Rapids, MI, USA

Model CBPM16 CBPM8

Length 100 mm 100 mm

Inner 
Aperture

16 mm 8 mm

Typ. Pos. 
Range

±5 mm ±1 mm

Charge Range 10-200 pC 10-200 pC

Bunch
Spacing

28 ns 10 ms

QL 40 1000

Frequency 3.2844 GHz 4.9266 GHz

CBPM16 CBPM8
Measurement obtained by correlating 

the reading of three adjacent CBPMs of 

the same type with similar offset.

Very good performance 

at low charge.
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CAVITY BPM IN COMPTON MACHINES

Example

G. Franzini - INFN
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REFERENCES

Beam Instrumentation CAS 2018 A beam instrumentation primer

Bergoz Instruments manual – www.bergoz.com

P. Nenzi, et al. Development of a Passive Cavity Beam Intensity Monitor for Pulsed

Proton Beams for Medical Applications, IBIC’19, 9 September 2019, Malmö, Sweden
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CONCLUSION

Accuracy and calibration procedures

Primer of cavity based beam measurement

Example of industrially available diagnostics

Use of bench measurement in diagnostics set-up
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