
RF beam diagnostics 
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 Example devices

 Quantitative analysis

Measuring rms bunch length
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Basics of RF cavities for beam measurements

Charged particle
Beam

RF cavity 
E-field of resonant modes 
couples to particle charge

Field probe 
couples RF field to

electronic

RF front end 
converts HF to LF

LF signal
conditioning

Data acquisition
system 

operator

feedback
systems

B.P.
filter

Depending on cavity field pattern 
and receiver electronics  this allows 
retrieving information on

• Bunch intensity

• Bunch phase (longitudinal position)

• Transverse bunch position

• Beam angle

• Bunch length 



Energy  transfer from beam to cavity
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Energy  transfer from beam to cavity
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Energy transfer for finite bunchlength
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Dissipation of energy in cavity
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Energy flow

Charged particle
Beam

RF cavity 
E-field of resonant modes 
couples to particle charge

Field probe 
couples RF field to

electronic

Measurement 
electronic

PC= ohmic losses in cavity wall 

Pe= signal power



Dissipation of energy in cavity and external measurement electronic
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Cavity driven by continuous bunch train
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Signal power vs. coupling factor β for c.w. beams
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Measurement of beam intensity
or beam timing/phase relative to some external 
RF reference 

Cavity mode with rotational symmetry
and electric field maximum on beam axis

“Monopole mode” , “TM010 like mode”

Beam measurement types

Measurement of beam position 

Cavity mode with Zero electric field on axis,
azimuthal field dependence like Cos(θ) 
and field strength dependence on 
beam position approximately linear 
with displacement r

“Dipole mode”, “TM110” like mode

beam

beam



Signal path in RF frontend 

Charged particle
Beam

Field probe 
couples RF field to

electronic

B.P.
filter

RF
LO

IF
Digitizer

Mode with
Resonance at ω0

ω0  reference
sync. with 
beam

Mixer

φPhase shifter



Example of RF monitors in MAMI 

4.9 GHz Phase and Position Resonators in MAMI double sided Microtron (at Mainz University)

phase & 
intensity 
monitor

position 
monitor

Courtesy H. Euteneuer and  O. Chubarov



MAMI monitors cont.

Drawing of a similar cavity 
(but at 9.8GHz)



RF electronic for 9.8 GHz RF BPM’s in MAMI 

Courtesy H. Euteneuer and T. Doerk



Example of RF front with IQ demodulation and switchable gain

Beam

RF
switch

tree

attenuator
array
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Properties of “Pillbox” cavity TMmn0 modes
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Properties of “Pillbox” cavity TMmn0 modes cont.
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Properties of “Pillbox” cavity TMmn0 modes cont.



Pillbox cavity with beam pipe, monopole mode
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Energy transfer for off axis beam, monopole modes
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Pillbox cavity with beam pipe, dipole mode
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Energy transfer for off axis beam, dipole modes
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Loss factors for Pillbox cavities with beam aperture ø=2a

( )
( )

( )
( ) ( )

( )
( )

( )
( ) ( ) 0mfor       cos 2

sin
4),(

0for                                                2
sin

2),(

for  

0for       cos  

1

1

 2
sin

4),(

0for                                            

1

1
2

sin
2),(

2
2

2
2

11

2

22
0

2

2

2
01

2
0

22
0

2

2
2

2

2

2

2

2
2

11

2

22
0

2

2

2

2

0

2

2

2

02

2
01

2
0

22
0

2

>








⋅
−

=

=








=

≈

>











−











−








⋅
−

=

=











−











−








=

+−

+−

)(m
a
r

d

d
v

XJXJ
akJ

R
vrk

m
d

d
v

XJ
akJ

R
vrk

cv

m)   (m

a
v
ckI

r
v
ckI

d

d
v

XJXJ
akJ

R
vrk

m

a
v
ckI

r
v
ckI

d

d
v

XJ
akJ

R
vrk

m

m

mnmmnm

m
loss

n
loss

m

m

mnmmnm

m
loss

n
loss

ϑ

ω

ωπε
ϑ

ω

ωπε
ϑ

ϑ

ω

ωπε
ϑ

ω

ωπε
ϑ



Scaling of Cavity properties with frequency
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Optimum cavity length for single bunch BPM 
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Optimum cavity length for c.w. beam BPM 

λ

πλ
λ

λβ
π

ω

ω

c
vd

Xd

d

cXd

d
vR

opt

mn

rel

mn
Shunt

⋅=

=







 +










=
+









∝

453.0

832.3X

          

2

sin
 2

sin

11

.

22
( )

π

π

2
832.3

sin2

+x

x

x0.453



Numerical example

Position resolution and measurement 
range of a 3GHz RF BPM
with a=15mm, d=25mm, β=5 
Material copper σ=5.88·107

for single bunch beam with 
q=100pC
σt=3ps 
T=100 MeV (v≈c).

RF front end can resolve 
Pe = -50dBm.

( )
( ) ( )

( ) ( )

μm13
W3.60

10

ns131
expW 3.60)(

14795 
61mm25mm
61mm25mm 

Sm1088.52
GHz32104

GHz32
2

  
2

2
      ,  998.0

2
ps)3GHz32(exp

2
exp

 950

mm15
 

mm25

mm25GHz3sin

83171.383171.3

mm15GHz32

mm61
4

cos 2
sin

4

61mm3.83171
GHz32

)1(exp)(

10/50

min

2
2

17

7
00

0

0
222

2
2

22

2
2

20

2

1

222
0

2

2
2

2
2

112110

2
1

22
0

2

11

00

22

==








 −
=

=
+
⋅

⋅⋅
⋅⋅⋅

⋅
=

+
=

==






 ⋅⋅−
=







 −
=

⋅
⋅=







 ⋅

⋅







 ⋅

−
=









⋅
−

=

===








 +
−=

−

−

−

dBm

E

Surf

Surf
b

b

loss

loss

bbloss
E

x

txtP

Rd
Rd

R
Q

RF

x
mpC

Vk

xc
JJ

c
J

c

)(m
a
r

d

d
v

XJXJ
akJ

R
vk

cXcR

t
QQ

FqktP

ππ
πµωµ

σ
ωµπσω

ππ

ωπε

ϑ

ω

ωπε

πω

βωβω



 4 2 0 2 4

1

2

3

4

5

6

Measurement troubles
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Moving beam
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Sensitivity to beam angle

 4 2 0 2 4

1

2

3

4

5

|V|

X-position

Moving beam
In X- direction

4 2 0 2 4

4

2

0

2

4

Re V

Im
V

Moving in x

900 out of 
phase signal 
from beam 
angle

Reasons:
• Beam comes with an angle
• Cavity is tilted

Remedies
• Improve cavity angle alignment
• Shorten cavity length 

(at the expense of reduced sensitivity)
• Use it as a feature 

(requires IQ demodulation) 



Common mode signal from monopol signals

Z
Z/x

TM010

TM110

010110 6.1 ωω ≈

ω

Remedies:
• Symmetric coupling with 1800 Hybrid 
• Mode selective couplers 
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RF-BPM (similar designs for SCSS, European-XFEL, SwissFEL)

Dual-resonator,
coaxial connectors,

mode-selective
(E-XFEL, 3.3GHz)

100mm

Reference cavity
(1 connector):
3.3GHz signal

~ bunch charge

Position cavity
(4 connectors) :
3.3GHz signal

~ position * charge 

Mode-selective couplers 
suppress undesired 

other modes 

Visible: Vacuum, 
couplers

D. Lipka/DESY, based 
on SCSS design

Beam Position = k * (VPos_Cav / VRef_Cav). Factor k: Not fixed, variable via attenuator.

Courtesy B. Keil/PSI



Reject Monopole Mode

33

Magnetic
Field

Electric
Field

Beam

Ref: V. Vogel
Nanobeam 2005

Courtesy D. Lipka/DESY

Coupling waveguides couples 
to TM110 mode, not to TM010



Reject Monopole Mode

D. Lipka, MDI, DESY Hamburg 34

Monopole Mode Dipole Mode

• propagation of dipole mode in waveguide 

• monopole mode no propagation in waveguide

Courtesy D. Lipka/DESY



3.3GHz 
RFFE

6x16bit 
160Msps 

ADC 
Mezzanine

FPGA 
Mezzanine 

Carrier 
Board 
(IBFB 

version)

GPAC

RFFE 1

RFFE 2

Common
PowerDistribution

Cavity BPM 
Pickup 1

Cavity BPM 
Pickup 2

Input

Input

Input Input

Output

Output
Redundant 

PowerSupply

Redundant 
PowerSupply

Redundant 
PowerSupply

Modular BPM Unit

MGT MGT

Control, Event, 
Machine RF 

system

BPM Unit (PSI 
Design): 2-4 

RFFEs, 1 
FPGA Board. 

Courtesy B. Keil/PSI

PSI Cavity BPM Electronics for Eu-XFEL and SwissFEL



M. Stadler

Courtesy B. Keil/PSI

Cavity BPM Electronics: RFFE
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ADC2

ADC1

ADC0

ADC3

ADC4

ADC5

FB_U

50
0 

Po
l.C

on
ne

ct
or

8

36

34

34

34

34

34

MGT's
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Shield

CLOCK
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HCK CLKIN

AIN5
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LVDS8
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CLKIN
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3 x LED
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JTAG 3

4

CLOCK
160MHz

Config

1

3.3V

3.3V

2.5V3.
3V

5.0V

3.
3V

3.
3V

4.
6V

3.3V

1

500pol. High 
Speed Connector 
(Carrier Board 
FPGA Interface)

Differential 
Inputs

On-Board Gain 
and Offset 
Calibration

Low Jitter Clock  
Distribution  (80fs) 

Control Unit

Six 16-bit 160Msps ADCs

M. Roggli

Courtesy B. Keil/PSI

Cavity BPM Electronics: ADC Mezzanine Board



“ GPA
C” Board

Piggyback
Boards

VME 64x/2esst
Transceivers

VMEbus

Compact
Flash &

Controller

2 ADCs

LVDS (0.5-1 Gbps)

Cavity Pickup

2 ADCs2 ADCs Clocks &
Trigger

2 ADCs

LVDS (0.5-1 Gbps)

• ADC/DAC
Clock

• Bunch Trig.
Bunchtrain
Pretrigger

2 ADCs Clocks &
Trigger

Config.
FPGA

RAM

User
Defined
I/Os

System
FPGA

(Virtex5 FXT)

Serial Bus Transceivers

VM
E-P2

Backplane
Board

RFFE Control (Gain, PLL Freq., …)

Backplane
FPGA

(“Low Cost”)

2 ADCs

Buttons Buttons Buttons

RFFE •RFFE RFFE (I/Q Dem.)

• ADC/DAC
Clock

• Bunch Trig.
Bunchtrain
Pretrigger

•

RAM BPM
FPGA 2

(Virtex5 *XT)
X
FE

L 
Co

nt
ro

l S
ys

. 
Li
nk

PS
I 

M
ai
nt

en
an

ce
 L
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k

VXS (1-5 Gbps)
Rocket IOs

IBFB Link IBFB Link

Contr. Sys. Link

2 SFP
Fiber
Optic

Transceivers

BPM
FPGA 1

(Virtex5 *XT)

RAM

RFFE

BPM data 
processing & 

storage, 
RFFE tuning, 
calibration, 

…

Control system 
interface: 

VME, VXS, or 
front-panel 

fiber optic links 
(Ethernet, …). 
PowerPC in 

FPGA can run 
Linux/EPICS.

Courtesy B. Keil/PSI

BPM Electronics: Digital/FPGA Carrier Board



Pickup Transformer Button Matched Stripline RF Cavity

Spectrum

Monopole 
Mode 
Suppression

Modal (hybrid) / 
electronics

Modal (hybrid) / 
electronics

Modal (hybrid) / 
electronics

Modal (coupler),
frequency,

Typical RMS 
Noise, 10pC, 
*20mm pipe*

>50μm >100μm ~60μm <1μm

Typical 
Electronics 
Frequency

0.1…200MHz 300…800MHz 300…800MHz 1-12GHz

Pictures

Comparison of different BPM types
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Comparison of different BPM types cont.

Transformer Button Stripline RF Cavity

flexibility bunch 
spacing, train length, 
bunch length

++ + - -

precision &
resolution + + + ++
sensitivity for low 
charges + - + ++
difficulty of calibration + + + -
impedance
(collective instabilities) + + + -
complexity of 
electronics + + + -
size - ++ + +



Measurement methods for short bunch length 

Time Domain Methods

streak camera RF deflector spectrometer

deflection with time
dependent field

conversion
into photons

time dependent
acceleration

dispersive
bend

detection of transverse
electron distribution

conversion
into electrons

Frequency Domain Methods

microwave spectroscopy coherent radiation

bunch induced 
RF field conversion

into photons

inverse Fourier transform 
+

assumptions on distribution

frequency 
selective 
element



Bunch Length Measurements with RF methods
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For beam intensity and position measurement the bunch length affects the signal 
in proportion with bunch form factor

By sampling Fb at different frequencies information of bunch length and shape can be obtained !



Relation bunch spectrum / r.m.s. bunch length

Three bunch shapes with same qb and σb
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Best frequency choice for σb determination
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Best frequency for maximum sensitivity 
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Range of microwave methods

ωopt/2π
[GHz]

σopt  [ps]

wave guide 
systems

Quasi optical
systems



A very simple system

beampipe

rectangular 
waveguide with
diode power
detector

oscilloscope

L

Choose rectangular waveguide with ωcutoff≈ωopt . Connect waveguide to beampipe. 
Detector will measure integrated spectrum integrated above ωcutoff
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0

0.2

0.4
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1

Fb(ω)

ω/2π
ωcutoff

σb+ 20%

σb- 20%



Different configurations for coupling the electron bunch field

PhD thesis C.Martinez



Waveguide pick-up system design

capton foil is better
but your vacuum group will kill you!

DC block to protect RF detector against
beam induced 

Courtesy L. Søby, CERN



Waveguide pick-up of CTF3 at CERN

CL.BPR0290
CL.BPR0475
CT. BPR0532
CR.BPR0532
CC.BPR0915

Vacuum
window
 AL2O3

2 x Horn
Antenna

30dB
attenuation.

Wave guide
WR28 ~1-2m SMA

26dB-12dB10dB 20dB

ADC
SIS3300

RF
detector

Non intercepting bunch length monitor

RF in

Shorter bunches 
means more power

Courtesy L. Søby, CERN



A more  sophisticated system
CTF3(CERN) mm-wave spectrometer 

Courtesy A. Dabrowski, CERN



Filter for mm-wave

Reflection=low pass Transmission=high pass

PhD thesis C.Martinez



Example CTF3 mm-wave spectrometer 

Example of one down mixing stage - RF-pickup
Example:

1. 33 GHz beam harmonic (11th of 3 GHz)
2. ADC is 2 GS/s, typically use 4000 points, 2 micro second time window, delta t = 0.5 ns
3. Depending on the period of the bunch length variations along the pulse & parasitic noise 

optimize the choice of the second LO mixing stage
4. choose to down mix to a high frequency LO signal, choose 716 MHz

Beam 
acceleration

Beam 
harmonic #

Beam 
harmonic

Fixed first 
Mixing

Variable 
Mixing

IF IF 
(measured)

2.99855 GHz 11 32.984 GHz 26.5 GHz 7.2 GHz 716 MHz 735 MHz

Example Schema K-
band down mixing 
scheme

Courtesy A. Dabrowski, CERN



Example CTF3 mm-wave spectrometer 

Courtesy A. Dabrowski, CERN



Self consistent calibration of spectral bunch length measurment
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1. Measure RF signal S1 and S2 at two frequencies ω1 and ω2
2. Change machine setting to obtain a different (yet unknown) bunch-length 
3. Measure again RF signal S1 and S2 at two frequencies ω1 and ω2
4. Compute response function R1 and R2 at ω1 and ω2 and bunch-lengths σA and σB  for the 

two machine settings from knowledge of spectral shape
5. Store R1 and R2 for future measurements
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Spectrum of bunch trains
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Line spacing=1/bunch spacing
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Thank you for your attention !

& Have fun measuring your beam parameters!
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