












EO Transposition
A more rigorous description of the EO effect is nonlinear frequency mixing
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sum & difference frequencies between laser & THz generated within crystal
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1. Nanosecond laser-derived single-frequency probe brings reliability
2. “Electro-Optic Transposition” of probe encodes temporal profile
3. Non-collinear optical parametric chirped pulse amplification (NCOPCPA) amplifies signal
4. Full spectral amplitude and phase measured via FROG technique
5. Coulomb field, and hence bunch profile, calculated via time-reversed propagation of pulse

EO Transposition System (2014-15)
D.A. Walsh et al., App. Phys. Lett. 106, (2015) 



Characterisation of Transposed Pulse
Considerations: Needs to be single shot, unambiguous, and for low pulse energy

Solution:  Grenouille (frequency resolved optical gating), a standard and robust optical diagnostic

Retrieves spectral intensity and phase from spectrally resolved autocorrelation

෨ܧ ߱ = ܵ ߱ ݁ି௜ఝ ఠ
Spectrum Spectral Phase

• Most sensitive “auto gating” measurement
• Self-gating avoids timing issues (no need 

for a femtosecond laser)
• Requires minimum pulse energy of  ~1 μJ

ܧ ݐ ൌ ܴ݁ ܫ ݐ ݁௜ ఠ೚௧ିథ ௧
“Carrier” frequency Can’t measure

What we 
want to 
know

<-Fourier->

Can be retrieved!

ܫ ߱, ݐ ∝ නܧ ݐ ܧ ݐ െ ߬ ݁ି௜ఠ௧݀ݐ ଶ

4.5 fs
pulse

Baltuska, Pshenichnikov, and Weirsma, J. Quant. Electron., 35, 459 (1999).
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0.55 ps pulse measured with a 10 ps transform limited probe!

PCO dicam pro ICCD camera
256x frame integration
30x software averaging



Summary of ultra-short bunch techniques

• demonstrated with extreme broadband & single-shot capability
• empirical tune-up, stabilisation problems

• Radiative spectral techniques 

• ˂5 fs resolution capability, in principle 
• large infrastructure for high energies
• destructive techniques, in general

• Transverse deflection cavity / zero crossing

• Electro-optic upconversion / transposition
• converts extreme broadband signal into manageable optical signal
• partially limited by materials and optical characterisation 
• solution in alternative materials (?) and in FROG-like techniques
• non-destructive and compact techniques (can be retro-fitted)
• can approach 1-10 fs capability in principle
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reconstructed
original

Transfer function must be known 
(from calculation or experiment)

Kramers-Kronig Phase Reconstruction

λ>400um missing

phase to be inferred
(via K-K relations)

O. Grimm, P. Schmuser
Tesla-FEL 2006-04

λ>100um missing

Missing data & incorrect calibration
can influence results

Always have very long wavelengths missing! (diffraction)
Solution for phase 

not unique: 

Retrieves the “minimum” 
phase only 
e.g. could not retrieve a 
chirped pulse

Without other information 
(accel phys simulation?) 
leaves uncertainty 
in reliability of profile



EOSD limited by chirp
Can relate to FWHM durations…

temporal resolution limits:

Spectral Decoding (EOSD)

Conclusion:
Unlikely to get better than 1.0 ps
(FWHM) with Spectral Decoding

Attractive simplicity for low time resolution 
measurements   e.g. injector diagnostics

Rely on t-λ relationship of input pulse for interpreting output optical spectrum.

Resolution limits come from the fact that the EO-generated optical field doesn't have 
the same t-λ relationship 



General status of electro-optic systems

Temporal Decoding @FLASH

Many demonstrations...   
Accelerator Bunch profile -

Laser Wakefield experiments -
Emitted EM (CSR, CTR, FEL) -

FLASH, FELIX, SLAC, SLS, ALICE, FERMI ....
CLF, MPQ, Jena, Berkley, ...
FLASH, FELIX, SLS, ...

CSR @FELIX Mid-IRFEL lasing @FELIX

probe laser

Laser Wakefield 
@ M-P Garching

Few facility implementations: remaining as experimental / demonstration systems

Phys Rev Lett 99 164801 (2007)
Phys. Rev. ST 12 032802 (2009)

• Complex & temperamental laser systems
• Time resolution “stalled” at ~100fs



Spectral Compositing of Multiple Crystals
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Use GaPUse GaP
or ZnTe Use ZnTe

• Phasematching not the whole story
– Dips caused by absorption near 

phonons
– Phase distortions near absorptions 

become very large
– Distortions in χ(2) near absorptions

• Discard data around the 
absorption lines

• Fill in the blanks with different 
crystals

(10 μm thicknesses)

In theory seems sound.
Not yet demonstrated.



EO Temporal Resolution Limitations

EO transposition scheme is now limited by materials
• Phase matching and absorption bands in ZnTe & GaP
• Other materials are of interest, such as DAST or poled polymers, but there are questions over 

their lifetime in accelerator environments

Collaborative effort with MAPS group at the University of Dundee on 
development of novel EO materials
• Potential to produce a significant enhancement of nonlinear processes through embedded 

metallic nanoparticles
• THz field induced second harmonic TFISH enhancement being investigated.
• Surface nonlinear effects …

A key property of the EO Transposition scheme may be exploited
• FROG (Grenouille) retrieves the spectral amplitude and phase
• At frequencies away from absorptions etc. the spectrum should still be faithfully retrieved
• Potential to run two, “tried and tested”, crystals with complementary response functions side by 

side to record FULL spectral information!



Input pulses
Optical probe length Δt ~ 10 ps
Optical probe energy S   ~ 28 nJ
THz field strength E   ~ 132 kV/m

Transposed Pulse Measurements
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New THz Measurement Scheme

This looks like a spectrogram!

(an absolute phase FROG!)
• This is a FROG where both SFG and DFG mechanisms 

are present and spectrally overlap.
• A FROG algorithm was modified to account for this.
• Essentially, the interference pattern between SFG and 

DFG  in the trace reveals the absolute phase.

Theory extended to optical pulses and is being 
published (arXiv:1501.04864 [physics.optics])


