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Dielectric & Structure THz acceleration 
Mediating gap between RF and Dielectric Laser Acceleration 
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• pulse duration ~ bunch duration  
(potential energy efficiency)

• Very high field strengths possible >>  GV/m
• compact accelerators
• Oscillation period femtosecond regime

• Oscillation period too short, 
accelerating bucket <<  injection capability

• Small apertures:    wakefields; 
beam transport; manufacture

Radio frequencies
• Frequency  ≈3 GHz 

period ≈ 300 ps,  

• λ ≈ 10 cm
Cavity aperture ~ 2 cm

• Eacc ~ 10 - 100 MV m-1

• Pulse length:  5 ms (superconducting)
5 μs (normal conducting)

THz frequencies
• Frequency  ≈1 THz 

period ≈ 1 ps,  

• λ ≈ 300 μm – 1 mm
Cavity aperture ≈ 1 mm

• Eacc ≈ 100 MV/m to > GV/m

• Pulse length  1-5 ps

Optical frequencies
• Frequency  ≈300 THz 

period ≈ 3 fs,  

• λ ≈ 0.8 – 1 μm
Cavity aperture ≈ 1 μm

• Eacc ≈ 100 MV m-1 to  >> GV/m

• Pulse length 20 fs – 1 ps

• Oscillation period matched to the bunch injection
• High field strengths 100MV/m – 10GV/m 
• Broad bandwidth sources, controllable E(t) 
• Millimeter scale  - manufacture

- wakefields

• Millimetre scale - wakefields
• Broadband pulses – controlling dispersion

- group velocity walk off



THz generation by Optical Rectification 
Difference frequency mixing by broadband ultra-short optical pulse

Laser field

E(t) ~ A(t)cos(w0t)
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2nd harmonic
generation

Very high fields strength possible
• > > 100 MV/m possible
• 8GV/m reported (at focus)

• Available polarisation states restricted  by χijk
(2)  tensor

Challenges for application to acceleration

plane wave emission → longitudinal polarisation ???

• Velocity matching of THz to particle:      Vφ <c in free-space    
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300 fs 

Typical measured E(t)

300 fs 

Oscillations from
atmospheric water vapour  



THz acceleration, bunching &  streaking
Growing interest, activity and demonstrations
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Kealhofer, et al. 
Science, 352 429 (2016)

THz driven bunching & streaking

Nanni et al. 
Nature Comm.6 8486 (2015)

≈ 10keV acceleration on 60keV beams
THz driven acceleration

L. Zhao, et al. 
Phys Rev X, 8, 021061 (2018)

THz driven streaking of relativistic beams

THz – particle velocity matching 

Walsh, et al. 
Nat Comms, 8, 421 (2017)

THz Longitudinal 
Polarisation

Cliffe at al. 
Appl Phys Lett 108, 221102 (2016)
Appl. Phys. Lett. 105, 191112 (2014)



THz acceleration & deflection @ Cockcroft Institute
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THz source development
Single-cycle pulses
• highest field strengths, 
• group & phase velocity matching limits

Narrow-band pulses
• Bandwidth and frequency tuneable sources

being developed through chirped-pulse beating
• 5cycle – 20-cycles 

Polarisation states and transverse profile (mode coupling)
• Require longitudinal field for acceleration
• Transverse polarisation profile matching for mode-selection

Velocity matching design 
• Matching phase velocity to electron 
• group & phase velocity matching limitations; 

dispersion and group walkoff

THz driven injector
• 100keV DC photo-gun and THz-driven 

structures for acceleration & deflection

THz driven acceleration & deflection of 
relativistic beams

• 50MeV electron beam of CLARA as testbed 

THz driven structures

THz travelling source concept
• Dispersion-free propagation of single-cycle pulses



Dielectric-lined waveguides for velocity matching
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100keV DC photo-gun, βe = 0.55

Phase-velocity matching at 0.5Thz

• THz bunching acceleration & velocity bunching
• THz deflector concept tests

Group velocity walk-off & dispersion limts

Five-cycle THz source

time snapshot, 
py of particles 

Single-cycle THz source

Field in particle frame Px evolution
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• Rectangular-shaped Dielectric-Lined Waveguide (DLW).
• Hollow copper structure lined with fused silica, 200 μm wide aperture.
• Tapered horn used to couple THz radiation into the waveguide.
• Designed to either deflect or accelerate 100 keV electrons.

Waveguide
lined with 
200um thick 
quartz

Coupling horn

Laser pulse 
dump channel 

Crystal 
shelf

THz mirror 
with 50um 
electron 
aperture

Dielectric-lined waveguide Manufacture
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Dielectric-lined waveguide Coupling

waveguide
coupler



THz Electro-optic Time-Domain Network Analyser
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THz electro-optic time-domain Network Analyser
Time-frequency spectrogram

Wigner-Ville transform



Radial bias
(120kV pulse) Simple but lacks temporal shaping capability

Ey

Ex

Laser-driven THz sources for acceleration
Photoconductive antenna

Femtosecond laser initiated current surge

Cliffe et al. Appl. Phys. Lett. 105, 191112 (2014)

Transversely polarised Longitudinally polarised
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Transverse dependence 
of transverse field Ey(t,x) On-axis longitudinal field  Ez(t,x)

Paired non-linear polarisation/source for opposite polarity THz fields

Ez arises through transverse field gradients

Laser-driven THz sources for acceleration
Non-linear Optical Materials
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time time



On-axis Longitudinal field
High-field martial (LiNbO3) requires non-
collinear Cherenkov  phase matching

Cliffe at al.
Appl Phys Lett 108, 221102 (2016)

1 MV/m longitudinal fields with modest <1mJ laser energy
now have 200mJ laser available

Laser-driven THz sources for acceleration
High-field Cherenkov Non-linear Optical Materials

Optical rectification emission Electro-optic detection

Spatio-temporal map
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THz Generation – spintronic emitters 

Ferromagnetic layer: CoFeB
Non-ferromagnetic: Pt 
Substrate: MgO

[5] T. Seifert, Nature Photonics, 
10, pages 483–488 (2016)
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Reported transverse THz electric field of 300 kVcm-1 

for large-area spintronic source

T. Seifert et al., Appl. Phys. Lett. 110, 
252402 (2017)

• Polarization dependence
o Terahertz polarization is 

perpendicular to the applied 
magnetic field

• Magnetic-field patterning
o The magnetic structure of the 

source can be manipulated to 
alter the emitted terahertz polarization

MgO
substrate 
(≈500 μm)

Magnets



Bmag ETHz

Results

Electro-optic sampling 
(110)-cut ZnTe crystal

Aligned magnetic polarity 

ETHz

Opposing magnetic polarity 

Bmag

Magnetic field pattern alters the 
transverse polarization state
 Radial-like mode

Spintronic source 
Transverse polarization
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Bmag ETHz

Results

Electro-optic sampling 
(100)-cut ZnTe crystal

Aligned magnetic polarity 

Opposing magnetic polarity 
Magnetic field pattern alters the 
transverse polarization state
 Radial-like mode
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Peak longitudinal THz electric field = 17.7 kVcm-1

Potential for longitudinal fields > 1 MVcm-1

Spintronic source 
Longitudinal polarization



High field strength THz because they are single-cycle. How to propagate without dispersion?
Intrinsically broadband  - waveguide propagation can not maintain field strength
Single-cycle  - transverse pumping & π-phase jump structure not applicable

• Phase-fronts remain ⊥ to propagation
• Pulse (group) front can be arbitrarily tilted w.r.t propagation

Pulse-front tilt from diffraction grating & broadband ultra-short pulses 

TH
z e

m
itt

er

Phase-fronts

Vφ
eff

Travelling-source THz-driven acceleration
Dispersion-free,  sub-luminal, propagation of single-cycle pulses
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Evanescent-wave accelerator
Pavlfalvi et al. Phys Rev ST 

(2014)
Walsh et al. Nat Comms. (2017)

Travelling-source THz-driven acceleration
Travelling source generates ‘virtual’
incident THz wave.
• observe ‘reflected’ Thz wave from surface
• Source velocity vTHz

eff < c equivalent to
total-internal reflection criterion
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FDTD simulation of travelling source
near vacuum boundary



Travelling-source THz-driven acceleration
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Interaction of 5MeV electrons with 10 MV/m traveling source



Retro-reflect probe 
from rear surface

Travelling source THz-driven acceleration
Measuring the Travelling-source in the near-field

Walsh et al. Nat Coms 8, 421 (2017)
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No pulse tilt

Antenna

Non-linear
rectification

• Dispersion free propagation, at tuneable velocity
• Subluminal propagation with vφ = vg <c



Measurement of high-field LiNbO3 sources

Travelling source THz-driven acceleration
High-field Cherenkov non-linear rectification sources

Normal Cherenkov source
Pulse-front tilt to match 
Cherenkov angle

Travelling Cherenkov source
Pulse-front tilt in 2 projections

S Jamison  Linac’18, Beijing, September 2018

Measurement limited by available laser pulse energy
Scalable to >>10MV /m 



THz deflection of 100keV electrons
Travelling source experiment
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100um from surface

In situ measurement of 
traveling THz field

500um & 100um gap.

50um collimated beam
Single-shot 10’s fC images
Statistical shot-noise visible

Emittance
optimisation

Electron beam 
characterisation & transport

Laser induced beam 
deflection observed…

.. but due to laser heating 
& pyroelectric field (?)

Mitigations to be implemented
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THz acceleration of 30 MeV electrons
CLARA test accelerator, STFC Daresbury Laboratory

Latte 
Lab

Laser, THz and 
Terawatt Laboratory

for accelerator development

THz acceleration experiments in late stages of preparation
beam-time October-November 2018

200mJ, 50fs duration laser 
synchronised to electron beam

Beam Area 1

Phase-I electron beam: 40MeV, <200fs rms



In summary
• THz driven acceleration and deflection demonstrations coming on-line

• THz sources developed 

• Structures and novel sources for THz-particle velocity matching

• Longitudinal polarisation and transverse mode control
• Broadband, singe-cycle sources & narrow-band sources available 

S Jamison  Linac’18, Beijing, September 2018

• Streaking and acceleration of sub-relativistic beams (<100keV) demonstrated
• Streaking of relativistic beams demonstrated
• Experiments for relativistic beam acceleration in preparation for CLARA
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Thank you,
Questions…?

A THz driven accelerator
LiNbO3 and ZnTe crystals
in sub-luminal traveling-source
experiments
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