

















EO Transposition

A more rigorous description of the EO effect is nonlinear frequency mixing
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EO Transposition System (2014-15)

D.A. Walsh et al., App. Phys. Lett. 106, (2015)
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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
d. Coulomb field, and hence bunch profile, calculated via time-reversed propagation of pulse



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

What we

_ i(@ot-¢ (1)
wantto— E(t) = Re (\/I(_t)%

“Carrier” frequency

2

I(w, t) x jE(t) E(t — T)e '@tqt

\

Time Domain Frequency Domain

Experimental
. =

-

il

0.5 F

Wavelength [pum]
Intensity

0.0

-40 -20 0 20 40 800 ]000
Time [fs] Wavelength [nm]

-20 5 0 3 20
Time [fs]

Baltuska, Pshenichnikov, and Weirsma, J. Quant. Electron., 35, 459 (1999).

<-Fourier->

Can’t measure

(=]
Phase

E(@:We—iqo(w)

Spectrum Spectral Phase

Can be retrieved!
| | ol E(t-1)

Second-harmonic-
neration ] /
generation crystal J

Eu Spectrometer ‘
.II
TCrystal must

be very thin -~ >

\ Variable E®

Cylindrical
lens - crystal

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

for a femtosecond laser)

Requires minimum pulse energy of ~1 uJ



FROG Measurement
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0.55 ps pulse measured with a 10 ps transform limited probe!



Summary of ultra-short bunch techniques

 Transverse deflection cavity / zero crossing

» <5 fs resolution capability, in principle
« large infrastructure for high energies
* destructive techniques, in general

» Radiative spectral techniques

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

* 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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1. Publications from our group
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Single shot longitudinal bunch profile measurements at FLASH using electro-optic techniques.
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synchrotron radiation.
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Electro-optic technique with improved time resolution for real-time, nondestructive, single-shot measurements of
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Physical Review Letters 93 (2004) 114802.

Single shot electron-beam bunch length measurements.

G. Berden, G. Knippels, D. Oepts, A.F.G. van der Meer, S.P. Jamison, X. Yan, W.A. Gillespie, J.L. Shen, and I. Wilke.
Proceedings of 6th European Workshop on Beam Diagnostics and Instrumentation for Particle Accelerators (2003) 20-24.




Chirped-laser based electron bunch length monitor.

G. Berden, G. Knippels, D. Oepts, A.F.G. van der Meer, S.P. Jamison, X. Yan, W.A. Gillespie, J.L. Shen, and |. Wilke.
Proceedings of the 2003 Particle Accelerator Conference (2003) 519-523.

Time-domain terahertz science improves relativistic electron-beam diagnostics.

I. Wilke, A.M. MacLeod, W.A. Gillespie, G. Berden, G.M.H. Knippels, and A.F.G. van der Meer.
Optics & Photonics News 13 (2002) 16.

Real-time single shot electron bunch length measurements.

I. Wilke, W.A. Gillespie, G. Berden, G.M.H. Knippels, and A.F.G. van der Meer.

Nuclear Instruments and Methods in Physics Research A 483 (2002) 282-285.

Single-shot electron-beam bunch length measurements.
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2. Other relevant publications in these areas

Extending electro-optic detection to ultrashort electron beams

M. H. Helle, D. F. Gordon, D. Kaganovich and A. Ting

Physical Review Special Topics - Accelerators and Beams 15 (5), 052801 (2012)

Single-shot spatiotemporal measurements of ultrashort THz waveforms using temporal electric-field cross
correlation

N. H. Matlis, G. R. Plateau, J. van Tilborg, and W. P. Leemans

J. Opt. Soc. Am. B 28, 23-27 (2011)

Few-femtosecond time-resolved measurements of X-ray free-electron lasers

C. Behrens, F-J. Decker, Y. Ding, V.A. Dolgashey, J. Frisch, Z. Huang, P. Krejcik, H. Loos, et al

Nature Communications, 5.3762 (Apr 2014)

TADPOLE for longitudinal electron-bunch diagnostics based on electro-optic upconversion

J-P. Schwinkendorf, S. Wunderlich, L. Schaper, B. Schmidt and J. Osterhoff, NIM A 740 (2014) 222-225
Femtosecond x-ray pulse temporal characterization in free-electron lasers using a transverse deflector
Y. Ding, C. Behrens, P. Emma, J. Frisch, Z. Huang, H. Loos, P. Krejcik and M-H. Wang

PRSTAB: 14. 120701 (2011)

Bunch length measurements in CTF3

A. Dabrowski, S. Bettoni, H.H. Braun, R. Corsini, T. Lefevre et al

Proceedings of LINACO8, Victoria, BC, Canada

Transverse deflecting structures for bunch lengthy and slice emittance measurement on SwissFEL

P. Craievich, R. Ischebeck, F. Loehl, G.L. Orlandi, E. Prat, Proceedings of FEL2013, New York, NY, USA




Energy slicing analysis for time-resolved measurement of electron-beam properties

E. Allaria et al. Phys.Rev.ST Accel.Beams 17 (2014) 1, 010704

Single-shot fs electron bunch diagnostic (using CTR)

O. Zarini et al., LASNET workshop, Dresden, April 2014

Coherent radiation spectrum measurements at KEK LUCX facility

M. V. Shevelev et al, NIMA 11, 771 (2014)

Longitudinal bunch profile diagnostics with coherent radiation at FLASH

E. Haas, C. Gerth, B. Schmidt, S. Wesch and M. Yan

Proc. SPIE 8778, Advances in X-ray Free-Electron Lasers II: Instrumentation, 87780M (2013)
Measurement of <20 fs bunch length using coherent transition radiation

I. Nozawa et al. Phys.Rev.ST Accel. Beams 17 (2014) 7, 07280

Coherent Radiation Spectroscopy of Few-Femtosecond Electron Bunches Using a MIR Prism Spectrometer
T. J. Maxwell et al. Phys. Rev. Lett. 111 (2013) 18, 184801 SLAC-PUB-15692

Transverse deflecting structures for bunch lengthy and slice emittance measurement on SwissFEL
P. Craievich, R. Ischebeck, F. Loehl, G.L. Orlandi, E. Prat

Proceedings of FEL2013, New York, NY, USA

Novel nondestructive shot-by-shot monitor to measure 3D bunch chargedistribution with femtosecond EO sampling
H. Tomizawa, S. Matsubara, H. Dewa, A. Mizuno, T. Taniuchi, K. Yanagida, and H. Hanaki.

Proceedings of FEL 2010, Malmo, Sweden, 2010.

Longitudinal beam profile monitor at CTF3 based on Coherent Diffraction Radiation

P. Karataev et al., J. Phys. Conference Series, 236(1):01202 (2010)

Coherent Radiation Diagnostics for Short Bunches

O. Grimm, Particle Accelerator Conference (PAC 07), Albuquerque, New Mexico, (2007) p.2653

Spectral sidebands on a narrow-bandwidth optical probe as a broad-bandwidth thz pulse diagnostic
J. van Tilborg, D.J. Bakker, N.H. Matlis, and W.P. Leemans. Optics Express, 19(27), December 2011
Electro-optic methods for longitudinal bunch diagnostics at FLASH

Bernd R Steffen. PhD thesis, Hamburg University, 2007

Measurements of coherent diffraction radiation and application for bunch length diagnostics in particle accelerators
M. Castellano, V. A. Verzilov, L. Catani, A. Cianchi, G. Orlandi, and M. Geitz.

Phys Rev E, 63(056501), 2001

Electron bunch shape measurement using coherent diffraction radiation

B. Feng, M. Oyamada, F. Hinode, S. Sato, Y. Kondo, Y. Shibata, and M. Ikezawa.

Nuclear Instruments and Methods in Physics Research A, 475:492-497, 2001




Kramers-Kronig Phase Reconstruction
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| g Spectral Decoding (EOSD)
o [ SR vy - |

Attractive simplicity for low time resolution
______________ %----------- measurements e.g. injector diagnostics
I

Rely on t-A 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-A relationship

temporal resolution limits:

EOSD limited by chirp
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General status of electro-optic systems

Many demonstrations...

Accelerator Bunch profile - FLASH, FELIX, SLAC, SLS, ALICE, FERMI ....
|aser Wakefield experiments - CLF, MPQ, Jena, Berkley, ...
Emitted EM (CSR, CTR, FEL) - FLASH, FELIX, SLS, ...
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Few facility implementations: remaining as experimental / demonstration systems

« Complex & temperamental laser systems

* Time resolution “stalled” at ~100fs

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



Spectral Compositing of Multiple Crystals

Use GaP

or znTe | Use GaP Use ZnTe (10 um thicknesses)

Phasematching not the whole story
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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!



Transposed Pulse Measurements

Input pulses

Optical probe length At~ 10 ps
Optical probe energy S ~ 28 nJ

THz field strength E ~132kV/m

Spectral Measurement
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New THz Measurement Scheme
(an absolute phase FROG!)

e Thisis 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.
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This looks like a spectrogram!

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




