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•  Oncology, radioisotope 
production, perhaps 
nuclear physics and smart 
scanners 

•  Many improve with 
increasing laser intensity 

http://www.floridaproton.org/what-is-proton-therapy/benefits 

Ultimate Goals 

Applications Fundamental Science 

PSR	B1509-58	-	X-rays	from	
Chandra	are	gold;	Infrared	from	
WISE	in	red,	green	and	blue/max.	
(NASA	/	Caltech)	

•  The ultimate intensity for study would 
be 1029 Wcm-2 

–  Equivalent of 1.3 x 1018 Vm-2 
•  The critical field in QED 

•  At Ecrit the laser field is strong enough 
to break down the vacuum into pairs 

•  Studying quantum effects may be 
possible at lower laser intensity 

 



Laser-Plasma Interactions  
The Quantum Regime 

•  Effects of radiation reaction become important at 1021 Wcm-2 
if the ‘target’ is at 500 MeV 
–  INVERSE COMPTON SCATTERING 

•  Ideal experiment for a dual beam laser system 
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•  For a pure electromagnetic wave: 
 
•  In the electron’s inertial frame, 

the threshold is reduced by 
gamma: 

 
•  So we can say: 

⌘ =
|E + v ⇥B|

Ecrit

⌘ = �
|E + v ⇥B|

Ecrit



Laser-Plasma Interactions  
Nonlinear Inverse Compton Scattering 

•  First observation of nonlinear ICT by 
Sarri et al. 

•  Much was learned about measuring 
the gamma rays and the experimental 
difficulties associated with this setup 



•  Astra Gemini Laser 
–  Dual Beam PW-class Ti:Sapphire laser 
–  Common front end (oscillator and 

three amplifiers)  
–  Independently controlled fourth 

amplification stage and compressor 

Recent Experiment: Astra Gemini 

•  On our run: 
–  pulse energy = 15 J per beam 
–  pulse duration = 44 fs 
–  F/20 focusing – 20 micron 

spot 
–  F/2 focusing – 2 micron spot 
–  Shot on demand (up to 1 every 

20 seconds) 

Similar to Apollon, 
but 10x less energy 



Overview of Gemini Experiment 

S P D Mangles et al. PRL 96 215001 (2006) 

•  In certain regimes, the electron 
beam may be elongated along 
the polarisation direction 

•  Plan was to hit the electrons as 
they left the gas jet to try to 
increase the fraction of electrons 
which interact 

•  EPOCH was used to optimise 
the ‘drift’ between the gas jet 
and the interaction 

•  Then all we needed was a nice 
electron bunch and good 
overlap… 

•  ‘Murphy’s Law’ kicked in. 
•  We saw gamma rays on a CsI 

scintillator stack but not at 
tightest focus 
–  Preliminary ‘estimate’ a0 ~ 5 

the interaction of the electrons with the laser electric field.
When the pulse length is made shorter than the plasma
wavelength the degree of ellipticity decreases, confirming
that this effect is indeed due the interaction with the laser
pulse.

The experiments were performed with the 10 Hz multi-
THz femtosecond laser at the Lund Laser Centre, a
Ti:sapphire system delivering 35 fs pulses of up to
35 TW at a central wavelength of 800 nm. The laser pulses
are focused onto the edge of a supersonic gas jet using an
f=10 off-axis parabolic mirror. The experimental setup is
shown in Fig. 1. The gas jet is capable of producing
electron densities in the range !0:5–5" # 1010 cm$3.
Measurements of the electron energy distribution were
performed using a magnetic spectrometer with a scintillat-
ing screen (Kodak Lanex) and CCD imaging system as the
detector. These show the production of narrow energy
spread electron beams over a range of densities with en-
ergies up to 200 MeV and energy spreads of a few percent.
An example electron spectrum is shown in Fig. 2 taken at a
plasma density of ne % 2# 1019 cm$3.

A separate Lanex screen could be inserted into the path
of the electron beam to allow the electron beam profile to
be measured. The screen was 320& 10 mm from the laser
focus. A 12 mm layer of aluminum is placed in front of this
screen so that the beam profile was due to electrons with
energies above ' 7 MeV. Scattering through the alumi-
num plate for the high-energy electron beam contributes to
less than 5% of the beam size for electron energies greater
than 70 MeV (corresponding to the majority of the electron
signal above 7 MeV). The scintillator screen emits light
through 2! sr and can therefore be viewed from a range of
angles. By placing the screen at 45( to the beam propaga-
tion direction and imaging the screen from a viewing angle
of 90( we could observe the electron beam profile without
any projection error and without the need to place mirrors
or detectors into the electron beam path behind the screen.

A zero order mica "=2 plate was placed in the unfocused
laser beam to allow the plane of polarization to be contin-
uously rotated, allowing any effects of the laser polariza-
tion on the beam profile to be investigated. The plasma
density in the gas jet was obtained from forward Raman
scattering measurements. These were performed by detun-

ing the grating compressor resulting in a significantly
longer laser pulse (c#) "p) than that used in the electron
acceleration experiments as the growth rate of forward
Raman scattering is too small in the regime where c# ’
"p [9].

The first set of results presented were obtained with a
pulse duration of 68 fs and a plasma density of 2:2#
1019 cm$3, i.e., with c# ’ 3"p. The beam profile of the
electron beam (E> 7 MeV) was measured as described
above for various polarization angles. Figure 3 shows some
typical beam profiles. The profiles are clearly elliptical and
the axis of the ellipse is directly correlated with the polar-
ization of the laser.

To quantify the electron beam ellipticity an ellipse is
fitted to the half-maximum contour of the profile, hence the
eccentricity of the ellipse $ %

!!!!!!!!!!!!!!!!!!!!!!!!!
!1$ b2=a2"

p
, where a and

b are the major and minor axes of the ellipse, can be
calculated for each profile. Figure 4 shows how the tilt
angle of the ellipse varied with the laser polarization. A
direct correlation is revealed by a least-square fit to the
data, indicating a gradient close to unity of 1:09& 0:06 and
a correlation coefficient of R2 % 0:77. The error bars rep-
resent our estimate of a systematic error in the laser polar-
ization angle after insertion of the wave plate. The fluc-
tuations in the beam profile tilt are probably due to shot-to-
shot fluctuations in the experimental parameters, the main
sources of fluctuation include the laser energy, pulse dura-
tion, focal spot, and plasma profile. The fact that the

FIG. 1 (color online). Schematic of the experimental setup
shown from above.
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FIG. 2. Example electron spectrum taken at a plasma density
of ne % 2# 1019 cm$3 with laser parameters of # % 35 fs, E %
600 mJ.

FIG. 3 (color online). Representative data showing the varia-
tion of electron beam profile with laser polarization at ne %
2:2# 1019 cm$3 with a pulse duration of 68 fs. The black line
indicates the laser polarization angle &5(. (a) $20(, (b) 10(,
(c) 30(, and (d) 50(.

PRL 96, 215001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
2 JUNE 2006

215001-2

***Next-generation laser facilities, such as the Extreme Light Infrastructure (ELI), are 
expected to produce intensities which significantly exceed those currently available. At such 
extreme intensities, a new regime of laser-matter interaction is accessed where neglecting 
the effect of radiation on the motion of an electron is no longer a valid approximation, and 
quantum-mechanical effects must be taken into account.  
 
Here we present experimental work, supported by simulation and theoretical considerations, 
with which we aim to bridge the gap between current and next-generation lasers. By 
illuminating high-energy electrons with an intense laser pulse, it is possible to access the 
lower end of the quantum regime, i.e. 𝜂 ~ 0.1. With these parameters, we expect to observe 
high gamma ray flux and significant losses in electron energy due to radiation reaction. 
Furthermore, it is anticipated that the post-interaction electron spectrum will indicate the 
quantum nature of the strong-field processes. 
 
Exploration of the near-quantum regime with presently-available laser systems is important 
in order to establish a foundation for, and guide the design of future, high-intensity 
experiments. 

 
 
Simulation data showing the effect of a high-intensity laser interaction on an electron energy 
spectrum. (Left: Before interaction. Right: After) 
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Example Apollon Experiment 1:  Collisions 
•  In either LFA or SFA: 
•  We can generate electrons with 

F2 
–  2 GeV should be achievable  

•  We can interact with the 
electron beam with F1 
–  1022 Wcm-2 should be accessible 

in early experiments 
•  Beam stability of one focal spot 

width would allow interaction 
at the highest intensity   

•  Even with the Phase 1 
parameters exciting regimes 
will be accessible 

•  Possibly the first observation of 
positrons in the strongly 
nonlinear Breit-Wheeler regime 
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scattering and the resulting radiation reaction; (ii) very nonlinear Breit-Wheeler pair 
production.  The transition to quantum radiation reaction is important as it resolves long 
standing difficulties with classical radiation reaction.  Recently, Ilderton & Torgrimmson 
showed that a description of radiation reaction within the framework of strong-field QED is 
only compatible with a subset of classical theories [8].  Furthermore, quantum effects are 
much larger than the relatively small differences between classical models for K�> 0.1.  The 
first observation of Breit-Wheeler pair production in the very nonlinear regime will be very 
important as the cross-section for this process underpins pair cascades in extreme 
astrophysical environments such as pulsar magnetospheres.  As well as being of interest for 
fundamental physics, the prolific and collimated generation of gamma-rays (and pairs) in 
the interaction could lead to a gamma-ray light (antimatter) source of unprecedented 
brightness [9].  Furthermore, the processes (i) & (ii) are also the critical QED processes in 
laser-generated QED-plasmas, which will dominate all laser matter interactions at 10PW and 
above.  Models for these processes now form a foundational element of simulation codes 
for the interaction of 10PW lasers with matter.  Benchmarking the QED model used in these 
codes is essential if theories of laser generated QED-plasmas are to be built up and future 
laser-plasma experiments moving beyond today’s intensity frontier are to be understood.   

Objectives 

We propose using the unique capabilities of ELI-NP to, for the first time:  

1. Observe the transition to the very nonlinear Compton scattering regime, radiation 
reaction in this regime and the transition of radiation reaction from a classical 
(deterministic) to a quantum (stochastic) force.   

2. Measure the cross-section for strongly nonlinear Breit-Wheeler pair production.   

 

 
 Figure 1: the experimental setup 

 

For	example:	
Ee	=	2	GeV			(g	=	4000)	
I	=	1022	Wcm-2	
η	=	1.2	



However, what about a solid target?	

•  In an accelerated 
electron’s inertial frame: 

  
•  But in laser solid 

interactions, gamma is 
simply the a0 of the laser: 

•  So we can say: 

⌘ = �
|E + v ⇥B|

Ecrit
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The QED+Plasma Regime

FEEDBACK

QED processes

Classical Plasma 
Physics

C.P. Ridgers, et al, PRL, 108, 165006 (2012)

η∼0.1
I

5×10
22
Wcm

−2



  

Quasi-classical model

1. Split EM field into 'low frequency' (laser-fields) & 
'high frequency' (gamma-rays) components

2. 'Low frequency' fields are treated classically

3. Use strong-field QED – basis states dressed by 
fields

4. Keep lowest order interactions between 
electrons, positrons, gamma-rays with classical low 
frequency fields

Photon 
emission

Pair 
production

C.P. Ridgers et al, J Comp Phys, 260, 273 (2014) 



  

QED-PIC Codes

Update QED 
rate equations

Generate 
photon/pair

Push particles

Update E & B 

E & B

Particle 
energies

Add particles 
to PIC code

QED-PIC code

Generate 
photon/pair?

YES

NO

Monte-Carlo 
emission 
algorithm

CurrentE & B



  

Ultra-relativistic plasma 
processes

nc

rel∼ns√ I

10
23
Wcm

−2

2. Relativistic transparency
Relativistic correction 
to critical density

nc=
γmeϵ0

ωL

e
2

η∼0.1
I

5×10
22
Wcm

−2
1. QED effects:



  

Ultra-relativistic plasma 
processes
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2. Relativistic transparency

3. Radiation pressure acceleration
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Ultra-relativistic plasma 
processes

nc

rel∼ns√ I

10
23
Wcm

−2

Ξ∼
I

10
23
Wcm

−2

2. Relativistic transparency

3. Radiation pressure acceleration

All 'switch-on' at ~1023Wcm-2 

Relativistic correction 
to critical density

nc=
γmeϵ0

ωL

e
2

η∼0.1
I

5×10
22
Wcm

−2
1. QED effects:



Example Apollon Experiment 2:   
Solid Target Study 

•  Just shoot it. 

•  May potentially need advanced 
focusing to reach the required 
intensity 
–  Rick? 

•  The important / difficult aspects 
here are: 
–  Positioning the target 

•  THE Ohio State University 
•  Central Laser Facility 

–  Measuring the gamma rays 
generated 
•  Demonstrates a need for spectral 

measurement of gamma rays at 
ultra-high flux 

  

10PW laser incident on solid Al target.....
 

 

Linear polarisation
I=4x1023Wcm-2

Pulse length 30fs 
Energy = 400J  

Target:
Al – density 2700kgm-3

Thickness 1µm 

Assume fully ionised

Laser: 

C.P. Ridgers, et al, PRL, 108, 165006 (2012)

QED-PIC Simulation Results: 
Radiation Dominated Regime



‘Conclusions’	
•  Experiments on current facilities are succeeding to 

make measurements but the experiments are very 
challenging and the results are often difficult to 
interpret 
–  Increased involvement from other groups is essential 

•  Challenges and opportunities: 
–  Electron Stability 

•  Should be improved by lower plasma density and improved laser 
pointing stability at Apollon 

–  Hitting the electrons with the laser 
•  Currently experiments have yielded many ideas and expertise in this is 

growing 
–  How will we obtain a gamma spectrum 

•  Current work in conjunction with the University of York Nuclear 
Physics group at developing detector ideas 

•  Queens University Belfast are also working on detector development 


