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SUPA: Scottish Universities Physics Alliance

SUPA is the largest Physics 

Alliance in the UK consisting of 8 

Scottish universities.
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Laser-plasma accelerators

Undulator radiation

Betatron radiation

Ion channel laser

Applications:

Phase contrast imaging

Radiotherapy

Radio-isotope production using lasers
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Livingston plot

Growth of accelerator energy 

since 1960s

New ideas lead to new 

technologies

Acceleration gradient currently 

limits maximum energy

Laser wakefield accelerators?

(from tesla.desy.de)
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Conventional accelerators are 

based on RF cavities
• Conventional 

accelerator

SLAC

RF Cavities

Laser-plasma wakefield

Accelerator is

x1000 smaller

x1000 more 

acceleration

x1000 less 

Expensive??

Plasma waves
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Synchrotron – huge size and cost is determined by 

accelerator technology

Diamond

undulator

synchrotron

DESY undulator

Synchrotrons light sources and 

free-electron lasers: tools for 

scientists
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Wakefield accelerator
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The ponderomotive force is given by the gradient 

of the light pressure

The electrons are pushed out of high intensity 

regions by the ponderomotive force

Group Lorentz factor

Critical density for 800 nm:
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[V/cm]E e n

Particles accelerated by electrostatic fields 

of plasma waves

Accelerators:

Surf a 10’s cm long 

microwave –

conventional 

technology

Surf a 10’s mm long 

plasma wave – laser-

plasma technology 
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Tajima and Dawson 
1979

Accelerating gradients up to 1 TV/m
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LWFA

• Laser ponderomotive force 

creates stable evacuated 

spherical structures trailing 

the laser pulse

• Trapped electrons undergo 

transverse oscillations while 

accelerating

• Synchrotron like radiation is 

emitted in a narrow cone

BUBBLE REGIME

+ + + + + +
+ + + + + + +

+ + + + + + + +
+ + + + + + + +

+ + + + + + + 
+ + + + + + +

ion bubble

betatron 
motion

electron

laser pulse

X-ray beam
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ALPHA-X: Advanced Laser Plasma High-

energy Accelerators towards X-rays

Compact R&D facility to develop and apply 
femtosecond duration particle, synchrotron,  
free-electron laser and gamma ray sources
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electron beam spectrum

phase contrast 

imaging

with 50 keV photons

beam emittance: <1 p mm mrad

CTR:  electron 

bunch duration: 

1-3 fs
0.7%






Brilliant particle source: 10 MeV → GeV,   kA peak current, fs duration

FEL
1J 30 fs

capillary &
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Wavelength (mm)

 = 2.8 nm – 1 mm 

(<1GeV beam)

ALPHA-X 
@ Strathclyde

30-40 TW

Jaroszynski et al., (Royal Society Transactions, 2006)
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Bubble structure – relativistic 

regime

laser

self-injected electron 

bunch undergoing 

betatron oscillations

ion bubble

First experiments on 
controlled 

acceleration:
2004

• ALPHA-X (UK: IC, 
Strathclyde, RAL)

• LBNL (US)
• LOA (France)
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Need a combination of bubble regime (must be above critical power for 
relativistic self-focussing) and linear regime to get to very high energies

Data points refer to experimental demonstrations
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Plasma media: capillary, gas jet 

and plasma cells

2 mm 
Gas jet
1 J, 40 fs 
= 100 – 300 MeV

4 cm long gas 
Cell
10 J, 50 fs
= 850 MeV 
(RAL)

4 cm
Plasma capillary
10 J, 50 fs
~ 1 GeV (RAL)
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Modelling of Laser Wakefield Acceleration

laser pulse envelope

electrostatic wakefield

bunch density

energy density of wakefield

laser pulse envelope dynamics: ponderomotive wakefield excitation -

electron bunch acceleration - phase slippage - beam loading

z-vg t (units of λp)
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Fourier spectrum

of laser pulse
plasma density modulation

laser pulse envelope

Laser pulse envelope dynamics

laser pulse amplitude: a0

laser pulse energy depletion rate: ωd ~ a0
2 ωs

Linear regime: a0² « 1, ωd « ωs: pulse energy loss through photon deceleration

without envelope modulation, static wakefield, low energy efficiency

Nonlinear regime: a0² ~ 1, ωd ~ ωs: pulse energy loss through photon deceleration

and strong envelope modulation, dynamic wakefield, better energy efficiency

z-vgt (units of λp) k / k0
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simulation

OSIRIS – PIC code developed by W. Mori and L. Silva 
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Energy spread, beam loading  

and stability
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Absolute energy 
spread < 600 keV

• With stable laser and gas jet

• Necessary to work close to 

threshold to obtain good 

beams
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Wiggins, et al., Plasma Physics & 

Controlled Fusion 2010
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5 J laser at RAL:  Electron Beams 

from Capillary
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 3.9% 

E0 = 510 MeV, / MEAS ~ 3%

E0 = 690 MeV, / MEAS ~ 4%

E0 = 770 MeV, / MEAS ~ 4%

E0 = 610 MeV, / MEAS ~ 4.5%E0 = 260 MeV, / MEAS ~ 2.5%

E0 = 340 MeV, / MEAS ~ 2.5%

RAL GEMINI: limited by 
spectrometer 
resolution – maximum 
energy measured 850 
MeV from 4 cm 
capillary. 

2

02 3d ga 
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Injection of ultra-short bunches

Islam et al., NJP 2015

Charge build-

up at the 

back of the 

bubble
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Bunch length measurements: 

Coherent Transition Radiation

2 fs bunch measured 
at 1 m from source

Coherent transition 
radiation spectrum gives 
bunch length
Chirp:

Ultra-short bunches: ~ 1 fs at source – Peak 
current several kA

THz pulse – 1 MW peak power

3.7%
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Electron 

beam 

recorded on 

YAG screen

High 

resolution

Electron beam pointing deviation is less

than one spot size

Electron Beam- Pointing Stability

no PMQs PMQs in

Gas jet

Capillary
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Measuring emittance

Brunetti et al., PRL (2010)
Manahan et al., New J. Phys. (2014).
Measured emittance:  = 1 p mm mrad
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arb. counts

• divergence 1 – 2 mrad with 125 MeV 

electrons

• average N = (2.2  0.7)p mm mrad

• best N = (1.0  0.1)p mm mrad

• Elliptical beam: N, X > N, Y

• Upper limit because of resolution

• With PMQs emittance grows by 

factor of 5 (measured)

• Thin tungsten mask with holes  ~ 25 mm
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Brunetti et al., PRL (2010)
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Evidence of multiple beams

Manahan et al., New J. Phys. (2014).
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Radiation from relativistic electrons

zx
au <1: undulator radiation
au >1: wiggler radiation
: fine structure constant

Photons per electron 
per undulator period
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• Strathclyde, Jena, 

Stellenbosch 

collaboration

• 55 – 70 MeV electrons

• VIS/IR synchrotron 

radiation

Schlenvoigt .., Jaroszynski et al., Nature Phys. 4, 130 (2008)

Gallacher, ….Jaroszynski et al. Physics of Plasmas, Sept. (2009)

• Measured  / ~ 2.2 – 6.2%

• Analysis of undulator spectrum and

modelling of spectrometer

 / closer to 1%

Undulator radiation
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Strathclyde UV undulator 

measurements
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Nu=100, u=1.5 cm

1 GeV beam  = 2-4 nm

10 GeV beam  = 0.2 Ångström

42 fs

107 photons predicted

First experiments in visible: 
HP Schlenvoigt, et al., 

Nature Physics 2008

UV 
experiment: 
Anania, et 
al., Applied 
Physics 
Letters 
(2014)
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Electron
energy 
(MeV)

Radiation


(nm)

Emittance 
criterion

(p mm mrad)

Gain 
parameter



Relative 
energy spread 

90 261 3 0.011 0.007

150 94 2 0.006 0.004

500 8 0.6 0.002 0.001(?)

• High FEL gain criteria:  n < /4p & / < 

• Experimental n  0.8p mm mrad & /  0.007

• For fixed  = 0.6 MeV, / reduces at short 
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u = 15 mm, N = 200, au = 0.38

ALPHA-X Undulator

STEADY STATE SIMULATION RESULTS (100 MeV

electrons)

Saturation power(1st harmonic): 20 GW

@ saturation distance: 1.8 m

UNDULATOR RADIATION EXPERIMENTS

In progress for improving beam transport and

observing gain

R. Bonifacio et al., 1984

LWFA-driven FEL
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Number of photons vs charge

UV 
experiment: 
Anania, et al., 
Applied Physics 
Letters (2014)
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• Wiggler motion – electron deflection angle ~ (px/pz) is much larger than the 

angular spread of the radiation (1/γ)

• Only when k & p point in the same direction do we get a radiation contribution.

• Spectrum very rich in harmonics – peaking at

1  a

Deflection angle – au/

1

33

8


crit

a
n

Plasma wiggler
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Ion Channel Laser

0.01 

Similar to FEL but with 
variable wiggler parameter 
for each electron

Ersfeld et al., NJP (2014)
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Betatron radiation
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• The bubble partially filled 
by laser pulse

• Electrons enter into 
resonance with the laser 
field

• Laser drives larger 
amplitude betatron 
oscillations:
Increase in r,a,Ec

BETATRON RESONANCE

Betatron oscillation

Betatron radiation emission during 

LWFA

𝜔𝛽 =
𝜔𝑝

2𝛾

𝜆𝑖 =
𝜆𝛽

2𝛾𝑧,𝑖
2 ℎ

=
𝜆𝛽

2𝛾2ℎ
(1 +

𝑎𝛽,𝑖
2

2
+ 𝛾2𝜗2)

=
2𝜆𝑝

𝛾  3 2ℎ
(1 +

𝑎𝛽,𝑖
2

2
+ 𝛾2𝜗2),

Cipiccia et al., Nature Physics, 2011
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•Three different regimes:

• Non resonant (I)

• Weakly resonant (II)

• Strongly resonant (III)

Betatron radiation emission during 

LWFA

2 /( )Lyy y y F m   

 / ( / )LyF e dA dt y A y   
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Cipiccia et al., Nature Physics, 2011

2 1/2(1 / 2)z a   

Direct laser acceleration
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Betatron radiation emission 

during LWFA

• Bubble radius: 

• Dephasing Length:

• Max Energy:  

SCALING LAWS

02 pR a k
Acceleration:

2 2 2

02 / 3 / ,  4 /d p p e eL n e m   p

2

02 3d ga 

Betatron Radiation:

• Betatron Frequency: 

• Transverse momentum:

• Divergence: 

• Critical photon Energy:

• Efficiency:  

/ 2p  

ea n r 

/a 

2

c eE n r

/phot cycleN a

ℎ𝑐 ≈  3𝑎𝛽
3 8
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Case II Weakly Resonant

Ec = 150 keV

r = 7 mm

a = 50

Ec = 450 keV

r = 20 mm

a = 150

Case III: Strongly Resonant:

ASTRA Gemini:

Experimental Results

Cipiccia et al., Nature Physics, 2011
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Phase contrast imaging

≈ 10-6 and  ≈ 10-9 for hard X-rays

Small spatial variation in the refractive index detectable: 

suitable for soft tissue
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Divergence and source size

r = 7 mm source size

• divergence ≈14 

mrad

Betatron Radiation: phase 

contrast imaging

Cipiccia et al., Nature Physics, 2011
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Peak Brilliance
betatron source

Betatron peak brilliance
1022 - 1023 photons/s mrad2

mm2 0.1% B.W

Laser: 18 J, a0 = 4

1024 photons/s mrad2 mm2

0.1% B.W

Note that this figures shows the peak 

brilliance and not the average brilliance, 

which is important in utilising the 

sources. The average brilliance depends 

on the repetition rate, which is currently 

very low for laser-driven sources. 
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Current:

• Laser Energy: 4-5 J

• Pulse length: 50-60 fs

• Initial a0: 2

• Ec = 10 – 150 keV

• No. photons/shot: >3 x 1010

Bigger laser:

• Laser: 18 J, a0 = 4

• Max electron energy : 1.5 GeV

• Electron beam charge: 300 pC

• N photon/shot 5-25 MeV = 

6x108

• Max repetition rate: 10 Hz

• 1010 10 MeV photons per 

second: 

• 10 mW of 10 MeV photons

Scaling the photon energy
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Summary  – radiation  sources

• Max:  ≈ 104 (5 GeV)

• Undulator: <10 keV

• Wiggler: <100 keV

• Betatron: <20 MeV

• Thomson: <400 MeV

• Compton: Linear and 

nonlinear < 5 GeV

wiggler (au >1) and undulator (au <1)

betatron radiation

laser

pulse

Thomson/Compton back-scattering

u : mm to cm; : 103 – 104; ℏ𝜔 :  up to 100’s keV

3/2

3/2

2

0 0

2

0 0 0

2

1.4 when 1 (10 keV)

 when 1 (10 MeV)

4 when 1 (4 - 400 MeV)

3  when 1 (< 1 GeV - nonlinear Compton)

p

p

c p

c

a

a a

a

a a





 

  

  

  

  

  



 

 

 

 

2

/ ,0 ,0

/ ,0 ,0

.015  for 1

.033  for 1

phot cycle

phot cycle

N a a

N a a

 

 

 

 

410  eVu


25 10  eVp  

0 1 eV 

mailto:dino@phys.strath.ac.uk

