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Outline of Talk

* Requirement/Aims
 EO Techniques
* Our new technique: EO Transposition

e System Design and Testing
— Predicting EOT signal level
— Status of EOT monitor construction
— EOT + FROG results!

e Resolution (Materials)
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Requirement and Aims

CLIC project targets

* Non-invasive
e Single shot
* Diagnostic target resolution ~20fs rms (Bunches ~150fs rms)

EO diagnostics: (encoding of Coulomb field into a laser field)

Advantages

e Scales well with high beam energy
— Particle methods get impractical (size, beam dumps)

* Non-destructive
— Bunches can still be used
— Live feedback

Challenges
* Unreliability, maintenance and cost of suitable ultrashort pulse laser systems

* Temporal resolution We aim to improve on the

resolution and the robustness
of EO diagnostics S,
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Current EO Techniques

Standard Description

* Coulomb field flattens transversely, and
defines charge distribution

Coulomb field of
relativistic bunch

* Pockels effect induces polarization ellipticity

° echnique borrowed tfrom [Hz electro-optic
probe Technique b d from THz el i
Iaser‘ o . l - sampling where (t e << try,)
non-linear crystal ~1ps
Spectral Decoding P o Chirped optical input

grating
l G‘fﬁT%r ‘/ﬁmﬁ- o Spectral readout
fs laser optical .1 o Uses time-wavelength relationship

stretcher P " u up

Temporal Decoding ~150fs
fiod l l o Long pulse + ultrashort pulse as gate

l delay .
fs laser { .3 GZiPTgr | I '__ o Spatial readout (cross-correlator crystal)
SRR 5 I = I BBO o Uses time-space relationship
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Physics of EO Transposition

More Rigorous Description — nonlinear frequency mixing

S.P. Jamison Opt. Lett. v31 no.11 p1753
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Characterisation of Transposed Pulse

Considerations:  * needs to be single shot

* autocorrelation not unambiguous — no shorter reference pulse available

* low pulse energy

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

Retrieves spectral intensity and phase from spectrally resolved autocorrelation.

Whatwe  E(t) = Re( I(t)ei(“)ot“/’(t))) <-Fourier-> E(a))a/ST(a) e~ ip(w)

want to
know “Carrier” frequency Can’t measure

2

I(w,t) « j E(t) E(t — T)e-i9tdt

Experimental Time Domain Frequency Domain
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Baltuska, Pshenichnikov, and Weirsma, J. Quant. Electron., 35, 459 (1999). °
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Spectrum  Spectral Phase
Can be retrieved!

\ Second-harmonic- /\
(' { . ||| generation crystal ) -
| &
k \) - . E{'- J r r
~
Variable E() [Crystal must
delay .' be very thin

%, ‘ £
Tl e
-—‘? l tk"a'a Camera

Fresnel
biprism

The most sensitive “auto gating” measurement
Self-gating avoids timing issues (no need for a fs
laser)

Requires minimum pulse energy of ~1 W
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EO Transposition System

Generation W Coulomb field

i

~800nm
10ns 1000x Amplification Measurement
1mJ
: e
°32nm Ya) plate | \'
Nanosecond 10mJ ¢ lariser Stretcher BBO Beam  Comp- DIY
Laser System 10 53;? dump ressor GRENOUILLE
Q o
3 s >
g & 3 s 5 § Pulse
= & & & N g -
S| & S S S S Evolution
E & g | A ©
time
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
5.  Coulomb field, and hence bunch profile, calculated via time-reversed

propagation of pulse S,
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EOT System Build Status

Primary laser systems finally delivered end of Nov 2014- Characterisation largely complete
All other components ready (except camera for FROG) and can now be integrated, characterised, and made robust
Dye laser not proposed for the final design — possibility of building a seeded OPO

Continuum Surelite YAG Sirah Cobra Dye laser L .
y Beam Pointing Stability
~ 4.5 ns, 150 mJ, seeded 6 ns, 3 mJ, linewidth < 2 GHz
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Characterisation of EO Transposition

Femtosecond laser-based test bed Auston switch THz source mimics
Coulomb field.

Beam Expansion Large Area .
Well-characterised spectral and

and Focussing PCA

Telescope temporal profile. Delay Lin
TR
B Beam Combiner :
eam- |
Splitter L /
~50 fs THz
Ti:Sapphire
[ \ /
Qo \
A=
- ZnTe N4 N2 Polariser
.;‘ | — >
D !
a |
S ; 4-f spectral filter
{ 0 | \
| I 0 % i 00 Spatial Filt
i « i Balanced —|— Spatialliiter
N S Detection SHG-Pass
TDS —— Filt
C—— Mirror Av ~44GHz ( ) e
— o At ~10ps FWHM
= Lrating Photomultiplier Tube /
— — Slit iHR550 Spectrometer
mmmm Beam Splitter
Femtosecond laser pulse spectrally filtered to Switchable diagnostics — Balanced sampling, Crossed
produce narrow bandwidth probe Sampling, and Autocorrelation (spectrally resolved!)
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Experimental System
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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

TDS
10°{ —— FFT(TDS) |2

—— THz off
107 4 —— THzon
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(<0.5 nJ)

— THz pulse E-field
— Probe pulse envelope
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Extrapolation to bunch parameters

Scaling factors | Energy.,pcony X Power,,ope X (Efield x I x 1)?

Lis the EO crystal length, 7 is the nonlinear coefficient

CLIC Example:

Total energy in EOT Pulse ~470pJ
“Typical” nanosecond pulse { Pulse energy  1mJ Powery,gpe~ 100 kKW
laser as probe Pulse duration 10ns
Coulomb field for target CLIC
8 Bunch length 44um Efield~ = 24.5 MV/m
bunch parameters (CDR) Bunch charge 0.6pC
Property Factor of improvement Pulse energy of ~15n) is predicted.
Power,,ope x36 1w required for the commercial
single-shot FROG, “Grenouille”.
[ +1002
r +2? Method can be used to
Efield %1862 estimate applicability
o " 31 to other beams
verd X — left as an exercise for
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FROG Measurement

Experimental Recovered
Spectrogram Spectrogram

Frequency

Delay
Intensity
1.0 2P
0.8 _
‘E 0.6 s 2
= - opi
0.2
. 0.0
PCO dicam pro ————— 1 _1pi —
3 -2 -1 0 1 2 3 0 1
ICCD camera Time (ps) Time (ps)
256x frame integration — s - IIE-fielql2 | -Efield
. — - Intensity envelope —_ :
30x software averaging —— FROG - Phase x cos(Phase)
0.55 ps pulse measured with a 10 ps, transform limited, probe! R
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New THz Measurement Scheme
(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

Intensity

I in the trace reveals the absolute phase.

Wavelenath (nm)

Experiment

377 T =
‘True’ field,
— g EO sampling, 45fs probe
2 3
o g
T
= £ =
= s
8 DT Tmecemyips 2P e
o ReD-FROG retrieval g |
=) ” g |
> 3 3 |
©
()] 5 EO sampling,
() g 500fs probe
2 # @ 4 2 m
Time delay / ps Time delay / ps
This looks like a spectrogram! Theory extended to optical pulses
and is being published (on Arxiv now)
arXiv:1501.04864 [physics.optics] S e
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http://arxiv.org/abs/1501.04864

Temporal Resolution

EO transposition scheme is now limited by materials:

* Phase matching and absorption bands in ZnTe/GaP.

e Other materials are of interest, such as DAST or poled polymers, but there are questions
over the lifetime in accelerator environments.

Collaborative effort with MAPS group at the University of Dundee on

development of novel EO materials

* Potential to produce an enhancement of nonlinear processes through 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!
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Spectral Compositing of Multiple Crystals

* Phasematching not the whole story

— Dips caused by absorption near
phonons

— Phase distortion near absorptions
become very large

— Distortions in ¥ near absorptions

 Discard data around the
absorption lines

 Fill in the blanks with different
crystals

Basic numerical study is promising.
Not yet demonstrated for THz...
(insufficient bandwidth)
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Normalised |E-field| or Efficiency

Additional Phase (radians)
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Thank you for your
attention
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Chirped Pulse Optical
Parametric Amplification

« Very small Phase and Amplitude distortions can be calculated (and so can be
removed)

« Bandwidth very broad >50THz

« Tested using stand-ins for pump and signal — picosecond laser system and
Ti.Sapphire laser

Pulse spectrum maintained

Relative Spectral Intensity

>
e % ——— Efficiency
-% & — — — Phase Change
Pump derived from 50ps pulse laser = ——— Unamplified
L ———  Amplified
532nm 00N Photodiode or 1.0 -
Spectrometer
0.8 -
_ B
Heavily attenuated N optic axis 0.6 -
800nm, 50fs pulse P
20mm BBO 0.4 7
0 =23.81 02
a=2.25 ]
: .. 0.0 4 -1pi . . 0
Gain of >1000x verified 300 320 340 360 380 400

Frequency (THz)
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Common Problem - Field at Source

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

VPN e |~

RNl I
20fs electron bunches, 200fs 7t
separation, y =1000 .
I
250 R o [——10mm |
g2\ \ | 20fsresolution
| only obtainable
§ 100f FOI’>1GeV ‘bfeams
BEGRRE

10 10° 10
beam y

t [fs] (= z/c)

High v is an advantage!

Time response & spectrum of field dependent on spatial position, R:

ot ~ 2R/cy
—> ultrafast time resolution needs close proximity to bunch
. . Teg”
Sl  ©f CTR. CDR, Smith-Purcel, Electro-Oggic ete) o, © ¥




The Laboratory for

LATTE La b Laser, Terahertz and Terawatt Experiments

in accelerator applications

Lab overview

Longitudinal Profile UV diagnostics and novel TW laser system: to be
Monitor CLIC-UK EO materials commissioned. Output available
project

High power, adjustable temporal Core laser sources (lockable to RF):
profile and polarisation state THz Ti:Sapphire - 81 MHz, <50 fs, 400 mW or 1 kHz, <50 fs, >1 mJ
sources >1 MV/m OPA - 1 kHz, 570 nm to 12 um, 1 pJ to 270J (A dependent)
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Stretcher and Compressor Design

Pulse Properties Peak Power
10mJ, 10ns
532nm Pump Gaussian temporal 1x10° W
profile
. . . .
00 EQ Trenspostion | Amplified signa) enerey 20x10°W | >Pump! Not possible
As above but stretched . .
GVDV= 5u6X106 fo2 >1w,~310 ps 3.2x10° W OK, will not distort
Conjugate Stretcher and Compressor designs o]
Im 0.8
0.5m 5 07
~ §_0.6
@ 0.5
Hﬁ/ GVD = 5.6x106 fs2
——r 203
. 0.2
/V All gratings o1
1m G=1200 lines/mm Yo w & A A 3 F 4 & b 1
Odeviation” 12 Calculations indicate nanosecond

4
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level jitter has negligible effect
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