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Outline

• Longitudinal beam profile in accelerators

• Invasive and Non-invasive techniques 

– Explain concepts

– Review performances and limitations
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Accelerating charged particles
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Acceleration techniques

DC Accelerator RF Accelerator

synchronizing particle

with an

electromagnetic wave!
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Acceleration techniques

RF Accelerating structures

E(t)

t

z

Pin Pout

At 3GHz accelerating frequency

1 period = 333ps : Bunch spacing

Typical bunch length : few deg ~ few ps

DE

RF Accelerating Field
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Accelerating cavities

CERN PS 19 MHz Cavity (prototype 1966)

ILC 1.3 GHz supra-conducting Cavity ©
 K

E
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35 MV/m

CLIC 12 GHz Cavity

100 MV/m

400MHz LHC Cavity in its cryo-module

5MV/m
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Dielectric Wakefield Acceleration

SiO2 - 15cm long dielectric

Outer diameter : 2b-400um

Inner diameter :  2a-300um

Beam size 30um

Bunch length 25um (W) and 55um (D)

Dt (D-W) = 250um – 833fs
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Laser Plasma Wakefield Acceleration

100 mm

Courtesy of W. Mori & L. da Silva
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Beam Plasma Wakefield Acceleration
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Typical bunch length

H- @ SNS 100ps

H+ @ LHC 230ps

e- @ DLS 20ps

e- @ CLIC 130fs

e- @ XFEL 10fs

e- @ DWFA <60fs

e- @ PWFA <30fs

e- @ LWFA <10fs
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Bunch length measurement techniques
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Bunch length measurement techniques

Optical Method Bunch Frequency Spectrum 

RF manipulation Laser-based beam diagnostic

1. Produce visible light

2. Analyse the light pulse using 

dedicated instruments

Use RF techniques to 

convert time information 

into transverse information

The shorter the bunches, the 

broader the bunch frequency 

spectrum

Using short laser pulses and 

sampling techniques

Radiative techniques
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Bunch length measurement techniques

1- Longitudinal Profile  → RMS or FWHM values

• More precise information on the beam characteristic

2- Single shot measurements  → Sampling measurements

• Do not care about the beam reproducibility 

• No additional problem due to timing jitter

3- Non-invasive     → Destructive Devices

• Can be used for beam study and beam control for on-line monitoring

• Beam Power density : No risk of damage by the beam itself

 

 



1 n!
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Bunch length measurement techniques

Do not forget about Simplicity and Reliability

‘Beam diagnostics should help you to understand the 

beam properties, it should not be the opposite’

A detector, what for ?

• Online Beam stability → Non-intercepting and reliable

Only have access to a partial information (RMS values)

• Beam characterization and beam physics study → Full information 

Complexity and time consuming

14
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Bunch length measurement techniques

Can we perform non-invasive, single shot, 

beam profile measurement in an easy way ?

 

 

1 + + =

15



L. Bobb- CAS Advanced Accelerator Physics, 10-22 November 2024, Spa, Belgium 

Radiative techniques

‘Converting particles into photons’

16
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Incoherent versus Coherent Radiation

2

22

2

2

1

||

||2||||

aN

aaaI →=+=

a1 a2

particle 
trajectory

electric field

s >> 

At wavelength much shorter than the bunch length, the radiation is emitted incoherently 

because each particle emits photon independently from the others without a defined 

phase relation

Incoherent radiation
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Incoherent versus Coherent Radiation

Coherent radiation

a1

a2

particle 
trajectory

s < 
22

222

21

||

||4|2|||

aN

aaaaI →==+=

A coherent enhancement occurs at wavelengths which are equal to or longer than the 

bunch length, where fixed phase relations are existing, resulting in the temporal 

coherence of the radiation

18
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Total radiation spectrum

S w( ) = Sp w( ) N +N N -1( )F w( )éë ùû

S() – radiation spectrum 

Sp() – single particle spectrum 

N – number of electrons in a bunch 

F() – longitudinal bunch form factor 

F w( ) = r s( ) e
-i

w

c
s

ds
-¥

¥

ò
2

 (s)– Longitudinal particle distribution in a bunch

Incoherent term Coherent term
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Radiative processes

• Transition radiation Better for g >100 

• Cherenkov radiation b > 1/n

• Diffraction radiation

• Cherenkov Diffraction radiation

• Synchrotron radiation

For incoherent radiation

𝛾 > 3000

For coherent radiation

𝛾 >
0.06

𝜎𝑧(𝑚)

20
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Radiative processes

• Transition radiation Better for g >100 

• Cherenkov radiation b > 1/n

• Diffraction radiation

• Cherenkov Diffraction radiation

• Synchrotron radiation

For incoherent radiation

𝛾 > 3000

For coherent radiation

𝛾 >
0.06

𝜎𝑧(𝑚)
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Optical method using Incoherent light

22
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Time correlated  single photon counting

 

 

n!
Geiger-mode Avalanche 

photodiode converts 

photon to electrical pulse

Time to Digital 

converter records 

pulse arrival time

Visible photon

Precise trigger synchronized 

with the beam

• Start/Stop timestamping of photons relative to trigger  

• Sampling Method allowing very high dynamic range if you measure long enough

• Avalanche photodiode have deadtime and are subject to after-pulsing

• State of the art TDC typically limited to 10ps sampling

D.V. O’Connor, D. Phillips, Time-correlated Single Photon Counting, Academic Press, London, 1984

C.A. Thomas et al., Nucl. Instr. and Meth. A566 (2006) p.762
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Time correlated  single photon counting

 

 

n!

Longitudinal profile of the entire LHC ring 

(89us) with 50ps resolution using SR light 

A very large dynamic range should make it 

possible to see ghost bunches as small as 

5e5 protons / 50ps with long integration

A. Jeff
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Streak Camera

 

 

1

M. Uesaka et al, NIMA 406 (1998) 371

200fs time resolution obtained using 

reflective optics and 12.5nm bandwidth 

optical filter (800nm) and the Hamamatsu 

FESCA 200

Limitations : Time resolution of the streak camera :

(i) Initial velocity distribution of photoelectrons :  narrow bandwidth optical filter

(ii) Spatial spread of the slit image: small slit width

(iii) Dispersion in the optics

‘Streak cameras uses a time 

dependent deflecting electric field to 

convert time information in spatial 

information on a CCD’

25
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Streak Camera

 

 

1

Observation of 5MeV electron bunch train using Cherenkov radiation 

Sweep speed of 250ps/mm

 = 8.9ps (2.7 mm)

 = 4.5ps (1.4 mm)
Sweep 

speed of 

10ps/mm

Measure of bunch length using OTR and OSR 

26
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Bunch length measurement using using 
Coherent light

‘The shorter in time the broader in 
frequency’

27
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Bunch form factor

Coherent radiation appears

when the bunch length is

comparable to or shorter

than the emitted radiation

wavelength

k = 2 (mm-1)

0 1 2 3 4 5 6

 S(w)
Se(w)

1e+9

1e+10

1e+11

1e+12

1e+13

1e+14

1e+15

1e+16

1e+17

1e+18

1e+19

1e+20

 = 
s
 = 10mm

 = 
s
 = 4mm

 = 
s
 = 2mm
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Measuring the Radiation Spectrum 

  

S w( ) » N 2Sp w( )F w( )

✓ S()– radiation spectrum (known in the experiment)

✓ N – number of particles s / bunch (known from the experiment)

✓ F()– bunch form factor (what you want to find out)

✓ Sp() – single particle spectrum (should be known)

P. Kung et al, Physical review Letters 73 (1994) 96

Coherent Transition Radiation (CTR)

B. Feng et al, NIM A 475 (2001) 492–497 ; A.H. Lumpkin et al, NIM A 475 (2001) 470–475  

C. Castellano et al, Physical Review E 63 (2001) 056501

T. Watanabe et al, NIM A 437 (1999) 1-11 & NIM A 480 (2002) 315–327

Coherent Diffraction (CDR) or Coherent Synchrotron (CSR)
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Measuring the Radiation Spectrum 

Long. Bunch profile (z)

Form Factor

|F()|

Spectral Intensity

S()

Time Domain

Frequency Domain

Inverse Fourier Transform for 

symmetric bunch distribution

Extrapolation
(high and low frequencies)

Correction

(transfer function of detection system)

R. Lai and A.J. Sievers, NIM-A 397 (1997) 221 -231

Kramers-Kronig relation

for non symmetric bunches
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Measuring the Radiation Spectrum 

Time Domain

Frequency Domain

Inverse Fourier Transform using

Kramer kronig relation

• Extrapolation
(high and low frequencies)

• Correction

(transfer function of detection system)

(a) (b)

Figure 4: Interferograms for VCR target from different pyrodetectors(a) and difference interfero-

gram (b)

Figure 5: Example of VCR power spectra calculated from int terferograms shown on fig4

Next step now is to calculate bunch form factor, as follows from equat ion 2. On a picture 6

result of division d2 W
d! d⌦

coh

on d2 W
d! d⌦

si n gl e

i.e square root of form factor is presented. Parameters

and data from this picture corresponds to all parameters presented above. On a picture 6(a) -

form factor without ext rapolat ion to lower and higher frequencies. On picture 6(b) - result with

ext rapolat ion.

(a) (b)

Figure6: Form-factor without (a) and with (b) ext rapolat ion for experiments conducted at CLARA

facilit ies.

As were said above, reconstruct ion of form-factor by just inverse Fourier t ransform is not

possible because only the amplitude of form-factor can be measured in experiment , not its phase.

According to [2] the form-factor amplitude and the phase factor are related by the Kramers-Kronig

relat ion in a way that if the funct ion F (! ) is measured at all frequencies than the phase factor

 (! ) can be obtained as follows:

 (! ) = −
2!

⇡

Z inf

0

ln(
p

F (x)/
p

F (w))

x2 − ! 2
dx (4)

4

where x is integrat ion variable in the units of frequency. Minimal phase versus frequency plot show

in Figure 7(a). The only not iceable art ifacts are appear is the places of extrapolat ion which is tells

us that no bunch instabilit ies were detected.

(a) (b)

Figure 7: Minimal phase  (! ) (a) and reconstructed longitudinal profile (b) for experiments con-

ducted at CLARA facilit ies.

On Figure 7(b) final result of reconstruct ion is shown. HWHM bunch durat ion is 1.2 ps

(± 1.2e-4 st . dev. regression error) is corresponds with theoret ical expectat ion for this machine,

which is 0.4 - 2ps. Parameters for this scan described above, linac off-crest phase was − 8o.

On Figure8 , result of longitudinal reconstruct ion for two different linac off-crest phases (bunch

compression parameters) is shown.

Figure 8: Result of longitudinal profile reconstruct ion for two different bunch compression param-

eters.

In conclusion, we have demonstrated a complete cycle for longitudinal non-invasive bunch

profile diagnost ic using coherent Cherenkov diffract ion radiat ion at CLARA facility. With precise

alignment , Cherenkov radiat ion from teflon prism (base size of 5.6 cm, side edges of = 4 cm)

was easily detectable. In combinat ion with using Mart in-Puplet t interferometer it gives us quasi-

cont inuous spectrum. Results obtained for different bunch compression parameters are in good

agreement with est imated ones for CLARA machine. Complete cycle of bunch length measurment

(including measurment of interferogram, FFT, single spect rum normalizat ion, and Kramers-Kronig

bunch profile reconstruct ion) could take up to 15 minutes with current experimental procedure and

can be reduced down to oneminuteby using detectors with higher signal to noise rat io, for example,

quazi-opt ical detectors, and automat ic analysis.
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Measuring the Radiation Spectrum 

1
‘The polychromator enables to get the spectrum 

directly by a single shot. The radiation is deflected 

by a grating and resolved by a multi-channels 

detector array’ 

T. Wanatabe et al., NIM-A 480 (2002) 315-327

H. Delsim-Hashemiet al., Proc. FLS, Hamburg 2006, WG512

B. Schmidt, DESY

( E. Hass et al.,  Proc. SPIE 8778, May 2013 )

Measured & calculated spectra
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Single shot CTR measurements

• T. J. Maxwell et al. "Coherent-radiation spectroscopy of few-femtosecond electron bunches 
using a middle-infrared prism spectrometer.“ Physical review letters 111.18 (2013)

Images CTR from foil onto 128 lead 

zirconate titanate pyroelectric elements 

with 100 mm spacing line array

KRS-5 (thallium bromoiodide) prism 

based spectrometer

1
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Single-shot Cherenkov diffraction 
measurement

1
Cherenkov diffraction radiation

Measured in 3 bands (60-90-110GHz)

Pyramidal cone 
with 1cm aperture

electrons

200MeV, 100pC

7

RF-gun
Buncher

Accelerating
Section 1 Accelerating

Section 2

Cherenkov-Diffraction
Radiation prism

+ Detectors

Photocathode
Laser

Cathode

Deflector
Cavity + Screen

Figure 9. CLEAR beamline. RF-deflector cavity with graphic principles of bunch length measurement (top-right ). Dielect ric

prism emit t ing CChDR towards the detectors after the passage of a relat ivist ic elect ron bunch along the hollow channel
(bot tom-right ). CLEAR machine beam parameters are also reported in the table.

the beam to the end of the line on the THz test -stand.396

This was done indeed maintaining the same laser and397

RF set t ings, for a direct comparison between the mea-398

surement done with the deflector and that done with399

Cherenkov-Di↵ract ion radiat ion. During the first tests400

only two detectors were coupled to the CChDR prism,401

one on the left and one on the right . The used de-402

tectors were band-pass-filtered Schot tky diodes by Mil-403

li tech, working respect ively at 0.084 ± 0.001 TH z and404

0.1135 ± 0.009 TH z. The detectors were placed at the405

left -right side of the prism, point ing towards the faces406

of radiat ion ext ract ion of the radiator. Both the diodes407

were placed at a distance ⇠ 10 cm from the prism. The408

84 GH z diode was coupled to a gain-horn with an aper-409

ture for the radiat ion as large as 3 cm ⇥2 cm, while the410

113.5 GH z diode was coupled to a gain-horn with an411

aperture of 2 cm ⇥1.5 cm. Evident ly, the kind of mea-412

surements performed for ret rieving the bunch length and413

profilewerenot in thiscasespectroscopic or interferomet-414

ric measurements, able to provide the complete spectrum415

of coherent radiat ion. The measurement of coherent ra-416

diat ion was performed in two bands only, by exploit ing417

an analyt ical formula relat ing the rms bunch length to418

the rat ion between the two signals detected. Indeed, the419

relat ive sensit ivit ies of the diodes in the bandwidth con-420

sidered was taken into account when considering therat io421

between the two signals, as well as the di↵erent angular422

apertures and acceptance bandwidths of the two detec-423

tors. We are going to show now that the geometrical424

factor f in Eq. 9 is canceled-out when considering inten-425

sity rat ios at close frequencies ! 1 and ! 2:426

f (! 1)

f (! 2)
⇠ 1 +

! 1 − ! 2

! 1 + ! 2

r (1) (VR , ! 1, ! 2) (14)

which is approximated to the zeroth order term, i.e.427

to ⇠ 1, for ! 1 ⇠ ! 2. The rat io r (1) is a term of higher428

order depending not only on the radiator shape but also429

on the frequencies considered. Concerning the experi-430

mental measurements presented in this paper, the zeroth431

order approximat ion carried a relat ive error of few per-432

cent for all the cases considered. Even a more general433

t reatment of the di↵ract ion term via a Fresnel integral,434

taking into account for near-field-di↵ract ion, would have435

been bringing to the same considerat ions and results.436

The Dirac-delta in Eq. 9 ensures the Cherenkov con-437

dit ion inside the material for the polar angle ✓of emis-438

sion, the Cherenkov angle being ✓c = arccos(1/ n). I t ’s439

worth not ing that Eq. 9 is properly valid only inside440

the radiator. Experimentally, instead, the radiat ion is441

out-coupled by the prism face-vacuum interface to the442

detector, after a small at tenuat ion inside the material443

A. Curcio et al, PRAB 23 (2018) 022802
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Radiofrequency manipulation

‘How to transform time information 
into spatial information’
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Bunch shape monitor

 

 

1

1 - Target (wire, screen, laser for H- ) : Source of secondary electrons

2 - Input collimator

3 - RF deflector (100MHz, 10kV) combined with electrostatic lens

4 - Electron Beam detector (electron multiplier, ..)

DT DX

AKA ‘Feschenko monitor’
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Bunch shape monitor

Longitudinal Bunch profile @ SNS
A. Feschenko et al, Proceedings of LINAC 2004, Lübeck, p408
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RF Deflecting cavities

eV

z

j < 0

eV0

ee
--

 zz

 yy

bc

 DD yy 

DD yy  66 00 °°
bp

 

 

1

Betatron phase advance

(cavity-profile monitor)

Beta function at cavity

and profile monitor

Beam energy

RF deflector

wavelength

Deflecting Voltage

Bunch length
sinΔψ = 1, βp small

Make βc large

Beam profile RF on

Beam profile RF off

P. Emma et al, LCLS note LCLS-TN-00-12, (2000)

• Old idea from the 60’s

• RF Deflector ~ relativistic streak tube
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RF Deflecting cavities

CTF3

LOLA @ Flash

Courtesy: M. Nagl
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RF Deflecting cavities

Calibration of RF Deflector

RF Phase (o)

B
e

a
m

 P
o

s
it
io

n
 (

m
m

)

Monitor the Beam Position on (or 

close to) the Profile monitor to 

calibrate the deflection angle

DX(mm) Dj(°)

DT(ps)

RF deflector phase

Beam offset 

on the screen

40



L. Bobb- CAS Advanced Accelerator Physics, 10-22 November 2024, Spa, Belgium 

RF Deflecting cavities

z=2ps
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RF Deflecting cavities

X [mm]

Y
 [
m

m
]

-3 -2 -1 0 1 2 3

-8

-6

-4

-2

0

2

4

6

8

X [mm]
Y
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m

m
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-8
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0

2

4

6

8

LOLA off:

LOLA on:

→ Resolution of 4fs/pixels

Bunch length measurement  @ Flash
M. Hüning et al, Proceeding of the27th FEL conference, Stanford, 2005, pp538
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RF Accelerating cavities

 

 

1

‘The electron energy is modulated by the zero-phasing RF accelerating field and

the bunch distribution is deduced from the energy dispersion measured

downstream using a spectrometer line’

DT DE DX
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RF Accelerating cavities

D. X. Wang et al, Physical Review E57 (1998) 2283

84fs, 45MeV beam but low charge  beam

Limitations
RF non linearities

Beam loading and wakefield for high charge beam

RF off RF on

CEBAF injector, Newport News

1st SRF module

2nd SRF module

used for zero-phasing

45MeV spectrometer 

dipole

Beam 

profile 

monitor
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RF Accelerating cavities

SLAC LCLS: at 4.7 GeV

• 550m of linac at RF zero crossing!

• 6m dispersion in spectrometer line

 1 fs rms bunch length at 4.7 GeV

TCAV3

Z. Huang et al. PAC 2011, FEL2013
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Laser-based diagnostics

46
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Sampling techniques

Sampling

Principle

Longitudinal

Beam profile

Limitation

Laser-beam synchronization jitter should be 

smaller than the bunch length to measure

Using a short laser pulse to scan 
through the beam profile
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Laser Wire Scanner

H- beam

High power laser

Scanning

system

H-

Y=

Photo-neutralization

H

e-

(b, g)

hn0

Detection system based on

• The measurement of released electrons 

using a magnet and a collector (faraday cup, 

MCP,..)

• Measured the conversion of H- into H with 

a current monitor
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• First ionization potential for H- ions is 0.75eV

• Photo-neutralization cross section :  ~ 4.10-17 cm2

 

 

n!
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Laser Wire Scanner

Longitudinal Measurements @ SNS

2.5 MeV H-, 402.5 MHz bunching freq, Ti-Sapphire laser phase-locked @ 1/5th bunching frequency 

Collected electron signal plotted vs. phase Measured and predicted bunch length

vs. cavity phase setting

S. Assadi et al, Proceedings of EPAC 2006, Edinburgh, pp 3161
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Laser Wire Scanner

 

 

n! e-

hnsc=2 g0
2 hn0

(bsc, gsc)

hn0

(b0 ,g0)

q  1/g0

Y=

Thomson/Compton scattering

e- beam

High power laser

Scanning

system

Detection system based on

• The measurement of the scattered photons

• The measurement of degraded electrons
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0 = 6.65 10-24 cm2
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Laser Wire Scanner

Using a 10TW Ti:Al2O3 laser system. Detecting 5.104 10-40 keV X-rays 

using either an X-ray CCD and Ge detector.

W.P. Leemans et al, PRL 77 (1996) 4182

ALS @ LBNL
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Electro-optical techniques 

‘This method is based on the polarization change of a laser beam which 

passes through a crystal itself polarized by the electrons electric field’

E-field induced birefringence in EO-crystal : Pockel/Kerr effect

e beam

Coulomb field

probing laser pulse

EO crystal

( )02
r

z

q
E

r  


Relative phase shift between polarizations

increases with the beam electric field

   

G =
2pd

l0

nx - ny( ) =
2pd

l0

n0

3r41Er
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Bunch length and bunch field

Field radiated or probed is related to Coulomb field near the electron bunch

𝜌

𝐸

Time response & spectrum of field 

is dependent on spatial position, r :

dt ~ 2r /cg

 ultrafast time resolution requires close proximity to bunch

?

High g is an advantage!

20fs resolution 

only obtainable 

for >1GeV beam
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Spectral decoding

• Artifacts due to frequency mixing

• Minimum resolution in the order

Wilke et.al., PRL 88 (2002) 124801

Single bunch measurements by detection the wavelength spectrum in spectrometer 

(position vs wavelength) of a chirped laser pulse (time vs wavelength) 

54



L. Bobb- CAS Advanced Accelerator Physics, 10-22 November 2024, Spa, Belgium 

Spectral decoding

Single shot measurements at the XFEL bunch compressor 1
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Temporal decoding

• Beta barium borate (BBO) crystals are nonlinear optical crystal for 
second harmonic generation (SHG)

• Low efficiency of Second Harmonic Generation process, approx. 1mJ 
laser pulse energy necessary

• Resolution : duration of the gate beam, thickness of the SHG crystal
– 50 fs or slightly better

Berden et.al, PRL 93 (2004) 114802
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Temporal decoding

• The short gate pulse overlaps with different temporal slices of 
the EO pulse at different spatial positions of the BBO crystal. 

• Thus the temporal modulation of the EO pulse is transferred 
to spatial distribution of the SHG laser beam.

57



L. Bobb- CAS Advanced Accelerator Physics, 10-22 November 2024, Spa, Belgium 

Temporal decoding
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Measurement performed at FLASH/DESY
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Spatial decoding

Cavalieri et. al, PRL 94 (2005) 114801

Jamison et. al, Opt. Lett. 28 (2003) 1710

Van Tilborg et. al, Opt. Lett. 32 (2007) 313

59



L. Bobb- CAS Advanced Accelerator Physics, 10-22 November 2024, Spa, Belgium 

Summary
 

 

 1 n! Limitations

• Optical radiation
• Cherenkov  / OTR radiation X
• ODR / OSR Radiation X
• Streak camera X 200fs

• Coherent radiation : Bunch spectrum
• Interferometry X X
• Polychromator X X

• RF techniques
• ‘Feschenko’ monitor X X X Hadron, 20ps
• RF Deflector X X X 1fs
• Zero phasing techniques X X X 10fs

• Laser based Method
• Sampling X Jitter (10fs)

• Non linear mixing X
• Thomson/Compton scattering X X Electron
• Photo-neutralization X X H-

• Electro-Optic Sampling X X
• E-O Spectral decoding X X X ~ 200fs
• E-O Spatial decoding X X X ~ 50fs
• E-O Temporal decoding X X X ~ 50fs
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Conclusions

• Short bunch length measurements are challenging

• Resolution of few fs achieved operationally

• Field in constant move driven by the advances in 
FELs and novel accelerating technologies

• Another exciting field of R&D !
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Thank you for your attention
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