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Outline

• Part 1:  Lasers
– Introduction to existing and future facilities
– What science can be done with such facilities?
– What do we mean by ‘intense’ and why do we care?

• Part 2:  Applications of next generation lasers
– When do quantum effects become important and 

how will this be exhibited in experiments?
– Can we measure this today?



Part 1:  Lasers
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How do we reach high intensity?

• Petawatt power 
lasers – 1015 W

• Intensity available 
depends on spot 
size achieved
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For	example,	1015 W	in	
a	few	micron	spot	->	

1022 Wcm-2



Part 1 recap:  Lasers
For	high	power	we	
need	short	(or	
ultrashort)	pulses

For	high	intensity	we	
need	small	focal	spots

Currently	~	1022 Wcm-2

Why	to	we	want	to	reach	high	intensity?



Part 2: Outline

• The Critical Field in QED
– How close are lasers to this field?

• Radiation Reaction
– Why and when we need to consider it?

• Shamelessly stolen from T G Blackburn (Chalmers)

• Experimental Laser Plasma Physics and QED



‘Quantumness’ parameter
• We will define how ‘quantum’ a 

laser-plasma interaction is in 
terms c, relative to the Critical 
Field:

• In the electron’s inertial frame, the 
threshold is reduced by gamma:

• Broadly speaking, gamma is 
simply the a0 of the laser:

• So we can say:

a0 =
e
p
�A2

mc2
=

eE

mc!

a
0

=
p
osc

mc

� =
|E+ v ⇥B|

Ecrit

� = �
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Why QED will change laser-plasma interactions
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Figure 1. (Color online) (a) Gamma-ray photon (2D blue) & positron (red contours) production in the interaction of a 12.5PW
laser pulse with a solid aluminum target (3D grey). (b) Equivalent plot for a 320PW laser pulse striking solid aluminum.

A. The E↵ect of Plasma Physics Processes on the
QED Rates

The key feature of a QED-plasma is the feedback be-
tween QED and classical plasma physics processes. In
this section we discuss the e↵ect plasma physics pro-
cesses have on the rates of the QED reactions in laser
solid interactions. This is best illustrated by compar-
ing pair production in the interaction of a laser of inten-
sity I with a solid target to the alternative configuration
consisting of two counter-propagating laser pulses of in-
tensity I/2 interacting with a low-density gas [6, 18] as
in the laser-gas case complicated plasma e↵ects are less
important. The laser-solid configuration has the clear
advantages that the peak electric field is double that of
laser-gas case due to reflection and that the pulse inter-
acts with a dense plasma so that many pairs and photons
may be produced even when the rates of reaction are low.

A parameter scan of the e↵ect of increasing laser in-
tensity on the number of pairs produced by each config-
uration is conducted using one-dimensional EPOCH sim-
ulations. The targets considered are: solid aluminum
(density 2700kgm�3) and a hydrogen gas-jet (density
0.02kgm�3). The solid targets are semi-infinite to avoid
complications caused by the laser pulse breaking through
the target. Figure 2(a) shows the number of positrons
produced by each configuration. Due to the advan-
tages previously mentioned the laser-solid case produces
more positrons for I < 8 ⇥ 1023Wcm�2. For I >
8 ⇥ 1023Wcm�2 the gas-jet configuration continues to
behave as expected, with increasing intensity leading to
increased pair production and when ⌘ ⇠ 1 a large frac-
tion of the pairs generated go on to produce additional
pairs, the reaction runs away and a cascade of antimatter

production ensues. This is in good agreement with the
results of Nerush et al [18]. In contrast pair production
in the laser-solid case peaks when I = 8 ⇥ 1023Wcm�2

and then decreases for further increases in laser intensity.

The di↵erence between the laser-solid and laser-gas
configurations is more marked when considering the rate
of pair production, shown in Figure 2(b). The rate is
substantially lower for the solid than the gas target at
all intensities. Several plasma e↵ects have been pro-
posed as being responsible for this reduction, namely:
relativistic hole boring, the skin e↵ect & relativistic
transparency [7, 13]. Qualitatively the reduction when
I < 8⇥ 1023Wcm�2 is due to hole-boring & the skin ef-
fect. When the pulse strikes the solid surface its radiation
pressure accelerates the surface to speed vHB = �HBc in
a process known as hole-boring. The laser is reflected
in the rest frame of the surface, in which its intensity
is reduced by a factor of (1 � �HB)/(1 + �HB), where
�HB =

p
⌅/(1 +

p
⌅) and ⌅ = I/⇢c3 is the pistoning pa-

rameter for a laser of intensity I and a target of density
⇢ [21]. From this formula one can see that in the 12.5PW
interaction vHB ⇡ 0.2c and the intensity in the rest frame
of the surface is 0.7 times that in the lab frame. Th elec-
tric field of the laser is evanescent inside the overdense
solid and is reduced to Esol

HB = 2(nc/neHB)1/2Emax
HB (the

skin e↵ect). nc = �me✏0!
2
l /e

2 is the relativistically cor-
rected critical density for the plasma (� is the Lorentz
factor to which the electrons are accelerated by the laser
pulse); Emax

HB is the peak laser electric field and neHB the
electron number density both in the hole-boring frame.
The reduction in the rate of pair production is consis-
tent withe the reduction in the field in the solid target
to Esol

HB [7]. The Lorentz factor reached by the electrons
in the solid is /

p
I, therefore if the laser intensity is in-

• At	1023 Wcm-2

– 10%	of	laser	energy	converted	to	gamma	rays
• At	1024 Wcm-2

– 35%	of	laser	energy	converted	to	gamma	rays

Simulations	by	C	P	Ridgers



Classical and Quantum 
Radiation Reaction



Radiation Reaction
Example Case: A constant magnetic field

• Electrons moving in an 
magnetic field travel in 
circles

• This bending, or acceleration, 
causes them to emit energy 
as light – (photons)

• This picture is good for slow 
moving electrons and small 
fields

• BUT this does not conserve 
energy  

Modelling the new regime

➢ Classical radiation reaction
➢ e.g. charged particle in a constant magnetic field

P = � q2

6⇡✏0m2c3
�2

✓
dp
dt

◆2



Radiation Reaction
Example Case: A constant magnetic field

  

Modelling the new regime

➢ Classical radiation reaction
➢ e.g. charged particle in a constant magnetic field

• In	reality	the	
electron	MUST	slow	
down
– The	electron	spirals	
in	as	it	loses	energy

– This	is	an	example	of	
RADIATION	
REACTION

P = � q2

6⇡✏0m2c3
�2

✓
dp
dt
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Modelling the new regime

➢ Classical radiation reaction
➢ But there's a problem with the radiation spectrum

F = 0.1

Photon energy/electron energy

F = 1 F = 10�
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Radiation Reaction
General Case:  Radiation Spectrum

• From	this	one	can	calculate	the	radiation	
spectrum	for	an	electron	in	field	strength	c

• This	can	represent	inverse	Compton	scattered	
photons	in	a	laser	field

  

Modelling the new regime
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Radiation Reaction
General Case:  Semi-classical or Stochastic?

• The	exact	solution	of	quantum	radiation	reaction	
is	complex	and	involves	(at	least)	three	
Feynmann diagrams.		Found	in	Strong	Field	QED:		

• There	are	analytic	solutions	to	this	for	constant	B	
or	plane	EM	waves
– The	latter	are	known	as	Volkov States

  

Modelling the new regime

➢ Strong-field QED
➢ Extension of QED, incorporating elements of relativistic 

quantum mechanics, that allows modelling of interactions

with very large numbers of photons

➢ There are analytical solutions for H for constant magnetic 

fields and plane EM waves (Volkov states).



QED in Experimental 
Laser Plasma Interactions



‘Quantumness’ parameter - recap
• We will define how ‘quantum’ a 

laser-plasma interaction is in 
terms c, relative to the Critical 
Field:

• In the electron’s inertial frame, the 
threshold is reduced by gamma:

• Broadly speaking, gamma is 
simply the a0 of the laser:

• So we can say:
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mc2
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‘Quantumness’ parameter:  Recap

• Previously, the source of g for the electrons was 
simply the a0 of the laser, but it doesn’t have to be:
– If the electron gamma is large relative to the a0, we can 

reach radiation reaction and quantum regimes at lower 
intensity:

� = �
|E+ v ⇥B|

Ecrit

� = 0.2
I

1023Wcm�2

Compare												

for	‘stationary	targets’

� = 0.1
⇣ �

1000

⌘✓
I

1021Wcm�2

◆ 1
2



• In the lab frame, we need to reach ~ 1023 – 1024 Wcm-2 to see 
large effects

• We don’t have to rely on the oscillation of the electron in the 
laser field to provide the Lorentz factor
– Inverse Compton Scattering from a LWFA bunch

How do we understand next-generation lasers?

• For 
– l ~ 1 µm
– Ee ~ 5 – 2.5 GeV

– h ~ 0.001 - 1

⌘ ⇠ 2�

r
IL
IS

⌘ = �
|E + v ⇥B|

Ecrit



First Attempt at an 
Experiment:

Astra Gemini 2013



How it works…  A QUICK overview

• As an intense laser pulse passes through a gas it can instantaneously 
ionise it and drive coherent plasma waves in its wake

• These waves can grow nonlinear to the point where they ‘break’ 
injecting electrons into the accelerating phase of the wave

• “Non-catastrophic” breaking allows wake to keep coherency and 
produce a high quality beam

From	Electrons	hang	ten	on	laser	wake,	T	
Katsouleas,	Nature	431,	515-516	(2004)



A simulation from my PhD student…

Courtesy of Chris Baird



• High energy photons 
measured by viewing 
CsI stack with a 
CCD camera

Gemini Experiments:  Data – X-rays



• Shots without colliding laser:

Gemini Experiment:  Results (1)

Electron 
Spectrometer Data

CsI stack



• Shots with colliding laser:

Gemini Experiment:  Results (2)

Electron 
Spectrometer Data

CsI stack

BUT is this statistically significant?



• Shots with colliding laser:

Gemini Experiment:  Results (3)

Signals observed beyond 3s



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

• Since then a further Gemini experiment 
has been completed with interesting 
results…  Watch this space!



• Simulations of the laser-electron collision by 
Blackburn, Ilderton and Marklund at Chalmers
– Results highly dependent on the size of the electron 

bunch

Gemini Experiment:  Simulations and Analysis

• Simulation of the CsI stack detector 
response by Jogelkar / Behm at Michigan 
(MCNP) and Cole at Imperial College 
(Geant4)
– One approach aims at parameterising the 

spectrum
– A peak away from the edge of the stack 

indicates high photon energy present



Gemini Experiment:  Conclusions

• CsI stack suggests that Compton Scattered radiation 
above 5 MeV was observed

• Simulations imply that the a0 at the collision point 
should have been >10

• Further analysis still underway on whether this can be 
seen on the electron spectrum



Where are we headed in terms of intensity?

• Next	generation	
facilities	should	
reach	1013 W	with	a	
2	micron	spot	size:
– >	1023 Wcm-2

~	1016 W



Electron Acceleration Conclusions
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Figure 1. (Color online) (a) Gamma-ray photon (2D blue) & positron (red contours) production in the interaction of a 12.5PW
laser pulse with a solid aluminum target (3D grey). (b) Equivalent plot for a 320PW laser pulse striking solid aluminum.

A. The E↵ect of Plasma Physics Processes on the
QED Rates

The key feature of a QED-plasma is the feedback be-
tween QED and classical plasma physics processes. In
this section we discuss the e↵ect plasma physics pro-
cesses have on the rates of the QED reactions in laser
solid interactions. This is best illustrated by compar-
ing pair production in the interaction of a laser of inten-
sity I with a solid target to the alternative configuration
consisting of two counter-propagating laser pulses of in-
tensity I/2 interacting with a low-density gas [6, 18] as
in the laser-gas case complicated plasma e↵ects are less
important. The laser-solid configuration has the clear
advantages that the peak electric field is double that of
laser-gas case due to reflection and that the pulse inter-
acts with a dense plasma so that many pairs and photons
may be produced even when the rates of reaction are low.

A parameter scan of the e↵ect of increasing laser in-
tensity on the number of pairs produced by each config-
uration is conducted using one-dimensional EPOCH sim-
ulations. The targets considered are: solid aluminum
(density 2700kgm�3) and a hydrogen gas-jet (density
0.02kgm�3). The solid targets are semi-infinite to avoid
complications caused by the laser pulse breaking through
the target. Figure 2(a) shows the number of positrons
produced by each configuration. Due to the advan-
tages previously mentioned the laser-solid case produces
more positrons for I < 8 ⇥ 1023Wcm�2. For I >
8 ⇥ 1023Wcm�2 the gas-jet configuration continues to
behave as expected, with increasing intensity leading to
increased pair production and when ⌘ ⇠ 1 a large frac-
tion of the pairs generated go on to produce additional
pairs, the reaction runs away and a cascade of antimatter

production ensues. This is in good agreement with the
results of Nerush et al [18]. In contrast pair production
in the laser-solid case peaks when I = 8 ⇥ 1023Wcm�2

and then decreases for further increases in laser intensity.

The di↵erence between the laser-solid and laser-gas
configurations is more marked when considering the rate
of pair production, shown in Figure 2(b). The rate is
substantially lower for the solid than the gas target at
all intensities. Several plasma e↵ects have been pro-
posed as being responsible for this reduction, namely:
relativistic hole boring, the skin e↵ect & relativistic
transparency [7, 13]. Qualitatively the reduction when
I < 8⇥ 1023Wcm�2 is due to hole-boring & the skin ef-
fect. When the pulse strikes the solid surface its radiation
pressure accelerates the surface to speed vHB = �HBc in
a process known as hole-boring. The laser is reflected
in the rest frame of the surface, in which its intensity
is reduced by a factor of (1 � �HB)/(1 + �HB), where
�HB =

p
⌅/(1 +

p
⌅) and ⌅ = I/⇢c3 is the pistoning pa-

rameter for a laser of intensity I and a target of density
⇢ [21]. From this formula one can see that in the 12.5PW
interaction vHB ⇡ 0.2c and the intensity in the rest frame
of the surface is 0.7 times that in the lab frame. Th elec-
tric field of the laser is evanescent inside the overdense
solid and is reduced to Esol

HB = 2(nc/neHB)1/2Emax
HB (the

skin e↵ect). nc = �me✏0!
2
l /e

2 is the relativistically cor-
rected critical density for the plasma (� is the Lorentz
factor to which the electrons are accelerated by the laser
pulse); Emax

HB is the peak laser electric field and neHB the
electron number density both in the hole-boring frame.
The reduction in the rate of pair production is consis-
tent withe the reduction in the field in the solid target
to Esol

HB [7]. The Lorentz factor reached by the electrons
in the solid is /

p
I, therefore if the laser intensity is in-

• We	have	good	control	over	laser-
plasma	electron	acceleration.

• Energies	around	1	GeV are	
demonstrable

• Laser	scattering	can	generate	
collimated,	tunable	gamma	ray	
bursts

• Higher	intensity	laser-electron	
interactions	are	difficult	but	possible

• Will	allow	us	to	access	radiation	
reaction	and	quantum	regimes

• Will	give	insight	into	next-generation	
laser	systems!
– At	1024 Wcm-2

• 35%	of	laser	energy	converted	to	gamma	
rays
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