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Coulomb field of 
relativistic bunch

probe laser Decoding
of information

Concept of electro optic profile diagnostic
all-optical intra-beamline pickup of bunch Coulomb field

of information
from laser pulse

non-linear crystal
(electro-optic effect)

Encoding Decoding
• same for all techniques
• limiting factor for high 

time resolution techniques

• choices for complexity 
• limiting factor for spectral 

decoding
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In general spectral decoding limited by chirp

Spectral decoding temporal resolution limits…

For specific laser profiles, can relate to FWHM durations…

Unlikely to get better than Unlikely to get better than 
1.0 ps (FWHM) with spectral 

decoding

However, still attractive as
simplest technique.

Routinely used for finding signal for 
higher time resolution techniques 
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Temporal decoding...

temporal-spatial mapping in 2nd Harmonic Generation

Temporal profile of probe pulse
⇒⇒⇒⇒ Spatial image of 2nd harmonic

Time resolution set by gate 
pulse duration  (typically <50fs)
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High Time Resolution...
currently the highest time-resolution 

non-destructive diagnostic demonstrated

65µm 
thick GaP

σz ~ 90fs (rms)

“Time resolution”

σz
actual ~ 90fs ⇒ σz

measured ~90 fs 
σz

actual ~ 30fs ⇒ σz
measured ~55 fs 
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Time Calibration....

Concept could be used for checking CLIC/CTF3 bunch stacking?
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EO confirmation of CDR feedback systems 

single shot capability reveals stabilising effect of slow feedback

CDR feedback on CDR feedback off
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Benchmarking of EO diagnostics
comparison with transverse deflecting cavity

Electro-optic 

Transverse Deflecting Cavity

shot-shot variations

Transverse Deflecting Cavity

plus Phys. Rev. ST,  2009



So are all problems solved...?

Low time resolution  (>1ps structure)
• spectral decoding offers explicit temporal characterisation

• relatively robust laser systems available

• diagnostic rep rate only limited by optical cameras 

High time resolution  (>60 fs rms structure)
• proven capability

• significant issues with laser complexity /robustness

Very higher time resolution  (<60 fs rms structure)
• limited by EO material properties (& laser)
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Encoding Time Resolution...
material response, R(ω)

• velocity mismatch of Coulomb field and probe laser
• frequency mixing efficiency,   χ(2)(ω)

ZnTe
GaP
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Time resolution from frequency response

• Encoding “time resolution” not a RMS measure...

• Better described as “temporal limitation”

• structure on longer time scale recorded faithfully
• short time scale structure not observed, PLUS ringing artefacts
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Can we achieve even better resolution ...?

Detector Material:
– GaP 

– Move to new material? ( phase matching, χ(2) considerations )

– Could use GaSe, DAST, MBANP ..... or poled organic polymers?

– use multiple crystals, and reconstruction process

Gate pulse width ~ 50 fs

Encoding

Decoding

– Introduce shorter pulse

– Use spectral interferometry

– Use FROG Measurement  (initially attempted at FELIX, 2004)

or Alternative techniques: spectral upconversion

If drop requirement explicit time information at high frequencies, 
other options also become available
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- shifting Coulomb spectrum to optical region
OR

Spectral upconversion diagnosticSpectral upconversion diagnostic

- creating an optical “replica” of Coulomb field

Physics of EO encoding...

Coulomb spectrum shifted 
to optical region

Coulomb pulse replicated
in optical pulse

envelope optical field
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Spectral upconversion diagnosticSpectral upconversion diagnostic
Aim to measure the bunch Fourier spectrum...

... accepting loss of phase information 
& explicit temporal information

... gaining potential for determining 
information on even shorter structure

... gaining measurement simplicity

use long pulse, narrow band, probe laseruse long pulse, narrow band, probe laser

• laser complexity reduced, reliability increased
• laser transport becomes trivial (fibre)
• problematic artifacts  of spectral decoding become solution

→→→→ δδδδ-function

NOTE: the long probe is still converted to optical replica
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Spectral upconversion diagnosticSpectral upconversion diagnostic

Results from experiments at FELIX (Feb 2009)

sprectral upconversion

Input narrow band optical probe with electron interaction

difference frequency 
mixing

sum frequency 
mixing

sprectral upconversion

and optical replica present if choose to measure it
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What’s different...?What’s different...?
Spectral decoding & 
Temporal decoding

laser 
bandwidth

bunch 
spectral extent

>>

issues of
• laser transport
• laser complexity/expense/reliability
• material effects (e.g. group velocity dispersion)

Spectral upconversion

laser 
bandwidth

bunch 
spectral extent<<

low power, ‘simple’ lasers OK
fibre transport now an option
simple – linear – spectral detection 

without artefacts of spectral decoding

Important: can measure 
non-propagating long wavelength 
components not accessible to 
radiative techniques (CSR/CTR/SP)
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In Summary ...

• Proven capability for explicit temporal chractrisation 
up to ~100 fs RMS electron bunch structure

• high time resolution techniques have problems with 
reliability & necessary infrastructure...

• ...but avenues available for improving time resolution 
& robustness   (dependent on beam diagnostic 
requirements)

• For high time resolution, both alternative materials & 
spectral upconversion under investigation
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χ 
(2)(ω;ωthz,ωopt) ωopt + ωthz

EO Formalism:
Electro-optic effect as 

sum- and difference-frequency mixing

ωthz

ω
ωopt - ωthz

ω

frequency domain 
description

of EO detection...

convolved over all 
combinations of optical 

and Coulomb frequencies

ωopt ωopt
of EO detection...





reference

FEL on

Electro-optic measurements of FEL radiation
single-shot measurement of THz electric field oscillations

difference

opens possibility for 
time domain THz spectroscopy 

on light accelerator sources.

observed down to λ~60µm



Encoping Time Resolution... 
material response, R(ω)

GaP

Uniform response <8THz     ( λ >40 µm ) 

⇒ Faithful reproduction of  > 150 fs (FWHM) bunches



ALICE.... (formerly ERLP)
Accelerator and Lasers in Combined Experiments

Electro-optic 
diagnostic 

S.P. Jamison/ LC-ABD meeting, Dundee, October 2008

diagnostic 
test-station

Recent progress 
(last Thursday): First beam acceleration through the superconducting booster

• expect rapid commissioning of accelerator to follow..
• aiming for EO station up and running in December



High field effects…

“Standard” theory of EO measurement does 
not apply for very strong fields

Standard description…
Coulomb field induces refractive index change

phase 
retardation

Our “standard” description

Frequency mixing of coulomb field

Both descriptions include assumption of small-signal limit…

new optical 
field

(does the “new optical field” itself undergo an EO interaction..?)
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High field effects…

Extension to high field considered necessary for ILC...

fields of this magnitude imply significant retardation .... potentially > π

retardation treatment becomes liable to breakdown 

EO breakdown 
observed with

intense CTR pulses

SPPS (SLAC):
expect “over-rotation” 

but not observed
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Development of high-field/large-signal EO theory

optical “sidebands” in small signal theory

starting point... wave equation with co-propagating non-linear source

“sidebands” on sidebands

...on sidebands

......

describes
probe depletion
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.....

can associate EO interaction 
with matrix operation on 

input probe spectrum

...high-field/large-signal EO theory

where
End result....

• “simple” matrix exponential solution
to probe spectrum

• Fourier transform to get time domain solution

S.P. Jamison. Appl. Phys. B  91, 241-247, (2008)
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Example of high field short-pulse simulation...

“simple” matrix exponential solution...

care needed for e.g. 4000x4000 matrix as in above simulation
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Laser transport... in FLASH experiments

EO Temporal decoding setup

• Vacuum laser transport from laser “hut”
to tunnel.

• Some relay lenses in transport
• Remote adjustments on many mirrors

More complicated setup
Less access to setup in accelerator

S.P. Jamison/ EO design review, Jan 2009
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