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Outline of today’s talk

• What are particle accelerators and how do they work? 

• Making X-rays with particle accelerators

• Miniature particle accelerators using lasers and plasmas: laser 
wakefield accelerators

• Making x-rays with laser wakefield accelerators

• Some applications
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What are particle accelerators? 



Particle accelerators are big machines

27 km circumference

CERN (Geneva)
Large Hadron Collider Paris

31 km circumference 



What are particle accelerators used for?

Fundamental 
Discoveries

Medical Applications Industry National 
Security



Particle accelerators use charged particles

Elements: what constitutes ordinary 
matter around us

Hydrogen, Oxygen 
(H20)

Carbon (C) Copper (Cu)

Oxygen  (O2) 
Nitrogen (N2) 



Particle accelerators use charged particles

Atom: smallest form of matter 
that retains the properties 
of an element

A one carat diamond has 
1022 carbon atoms!

Elements: what constitutes ordinary 
matter around us

Hydrogen, Oxygen 
(H20)

Carbon (C) Copper (Cu)

Oxygen  (O2) 
Nitrogen (N2) 



Particle accelerators use charged particles

This is an atom

Proton: subatomic particle 
with positive charge

Neutron: subatomic particle 
with no charge

Electron: subatomic particle 
with negative charge 

Nucleus



Particle accelerators use charged particles

This is an atom

Proton: subatomic particle 
with positive charge

Neutron: subatomic particle 
with no charge

Electron: subatomic particle 
with negative charge 

Nucleus

In a particle accelerator, particles will go up to the speed of light
That’s 300,000 km per second – about 10 million times the speed of a car on the freeway!



How do they work? 





One use of particle accelerators is 
to make X-rays 



X-rays are like visible light

….. But you cannot see them



Light is made of electromagnetic waves

Electromagnetic waves are waves that

• Carry energy

• Travel through empty space or air at the 
speed of light

• We characterize them by their wavelength



The electromagnetic spectrum



Examples of X-ray images



How to make X-rays with a particle accelerator

A particle changing direction 
emits radiation along its path



Magnets are used to change 
the particle’s path

Electron

Magnets

X-rays

NS NS NS S

N NS NS S N

How to make X-rays with a particle accelerator

A particle changing direction 
emits radiation along its path
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To understand how particle accelerators 
make X-rays…



Let’s get some help from Albert Einstein



Einstein’s Special Theory of Relativity
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Einstein’s Special Theory of Relativity



What we see
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N NS NS S N

Electron

Magnets

0.01 m



What the electron sees

Electron

Magnets

What we see

NS NS NS S

N NS NS S N

Electron

Magnets

NS NS NS S

N NS NS SN

0.01 m 0.000 001 m
10,000 times smaller



What the electron sees

Electron

Magnets

What we see

Not quite the 
wavelength of 
X-rays yet!

NS NS NS S

N NS NS S N

Electron

Magnets

NS NS NS S

N NS NS SN

0.000 001 m
10,000 times smaller

0.01 m



What the electron sees and emits

0.000 001 meters



What the electron sees and emits How we see it

0.000 001 meters 10,000 times smaller



X-rays!

What the electron sees and emits How we see it

0.000 001 meters 10,000 times smaller



Synchrotrons and X-ray free electron lasers

Electron

Magnets

X-rays

NS NS NS S

N NS NS S N

Synchrotron X-ray Free Electron Laser
Photo: Argonne National Laboratory Photo: SLAC National Laboratory
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2 Hydrogen 
atoms

1 Oxygen 
atom

=

X-rays wavelengths are small enough to “look” 
at molecules and atoms

Water 
molecule
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But this happens very quickly! About 10 femtoseconds



One femtosecond is 0.000 000 000 000 001 seconds (one quadrillionth)

+

2 Hydrogen 
atoms

1 Oxygen 
atom
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X-rays wavelengths are small enough to “look” 
at molecules and atoms

Water 
molecule



A femtosecond is to a minute what a 
minute is to the age of the universe (14 billion years)

In one second, light almost has 
time to go to the moon

In one femtosecond, light barely has time to 
cross the width of human hair



To make movies of these molecules we need ”fast” x-rays

“fast” x-ray

“slow” x-ray



What are big X-ray machines missing?

Several X-ray 
wavelengths
Slow

Synchrotron

Photo: Argonne National Laboratory



What are big X-ray machines missing?

One X-ray 
wavelength
Fast

X-ray Free Electron Laser

Photo: SLAC National Laboratory



How to accelerate particles on a 
smaller scale? 



A laser plasma accelerator

By using lasers and plasmas to do 
laser wakefield acceleration

A regular particle accelerator

1 meter

3 km

Photo: SLAC



Accelerating electrical field is 
1000 times stronger

A laser plasma accelerator

By using lasers and plasmas to do 
laser wakefield acceleration

A regular particle accelerator

1 meter

3 km



What is a laser?

L ight

Amplif icat ion by

St imulated 

Emission of

Radiat ion

Light bulb

Many colors in 
all directions

Laser

One color in 
one direction



Laser
DEMO



A laser can separate electrons from 
ions in an atom to form a plasma

Helium Atom Plasma

Ion (+)

Electron (-)



In a plasma, ions are much heavier than 
electrons and move around faster

Ion Electrons



Electron plasma wave

Wake behind a boat



Plasma wave behind a laser

Electron plasma wave

Wake behind a boat

Nuno Lemos, LLNL

Width of human hair
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Plasma wave behind a laser

Electron plasma wave

Wake behind a boat

Nuno Lemos, LLNL

Width of human hair



What can electrons do in a plasma wave? 

Plasma wave

Electron

Surf’s up! Electrons will ride the plasma wave to gain speed: 
we just created a particle accelerator



Trapped electrons surf on the plasma wave 
to gain energy

peak was expected to be a challenge for the
field for several years to come.

Instead, the three groups reporting in
this issue1–3 have found a new physical
regime, in which electrons are ‘self-injected’
in a narrow region of space and made to 
surf as a single group, all reaching the same
energy (Fig. 1). The three experiments are
similar in many ways. In each of them,10–30
terrawatts of laser power, in pulses 30–55
femtoseconds long, is focused into an ion-
ized jet of gas roughly 2 mm long and with a
particle density of 2!1019 cm"3; a nearly
monoenergetic distribution of electrons is
observed, with instrument-limited energy
spreads of 2–24% at roughly 80–170 MeV.
With up to a few times 109 electrons per
beam, the energy densities in these experi-
ments are a hundred to a thousand times
higher than has previously been achieved.
The angular spread of the beams is also
about ten times tighter than before — com-
parable to the best of the beams produced 
by radio-frequency systems. Moreover,
the pulse lengths of the beams are about 
10 femtoseconds (10"14 s), making them
attractive as potential radiation sources for
ultrafast time-resolved studies in biology
and physics.

Despite the similarities between the
three experiments, it is the differences that
have helped to identify the mechanisms
responsible for their success. The three
groups used different approaches to control
what turns out to be a key factor — the inter-
action length in the plasma. The interaction
length is the distance over which the parti-
cles surf the wake, and it is determined by
either the end of the plasma or the weaken-
ing of the laser pulse through diffraction
(the natural tendency of tightly focused
light to spread). Geddes et al.1 used a pre-
formed plasma channel to guide the laser
over several times the length that it would
travel without diffraction in a vacuum; the
groups of Mangles2 and Faure3 used a larger
laser spot size (up to 24 micrometres) to
increase the interaction length. The groups
describe essentially the same physics: first,
the laser pulse evolves to become shorter
and narrower; this creates a large wake that

The status of rice blast as a model system
for studying aerial plant infection is based on
its continuing impact on world food pro-
duction, its amenability to molecular and
genetic analyses, and the well-defined devel-
opmental pathways it uses to invade aerial
rice tissues. Infection occurs when airborne
spores land on rice plants, sense the waxy
aerial plant surface, and develop a dome-
shaped organ called an appressorium. This
produces phenomenal pressures — equiva-
lent to those experienced in a deep-sea dive
to 2,500 feet — enabling it to push a penetra-
tion peg through the tough surface layers
that protect the plant2. For the next week,
the fungus spreads within the plant tissue
and forms eyespot-shaped lesions (Fig. 1a),
producing thousands of spores daily to
invade new tissue.

news and views
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traps electrons from the plasma; the loading
of the wake with trapped particles turns 
off further trapping; and finally, ‘dephasing’
of the electrons as they outrun the wake 
creates a monoenergetic beam (basically,
like marbles that roll to the bottom of a hill,
they arrive at different times but end up at
the same energy; Fig. 1).

Geddes et al.1 emphasize the need for large
interaction lengths to enable the electrons to
dephase from the wave; their demonstra-
tion of guiding an intense laser in a plasma
channel suggests a means of extending future
wakefield accelerators beyond the millimetre
scale. Mangles et al.2, however, stress the 
need to reduce the interaction length to 
prevent the dephasing from becoming 
complete (the marbles reach the next hill 
and begin to slow down). Thus, as in the 
children’s story Goldilocks and the Three

Bears, the interaction length must be not too
long,nor too short,but just right.

There is still a long way to go from these
experiments in the 100-MeV range to the
frontiers of high-energy physics (it’s likely
that considerably more than 100,000 MeV
needs to be available in a particle collision to
produce a Higgs boson). The shot-to-shot
stability and efficiency of these schemes also
need to be improved. Nevertheless, these
results represent the most significant step so
far for laser-based accelerators, and should
stimulate further advances in the near
future. In particular, developments in high-
power laser technology and plasma-channel
production (particularly lower-density
channels to increase the wake speed and
hence the dephasing length) could both lead
to the generation of beams of up to a few
thousand MeV from a single-stage table-top
device. Such accelerators would not only be
more compact but would also exceed con-
ventional sources in peak current,brightness
and shortness of pulse duration. Wakefield
acceleration may one day change the way we
approach the physics and applications of
particle beams. ■
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4. Joshi, C. & Katsouleas, T. Physics Today 56, No. 6, 47–51 (2003).
5. Modena, A. et al. Nature 377, 606–608 (1995).
6. Malka, V. et al. Science 298, 1596–1600 (2002).

Plant disease

Underground life for rice foe
Barbara Valent

We still have much to learn about the world’s chief disease of rice —
rice blast. That’s clear from the finding that the culprit not only infects
aerial plant tissues but can also invade roots like a typical root pathogen.

The diverse fungi that threaten the
world’s food crops are generally div-
ided into those that infect plant struc-

tures above the ground and those that infect
roots. Fungi that attack aerial plant struc-
tures use a few characteristic developmental
pathways, and root-invading fungi —
including symbiotic species that can be 
beneficial to plants — use different develop-
mental routes. The rice blast fungus, which
causes an annual loss of hundreds of millions
of tonnes of rice worldwide, has become a
model system for studying the aerial attack
pathway. But, in a ground-breaking report
that bridges the divide between the patho-
genic lifestyles, Sesma and Osbourn1 show
that the foliar blast pathogen also invades
roots, using a typical root-specific pathway
(page 582 of this issue).

Figure 1 Wakefield acceleration. a, In a plasma excited by a laser pulse, the wake potential rises 
until it steepens and breaks. Electrons from the plasma are caught in the ‘whitewater’ and surf the
wave. b, The load of the electrons deforms the wake, stopping further trapping of electrons from 
the plasma. c, As the electrons surf to the bottom of the wake potential, they each arrive bearing 
a similar amount of energy.

a b c
'Whitewater' of
plasma electrons

 Plasma wake potential   Loaded wake

Mono-
energetic
beam

Surfing
electrons

Laser pulse
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T. Katsouleas, “electrons hang ten on laser wake”, Nature (2004)



Just like surfing, laser wakefield acceleration 
requires good synchronization





It is not always easy ….

My movie 



My movie 



Lasers we use at LLNL for 
laser wakefield acceleration



How to make X-rays with a 
laser wakefield accelerator
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with a particle accelerator…
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Laser pulse

Electron plasma wave
Width of human hair
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Laser pulse
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Betatron
X-ray beam

Width of human hair

Laser pulse
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Laser wakefield acceleration can produce X-rays just like 
the big machines but on a much smaller scale

Electron
X-raysElectron

Magnets

X-rays

NS NS NS S

N NS NS S N

Laser wakefieldX-ray Free Electron LaserSynchrotron

Photo: Argonne Nat. Lab Photo: SLAC Photo: LLNL



Several X-ray 
wavelengths

Slow

One X-ray 
wavelength

Fast

Several X-ray 
wavelengths

Fast

Laser wakefield acceleration can produce X-rays just like 
the big machines but on a much smaller scale

Laser wakefieldX-ray Free Electron LaserSynchrotron

Photo: Argonne Nat. Lab Photo: SLAC Photo: LLNL



Some applications of X-ray light sources 
from laser wakefield acceleration



X-rays for radiography

Radiography

X-rays in X-rays out



Radiography of biological objects with X-rays 
from laser wakefield accelerators

Chrysoperia carnea
Wenz et al, Nat. Comm (2015)

Trabecular hip bone sample
Cole et al, Sc. Rep (2015)



X-rays for absorption spectroscopy
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X-rays for diffraction

X-rays in X-rays out
sample



Pump-probe experiments

Wavelength

In
te

ns
ity

X-rays in X-rays out

In
te

ns
ity

Wavelengthsample



Pump-probe experiments
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Laser in at Time 0 (T0)



Pump-probe experiments
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Pump-probe experiments
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X-rays have small wavelengths to “look” 
at molecules and atoms

+

2 Hydrogen 
atoms

1 Oxygen 
atom

=

Water 
molecule



What we’ve learned today

• What are particle accelerators and how do they work? 

• Making X-rays with particle accelerators

• Miniature particle accelerators using lasers and plasmas: laser 
wakefield accelerators

• Making x-rays with laser wakefield accelerators

• Some applications

Photo: SLAC National Laboratory



Laser plasma accelerators 
will revolutionize these fields

Fundamental 
Discoveries

Medical Applications Industry National 
Security
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very preliminary analysis of shock data

• Lineout clearly reveals shock front 
– and possibly the density difference??

unshocked

shocked

Collaborators


