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Let's first have a look at the object of study, the beam.
This beam can be represented by the particle distribution in the six-dimensional phase space, extended by transverse coordinates x and 
y, transverse angles x' and y', time t and energy delta.
When we speak about the longitudinal phase space, we mean the projection on these last two dimensions, and in particular the time, 
which is very difficult to measure with femtosecond accuracy.

There are ways to transform the beam in phase space.
No diagnostics exists for the entire distribution.
We can only measure projections into one or two of these dimensions.
Additional beam line elements, such as quadrupole magnets and transverse deflecting RF cavities can then be used to do phase space 
transformations, which allow us to see dimensions that are not easily accessible, and we can use mathematical reconstruction algorithms 
to infer 3d information.
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Structure installed on bench before waveguide connected. 

Patrick Krejcik, IBIC 2013Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Phase space transformation with RF deflecting cavity
Reference for all longitudinal diagnostics
Shown here: installation in LCLS



Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches(1) mapping of the time axis onto the vertical angle by the transverse deflecting strucutre, (2) 
variation of the horizontal phase advance between the deflector and the profile monitor by 
adjusting the quadrupole lenses, while keeping the vertical phase advance approximately 
constant such that a vertical angle is transformed into a vertical position, and (3) measurement 
of the horizontal beam size in several slices of the beam

(1) (2)

(3)

Beam transport
Phase advance with quadrupoles
Detection on screen
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20pC, 1keV short bunch setup 
Lasing off Lasing on 

X-rays 

4.5 fs 

electrons 

Patrick Krejcik, IBIC 2013

Measurements of full phase space possible!
Femtosecond resolution, depending on:
— emittance
— streak strength
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Time Domain Methods

Sundial at Sineu, Mallorca. Wikimedia CommonsRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

When designing an accelerator, we can carefully choose an instrumentation suite that lets us 
 > set up the accelerator
 > measure beam properties
 > control the stability of the machine via feedbacks

Thus, let us distinguish longitudinal and transverse diagnostics. It is not a clear distinction, as we can transform the phase space 
dimensions, but it's a start.

Let’s start with direct time domain methods.
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Streak camera
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bunch length of below 300 fs. Hence, we employed the
RFDEF to diagnose a 30 fs electron bunch of SACLA. The
bunch-length measurement system, as shown in Fig. 26,
comprises a C-band rf deflector (RFDEF), a beam drift
space, and a high spatial resolution SCM, as mentioned in
the previous section. This RFDEF operated at 5712 MHz is
driven by a high-power rf source including a 50 MW pulse
klystron.

The operating principle of the RFDEF is as follows. The
RFDEF is a backward traveling-wave structure at the
operation rf mode of HEM11. When the electron beam is
injected into the structure at an rf zero-cross phase, the
RFDEF pitches the beam bunch around its center to project
an image of a longitudinal bunch structure on the screen of
the above-mentioned SCM. The relation between the de-
flection voltage, Vy, and the projected bunch length on the
screen, ly, is given by

Vy ¼
ly
Ld

cpz

eka!z
; (7)

where Ld is the drift length between the RFDEF longitu-
dinal center and the surface of the SCM screen, ka is the
wave number of the RFDEF, !z is the bunch length,
and pz is the longitudinal momentum of the electron
bunch. Vy must be 40 MV in the case of Ld ¼ 5 m

to obtain a bunch-length measurement sensitivity of
200fs=mm on the screen of the SCM with a spatial reso-
lution of less than 2:5 "m.
To realize this measurement system, a special backward

traveling-wave accelerating structure with the
HEM11-ð5=6Þ# transverse mode at 5712 MHz was devel-
oped, as shown in Fig. 27. This accelerating structure has
racetrack-shape rf coupling irises to prevent rotation of the
deflection plane of the HEM11mode. The main parameters
of this backward traveling-wave accelerating structure are
tabulated in Table II, and the dispersion relations of the X
and Y modes in a fabrication model of the accelerating
structure are depicted in Fig. 28. In the figure, the X and Y
modes are sufficiently separated by the iris. Furthermore,
even though the ð5=6Þ# mode is employed, a group veloc-
ity, vg, of about 0:02c in the accelerating structure is
achieved. These rf characteristics guarantee stable high-
power rf operation of the accelerating structure.

TABLE II. Rf specifications of the RFDEF.

Total deflecting voltage Vy 40 MV
rf deflecting phase $a 0 degree
Fractional bunch length for

x-ray oscillation
!z 200 fs

Beam energy at the deflector pzc 1.45 GeV
Resonant frequency fa 5712 MHz
Type of structure CZ
Resonant mode HEM11
Phase shift per cell %D 5#=6 rad
Group velocity vg=c $2:16 %
Filling time Tf 0.27 "s
Unloaded Q Qa 11500
Transverse shunt impedance zy 13.9 M!=m
Length of structure L 1:7% 2 m
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FIG. 25. Observed bunch-shape taken with the streak camera
using the OTR. The bunch wave form is reconstructed by
stacking ten single-shot wave forms while adjusting each peak
value timing. The bunch length is about 300 fs in FWHM.

FIG. 26. Bunch-length measurement system using the RFDEF
to observe a pulse width of less than 500 fs.

FIG. 27. HEM-11-ð5=6Þ#-mode backward-traveling-wave ac-
celerating structure with racetrack-shape rf coupling irises to
prevent X- and Y-mode mixing.

BEAM MONITOR SYSTEM FOR AN X-RAY FREE . . . Phys. Rev. ST Accel. Beams 16, 042802 (2013)

042802-11

Yuji Otake et al., PRST-AB 16, 042802 (2013)

Average of 10 measurements

A sub-picosecond time resolution can be achieved with a streak camera.
Shown here: a measurement at SACLA



Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Rasmus Ischebeck: Electro-Optic Sampling of the Electron bunch in the Sub-Picosecond Pulse Source
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Adrian Cavalieri et al., PRL 94, 114801 (2005)

Another method to achieve sub-picosecond resolution is to probe directly the transverse electromagnetic field of the electron bunches.
An electro-optical crystal, i.e. one that exhibits the Pockels effect, is introduced into the vacuum chamber, and the change in birefringence 
is probed by a short laser pulse.
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fs laser  optical
stretcher

CCD
 gratings0 sc

EOP A

Cross-correlation with an external laser pulse
Pockels effect allows to cross-correlate coherent THz fields with laser
Reflectivity change allows to cross-correlate X-rays with laser
Measure:
Bunch arrival time
Bunch length 
Also known as “Electro-optical effect”
Electric field induces birefringence in crystal
Birefringence can be probed with a polarized laser
Pockels Effect can probe down to time scales of 10…100 fs
Effect is totally reversible
Possible materials
ZnTe
LiNb
GaP
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Electrons flying into plane of view

32
 m

m
Nicole Hiller et al., Proceedings of IPAC 2014

The setup has been transformed from an experiment to a reliable diagnostics.
Shown here: electro-optical monitor at the ANKA storage ring, designed in a KIT-DESY-PSI collaboration.
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PSI / DESY / KIT Mini-Workshop on Longitudinal Diagnostics for FELs 11-12 March 2013

First EOS results
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Beware of wake fields!
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Nicole Hiller et al., Proceedings of IPAC 2014

Measurements with this monitor for different compression (middle), and for different bunch charges (right). To the left, a comparison with 
a streak camera measurement
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Two-pulse Cross-FROG:  

Electro-optic sampling with sub-pulse width time-resolution 

• Sampling with 500fs FWHM transform limited 

probe 

• ReD-FROG with sum- & difference frequency 

sidebands 

=> Retrieve electric field profile as obtained 

    with 45fs FWHM probe 

4th Workshop on Longitudinal Instrumentation for Future Accelerators 

Paul Scherrer Institut, January 14-16, 2015 

 

S.P. Jamison 

Two-pulse Cross-FROG:  

Electro-optic sampling with sub-pulse width time-resolution 

• Sampling with 500fs FWHM transform limited 

probe 

• ReD-FROG with sum- & difference frequency 

sidebands 

=> Retrieve electric field profile as obtained 

    with 45fs FWHM probe 

4th Workshop on Longitudinal Instrumentation for Future Accelerators 

Paul Scherrer Institut, January 14-16, 2015 

 

S.P. Jamison 

Steve Jamison, 4th Workshop on Longitudinal Instrumentation for Future Accelerators (2015)

Limitations: resonances in crystal, and available laser pulse length.
Two-pulse Cross-FROG:
Electro-optic sampling with sub-pulse width time-resolution
> Sampling with 500fs FWHM transform limited probe
> ReD-FROG with sum- & difference frequency sidebands
=> Retrieve electric field profile as obtained with 45fs FWHM probe
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Another possibility: put the electro-optical crystal in a box outside the accelerator vacuum, and transmit the EM field through cables.
—> Possibility to measure arrival time 
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Spectral Techniques

Palma Cathedral Organ, David BlaikieRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Another possibility: ignore the phase of the spectrum of the bunch, and measure only spectral amplitude
—> Stabilization for feedbacks
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Reminder: bunch compression



Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches Franziska Frei, Proceedings of FEL2014

 

s
p

e
c
tr

a
l 
p

o
w

e
r 

[W
/H

z
]

-20

10

-15

10

-10

10

11

10
12

10
13

10
14

10
15

10

3000 300 30 3 0.3

frequency [Hz]

wavelength [µm]

0.7fs rms @10pC3fs rms @10pC25fs rms @200pC75fs rms @200pC

2fs rms @10pC3fs rms @10pC25fs rms @200pC75fs rms @200pC

250fs rms @10pC300fs rms @200pC500fs rms @200pC

Calculated spectrum, assuming Gaussian bunches, for different compression stages, and for different operation modes of SwissFEL.
Note logarithmic scales on both axes!
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Careful! Ignoring the phase of the radiation means that generally, you cannot reconstruct the bunch length from the spectrum.
Take a look at this spectrum: it peaks at 550 nm, so you may be lead to believe that the pulse is 1.8 fs long.

In fact, this is the spectrum of the sun.
Pulse length = age of the sun: 4.6 billion years! — almost 32 orders of magnitude off…
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Relative Bunch 
Length Monitor

Pyroelectric 
detector good from 
100GHz to light
(response is not 
flat)

Si window transmits 
from mm-wave to 
~1 micron.

Can also use mm-
wave diodes for 
BC1 (< 1 THz)

Joe FrischRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Setup at LCLS
Detection of coherent edge radiation from the bunch compressor
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16

Relative Bunch Length Monitor
● Need shot to shot non-invasive bunch length 

monitor. 

● Diffraction aperture and broadband (pyroelectric) 
detector. 

Joe Frisch

Signal peaks at maximum compression
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FWHM  
~160fs

Yuji Otake

Bending Magnet	
  
(4th Chicane Magnet)

Electron 	
  
 Beam

Perforated 	
  
Mirror

CSR

View Port	
  
(Fused Silica	
  

or Silicon)

Mirror

Terahertz Lens	
  
(Tsurupica)

Pyro-electric Detector	
  
 or Diode Detector

Similar setup at SACLA (free electron laser at SPring8 in Japan)
I will now show a comparison of CSR measurement with bunch length measurements using transverse deflecting cavity



Lasing

CrestOver	
  bunching

Yuji OtakeRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

The bunch length observed with the CSR monitor was calibrated by using the RF-deflector’s data.
Electron beam was bypassed through BC3. 
Bunch length was changed by the RF phase of the S-band accelerating structures.
Estimated bunch length measurement sensitivity is about 6% at a bunch length of 170fs.
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Lasing

CrestOver	
  bunching

Yuji Otake

CSR intensity as a function of the RF Phase of the C-band accelerating structures before BC3
CSR intensity was linearly changed by the RF phase of the C-band (5712 MHz) accelerating structure before BC3.
Estimated bunch length measurement sensitivity is less than 0.1 deg., which is better than that of the RF deflector.
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Coming back to the power distribution of CSR, we see that we could improve resolution if we detect selectively near an edge
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Technical Realization of Prototype in SITF: CSR Port

11.03.13PSI, Seite 7

Peter Peier, Franziska FreiRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Setup installed at the SwissFEL Injector Test Facility
Beam splitters, then using grids as edge pass filters
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Franziska Frei, Proceedings of FEL2014Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Indeed, sensitivity to X-band phase changes (i.e. compression changes) increased when using only high-frequency radiation
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SwissFEL has very low charge operation modes, thus we are looking especially into sensitive THz detectors.
Here: Schottky diode with spiral antenna for broadband sensitivity
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Detector Signals – semiconductor detectors 

Purpose: bunch compression monitor 
Location: BCM after BC1 
Front-end: E-XFEL button BPM RFFE 
12 bit ADC (500MS/s), 1 ch/detector 
Digitization of S&H output 
EVR + IOC per location 

18. März 2015 PSI, Seite 2 

Fast MCT: 
Location: CDR port after BC2  
Front-end: RFFE with some adaptation 
Digitization of S&H output 
12 bit ADC, 1ch/detector 
EVR + IOC per location 

 
Slow MCT: 

Location: BCM after BC2 
Front-end: Commercial  
12 or 16 bit ADC (tbd) 
Integration of digitized signal  
EVR + IOC per location 

Schottky Diodes MCT 

Fast MCT raw signal 

Franziska Frei

This detector is very fast: detection of two bunches separated by 28 ns easily possible
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Antenna 
RF Detector 

To A/D Converter 

Rectangular 
Waveguide 

CTR Monitor 

• Coherent transition radiation from a fluorescent screen is 
detected. 

• By using a cut off of a rectangular waveguide, this works as a 
single-shot spectrometer. 

• In the injector part, about 10 GHz rf signal is obtained. 
– Bunch length ~ 100 ps 

Oct. 1st, 2012 27 

Hirokazu Maesaka

Similar idea: detect different frequency components. Here: five channels separated by waveguides, for GHz frequencies
(SACLA after first compression)
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CTR Monitor Data 

• The signal strength has a correlation with 
the bunch length. 
– Consistent with 1D simulation 
– Amplitude and phase of the sub-harmonic 
cavities can be determined 

Oct. 1st, 2012 28 

>3GHz 
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>12GHz 

>24GHz 
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Accelerating voltages of 238MHz sub-harmonic 
buncher cavity was scanned. 
(476 MHz booster was turned off.) 

Hirokazu Maesaka

Dependency of different frequency signals on compression
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Design of CRISP4: Multi-staged Gratings

Each stage acts as dispersive element
+ filter for next stage
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I Parallel readout
I 4 Stages cover one order of

magnitude in �

S. Wesch (DESY) THz Bunch Profile Monitoring BIW 2012, Newport News 5 / 20

Stephan Wesch

THz spectrometer with 120 channels implemented at DESY, for FLASH



CRISP4: Setup

Specifications
I Engineered version

I 2 Grating sets
! �

Short

= 5 � 44 µm
! �

Long

= 45 � 435 µm

I Mirror set
! set aligment

I Ring mirror
! line focus

I Inside vacuum vessel
! avoid IR absorption

S. Wesch (DESY) THz Bunch Profile Monitoring BIW 2012, Newport News 6 / 20

Stephan WeschRasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

Photo of the setup



Setup
CRISP4

Courtesy of S.Wesch

• Five consecutive gratings as prefilter and dispersive
devices

• Wavelength coverage from 5.5 to 440µm with two sets
of gratings

• Set one: 5.5 to 44µm

• Set two: 44 to 440µm

• One order of magnitude in � for four gratings
• Parallel readout of 120 channels for one set of

gratings

E.Hass (University of Hamburg) 16 / 23

Rasmus Ischebeck > Optical Techniques for Ultra-Short Bunches

CRISP4: Pyroelectric Detectors

I Broadband
I Complex spectral sensitivity
I Calibrated @ FELIX
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I Custom-made pyro line detector
I 120 channels in total
I Integrated amplifier board
I Fast readout with 9 MHz sampling

S. Wesch (DESY) THz Bunch Profile Monitoring BIW 2012, Newport News 7 / 20

Stephan Wesch

Parallel readout of a total of 120 channels in pyro detector arrays
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Profile: TDS - CRISP4 Comparison

I Long wavelengths extrapolation Fit with F

l

(�) = exp

⇥
�A��2 � B��1

⇤

I Short wavelengths cut at minimal CRISP4 range F

l

(� < 5µm) = 0
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I Average currents agree
I Total bunch lengths agree

I More pronounced trailing spike
I Short wavelengths!
I Large local energy spread!

S. Wesch (DESY) THz Bunch Profile Monitoring BIW 2012, Newport News 15 / 20

Stephan Wesch

Reconstruction with Kramers-Kronig relation.
Keep in mind: this is the shortest pulse compatible with the spectrum. 
The spectrum in itself is also compatible with a bunch length of 4.6 billion years!
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> Thank you for slides, graphics, photos, movies and plots provided by:
> Franziska Frei
> Joe Frisch
> Nicole Hiller
> Patrick Krejcik
> Hirokazu Maesaka
> Yuji Otake
> Volker Schlott
> Stephan Wesch
> ACST GmbH
> AFS Inc.
> BBC
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☞ Slides available at: http://www.ischebeck.net
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