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Plasmas can be created using different 
approaches

• Typical electric field E ~ (n0 [cm-3])1/2 V/cm	
• Example: n0 ~1018 cm-3 (typical) E ~ 100 GV/m

• Intense electric discharge between two electrodes	
• Ionisation by intense laser or particle beams

Plasma examples

• Lamps	
• Sun and Tokamaks (fusion devices)

Support extremely large fields

Plasma is a fourth state of matter made of 	
unbounded ions and electrons.
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Executive Summary 5

plasma science, and the encouragement of interagency research initiatives in this
very interdisciplinary field would greatly strengthen the ability of the nation’s
universities to have a significant impact on this field.

THE KEY QUESTIONS

In developing a unifying framework for the diverse areas of high energy density
physics and identifying research opportunities of high intellectual value, the com-
mittee found it useful to formulate key scientific questions ranging from the very
basic physics questions to those at the frontier of the field.  These are questions that,
if answered, would have a profound effect on our understanding of the fundamental
physics of matter under high energy density conditions. The following list of
questions is not intended to be complete but rather to be illustrative of important
questions of high intellectual value in high energy density physics:

• How does matter behave under conditions of extreme temperature, pressure,
density, and electromagnetic fields?

• What are the opacities of stellar matter?
• What is the nature of matter at the beginning of the universe?
• How does matter interact with photons and neutrinos under extreme

conditions?
• What is the origin of intermediate-mass and high-mass nuclei in the universe?
• Can nuclear flames (ignition and propagating burn) be created in the

laboratory?
• Can high-yield ignition in the laboratory be used to study aspects of super-

novae physics, including the generation of high-Z elements?
• Can the mechanisms for formation of astrophysical jets be simulated in

laboratory experiments?
• Can the transition to turbulence, and the turbulent state, in high energy

density systems be understood experimentally and theoretically?
• What are the dynamics of the interaction of strong shocks with turbulent and

inhomogeneous media?
• Will measurements of the equation of state and opacity of materials at high

temperatures and pressures change models of stellar and planetary structure?
• Can electron-positron plasmas relevant to gamma-ray bursts be created in

the laboratory?
• Can focused lasers “boil the vacuum” to produce electron-positron pairs?
• Can macroscopic amounts of relativistic matter be created in the laboratory

and will it exhibit fundamentally new collective behavior?

Copyright © National Academy of Sciences. All rights reserved.
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• Can we predict the nonlinear optics of unstable multiple and interacting
beamlets of intense light or matter as they filament, braid, and scatter?

• Can the ultraintense field of a plasma wake be used to make an ultrahigh-
gradient accelerator with the luminosity and beam quality needed for appli-
cations in high energy and nuclear physics?

• Can high energy density beam-plasma interactions lead to novel radiation
sources?

These questions cut across the boundaries of this field, and answering them will
require new approaches to building a comprehensive strategy for realizing the excit-
ing research opportunities.  With this in mind the committee makes the following
recommendations.

RECOMMENDATIONS

a. Recommendation on external user experiments at major facilities

It is recommended that the National Nuclear Security Administration con-
tinue to strengthen its support for external user experiments on its major high
energy density facilities, with a goal of about 15 percent of facility operating
time dedicated to basic physics studies. This effort should include the imple-
mentation of mechanisms for providing experimental run time to users, as
well as providing adequate resources for operating these experiments,
including target fabrication, diagnostics, and so on.  A major limitation of
present mechanisms is the difficulty in obtaining complex targets for user
experiments.

b. Recommendation on the Stewardship Science Academic Alliances program

It is recommended that the National Nuclear Security Administration con-
tinue and expand its Stewardship Science Academic Alliances program to
fund research projects at universities in areas of fundamental high energy
density science and technology. Universities develop innovative concepts
and train the graduate students who will become the lifeblood of the nation’s
research in high energy density physics. A significant effort should also be
made by the federal government and the university community to expand the
involvement of other funding agencies, such as the National Science Founda-
tion, the National Aeronautics and Space Administration, the Department of
Defense, and the nondefense directorates in the Department of Energy, in
supporting research of high intellectual value in high energy density physics.

Copyright © National Academy of Sciences. All rights reserved.
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National Academy of Sciences (US) report states importance of 	
plasma acceleration to the future of high energy physics.
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One of the goals for this technology is to design and construct 	
a plasma based linear collider.

www.physicstoday.org March 2009    Physics Today 49

would be created by trapping in the vicinity of a gas jet at the
entrance of the first module’s plasma channel. After that ini-
tial trapping, the laser and plasma parameters must be cho-
sen so that there is no further trapping of plasma background
electrons in the rest of the first module’s channel or in any
subsequent module. 

After the laser pulse propagates through the plasma chan-
nel of a single module, it would have lost most of its energy. So
it will be necessary to inject a fresh 30-J drive pulse into each of
the 10-GeV accelerating modules. Transporting the laser pulse
to the channel with conventional optics would require a 10-m
distance between stages to avoid having excessive light inten-
sity damage the focusing optics. That 10-m spacing would
greatly lengthen the overall machine and thus reduce its aver-
age accelerating gradient—a key figure of merit. To avoid that,
the LPA community is exploring novel concepts that would
allow the spacing between stages to be less than a meter. 

Several groups around the world, including ours, plan
to explore those and other issues using petawatt laser
 systems with repetition rates as high as 10 Hz. Spurring that
effort is the commercial development—most notably in
France—of sophisticated petawatt-class systems.

To achieve the desired collider luminosity, a laser–
plasma collider would need a repetition rate of about 15 kHz.
That means an average laser power of half a megawatt per
module, which is still far beyond the performance of today’s
lasers. Current high-peak-power lasers can operate with an
average power of 100 W at most, with a wall-plug efficiency
of about 0.1%.

On a less grandiose scale than TeV colliders, LPAs offer
attractive prospects for driving light sources. Their potential
advantages over light sources based on conventional linacs
include compactness and cost, intrinsic synchronization be-
tween the e– beams and drive-laser pulses, and the femtosec-
ond duration of the e– beam pulses. But the relatively low av-
erage laser power of today’s high-peak-power lasers places
severe limitations on the average power of the electron beam
and therefore on the brightness of the radiation. 

From various quarters, there’s considerable emphasis on
creating more capable pulsed lasers. High-average-power
diode pump lasers and new amplifier materials based on ce-

ramics are being developed for military and civil applica-
tions. Laser systems operating in so-called burst mode (a few
seconds active, followed by minutes of cooling) have ap-
proached 100-kW average power, but not yet the operating
parameters needed for LPAs. Diode-based lasers are being
developed to reach greater than 50% wall-plug efficiency,
which would be essential for both light-source and collider
applications.

The ever-increasing performance of laser systems has
contributed much to the blossoming of laser-driven plasma
acceleration over the past decade. So has the increasing
power of computer simulation and, of course, the develop-
ment of ingenious concepts for mastering the physics of
laser–plasma interactions. We believe that short-term appli-
cations such as ultrafast hyperspectral radiation sources will
soon come to fruition. Reaching the high average-power lev-
els required for particle-physics colliders is a daunting but
not insurmountable task that requires a revolution in laser
technology.

We thank all past and present members of the LOASIS program at
LBNL, especially Csaba Toth, Carl Schroeder, and Cameron Geddes,
for their contributions to this article.
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Figure 6. A 2-TeV electron–positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
electron arm could be a string of 100 acceleration modules,
each with its own laser. A 30-J laser pulse drives a plasma
wave in each module’s 1-m-long capillary channel of pre-
formed plasma. Bunched electrons from the previous module

gain 10 GeV by riding the wave through the channel. The
chain begins with a bunch of electrons trapped

from a gas jet just inside the first module’s
plasma channel. The collider’s

positron arm begins the same
way, but the 10-GeV elec-
trons emerging from its first
module bombard a metal
target to create positrons,
which are then focused and
injected into the arm’s string
of modules and accelerated
just like the electrons.
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Plan for a plasma based linear collider 
Courtesy: Wim Leemans (LBL)
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Surfing a sea wave and plasma acceleration

Boat expels water

Gravity pulls water back

Surfers slides in the 
boat-driven sea wave



Jorge Vieira for the AWAKE collaboration | IMFP, Madrid | April, 7th 2016 

Plasma based acceleration uses intense beams to  
drive plasma waves

*T. Tajima and J.M. Dawson Phys. Rev. Lett. 43 267 (1979)	
**P. Chen, J. Dawson et al Phys. Rev. Lett. 54 693 (1985)

Electron bunch is 
like a surfer

Electron acceleration

Plasma wave 	
is like a sea wave

Ions attract electrons

Laser* or particle beam** 
is like a boat in the sea

Radiation pressure expels  
plasma electrons
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Electrons gain energy while crossing the 
wakefield

Movie in a frame that travels at c
Jorge Vieira for the AWAKE collaboration | IMFP, Madrid | April, 7th 2016 
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Plasma accelerators are compact because plasma waves are much 
smaller than standard devices

MARTINS et al.: THREE-DIMENSIONAL WAKES DRIVEN BY INTENSE RELATIVISTIC BEAMS IN GAS TARGETS 559

Fig. 1. Electron density in the wakefield driven by a matched laser pulse ionizing a neutral gas background. Projections in the simulation box walls refer to the
plasma electron density. Isosurfaces for the laser envelope are also shown in the front of the box. OSIRIS simulation in a moving window with ,
8 particles per cell, with the laser propagating along the direction.

Fig. 2. Electron density in the wakefield driven by an electron bunch ionizing a neutral gas background. Projections in the simulation box walls refer to the plasma
electron density. Isosurfaces for the electron bunch are also shown in the front of the box. OSIRIS simulation in a moving window with , 8
particles per cell, with the electron bunch propagating along the direction.

the increasingly important role played by numerical simulations
in the interpretation, modeling and design of novel accelerator
concepts.
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Plasma waves RF device

100 microns 100 centimeters

Eaccel ~ n01/2 [cm-3] V/cm ~ 1 GV/cm Eaccel ~ 40 MV/m
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Plasma waves can be bent in nearly any possible way 
thus opening exciting possibilities for beam shaping

J. Vieira, F.Quéré (CEA), J.T. Mendonça (IST) et al.
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The generation of plasma waves requires ultra-intense  
particle or laser beam drivers

• 10 micron radius 	
• 10 fs duration	
• 1-100 J

• >1 PW 	

• >1019 -1020 W/cm2
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LASER WAKEFIELD ACCELERATOR
A tabletop plasma accelerator consists of a high-intensity 
laser beam focused on a supersonic jet of helium gas (left). 
A pulse of the beam produces a plasma in the gas jet, and the 
wakefi eld accelerates some of the dislodged electrons. 
The resulting electron pulse is collimated and passed through 
a magnetic fi eld, which defl ects the electrons by different 
amounts according to their energy. The whole accelerator 
can fi t on a four-foot-by-six-foot optical table.

Electron beams (panels at right) produced by the fi rst 
tabletop accelerator, at the Laboratory of Applied Optics at the 
Ecole Polytechnique in France, illustrate how a major obstacle 

was overcome. Although some electrons were accelerated to 
100 MeV, the electron energies ranged all the way down to 
0 MeV (a). Also, the beam diverged by about a full degree. In 
contrast, the results from the recently discovered “bubble” 
regime showed a 
monoenergetic beam of 
about 180 MeV with a 
much narrower angular 
spread (b). Such a beam 
is of greater use for 
applications. 

High-intensity 
laser beam

Accelerated 
electrons

Supersonic gas jet

Collimator

Electromagnet

Electron-sensitive 
image plate

magnitude. A plasma containing 1018 
electrons per cubic centimeter (an unex-
ceptional number) can generate a wave 
with a peak electric fi eld of 100 billion 
volts per meter. That is more than 1,000 
times more intense than the accelerating 
gradient in a typical conventional accel-
erator powered by microwaves. Now 
the catch: the wavelength of a plasma 
wave is only 30 microns, whereas the 
typical microwave wavelength is 10 cen-
timeters. It is very tricky to place a 
bunch of electrons in such a microscop-
ic wave.

The late John M. Dawson of the 
University of California, Los Angeles, 
fi rst proposed this general method of us-
ing plasmas to accelerate particles in 
1979. It took more than a decade before 
experiments demonstrated electrons 
surfi ng plasma waves and gaining en-
ergy. Three different technologies—
plasmas, accelerators and lasers—had 
to be tamed and made to work together. 
My group at U.C.L.A. accomplished 
that feat unambiguously in 1993. Since 
then, progress in this fi eld has been ex-
plosive. Two techniques in particular, 

called the laser wakefi eld accelerator 
and the plasma wakefi eld accelerator, 
are showing spectacular results. The la-
ser wakefi eld looks promising for yield-
ing a low-energy tabletop accelerator, 
and the plasma wakefi eld has the poten-
tial to produce a future collider at the 
energy frontier of particle physics.

Pulses of Light
ta bletop pl asm a accelerators are 
made possible today by intense, com-
pact lasers. Titanium-sapphire lasers 
that can generate 10 terawatts (trillion 
watts) of power in ultrashort light puls-
es now fi t on a large tabletop [see “Ex-
treme Light,” by Gérard A. Mourou and 
Donald Umstadter; Scientifi c Ameri-
can, May 2002].

In a laser-powered plasma accelera-
tor, an ultrashort laser pulse is focused 
into a helium jet that is a couple of mil-
limeters long. The pulse immediately 
strips off the electrons in the gas, pro-
ducing a plasma. The radiation pres-
sure of the laser bullet is so great that 
the much lighter electrons are blown 
outward in all directions, leaving be-

hind the more massive ions. These elec-
trons cannot go very far, because the 
ions pull them back inward again. 
When they reach the axis that the laser 
pulse is traveling along, they overshoot 
and end up traveling outward again, 
producing a wavelike oscillation [see 
box on preceding page]. The oscillation 
is called a laser wakefi eld because it 
trails the laser pulse like the wake pro-
duced by a motorboat.

The electrons actually form a bub-
blelike structure. Near the front of the 
bubble is the laser pulse that creates the 
plasma, and inside the rest of the bubble 
are the plasma ions. This bubble struc-
ture is microscopic, about 10 microns in 
diameter. The electric fi eld in the bubble 
region resembles an ocean wave but is 
much steeper. Although other structures 
are also possible, using the bubble re-
gime appears to be the most robust way 
to accelerate electrons.

If a device such as an electron gun 
introduces an external electron close to 
where there is an excess of electrons in 
the plasma, the new particle will experi-
ence an electric fi eld pulling it toward 
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density ~1018-1019 cm-3

High intensity laser	
Energy ~ 1-10  J

Proof-of-principle experiments demonstrated 100 MeV electron 
acceleration in less than one cm.

Very large sea waves trap water foamProof-of-principle experiments

The foam from the water gains enough 
momentum and catches the waveSupersonic gas jet 

n0~1018-1019cm-3

Accelerated 
electrons

World’s biggest wave (Nazaré, Portugal) 
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High energy 
electrons

Spherical bubble 
(pure ion sphere)

high intensity laser/particle beam 
blows-out plasma electrons 

Simulation window travels at c. Laser is almost stationary. 
Plasma flows from left to right

Early experiments: background plasma electrons trapped by large 
amplitude plasma wave
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Recent experiments pave the way for exciting future developments

Leemans et al. PRL 2014 Litos et al. Nature 2015

resulting acceleration physics observed in the simulations
(Fig. 4). At the entrance of the plasma channel the laser-
plasma interaction was in a quasilinear regime
a0ðz ¼ 0Þ≃ 1.66. Self-focusing of the laser results in an
increasing laser intensity, and the interaction enters the
nonlinear bubble regime. After a propagation distance of
z≃ 1 cm, the normalized vector potential (the red curve in
Fig. 4) reaches a0 ≃ 4.1 and particle injection is observed
in several wave periods behind the laser due to the large
amplitude wake and a sufficiently low wake phase velocity
[23]. Subsequently, the laser intensity decreases to a local
minimum a0 ≃ 2.5 for z≃ 2.2 cm. Because of the intensity
dependence of the nonlinear plasma wavelength [1], the
period of the wake decreases, as shown in Fig. 4(ii).

However, for this density, the plasma wavelength change
is not enough to dephase the electrons, which continue to
accelerate. For z≳ 2.5 cm [Fig. 4(iii)] bunches are accel-
erated in the wakefield generated by the laser. The increase
in peak normalized laser field strength observed for 2.5 <
z < 6 cm is due to laser self-steepening. For z≳ 6 cm, the
pulse length begins to increase due to laser redshifting, and
the pulse starts losing resonance with the plasma. In this
simulation, during the exit density ramp [Fig. 4(iv)] the
self-injected bunches behind the first plasma period are lost
due to the defocusing wakefield generated by the bunch in
the first plasma period and the residual laser wakefield,
yielding a single electron beam emerging from the plasma.
The value of the minimum of a0 in region (ii) of Fig. 4,

and therefore the electron bunch phasing, depends sensi-
tively on the details of the laser-plasma parameters. For
instance, in a simulation with a lower on-axis density,
namely, ne ¼ 6.2 × 1017 cm−3, where the normalized laser
field strength reaches the minimum value a0 ≃ 2, the
reduction of the plasma wavelength moves the self-injected
bunches out of the focusing and accelerating phase of the
wake, leading to complete electron beam loss. This
indicates that, due to different laser propagation, modest
changes to the laser intensity or plasma density can cause
large modifications of the final electron beam properties.
One of the lowest energy spread high-energy beams

(shown in Fig. 5) was obtained for a plasma density of
7 × 1017 cm−3 and 16 J laser energy. The electron beam
energy was 4.2þ0.6

−0.4 GeV with 6% spread (rms), a measured
charge of 6% 1 pC, and a divergence of 0.3 mrad (rms).
The uncertainty in the electron beam energy was due to the
angular acceptance of the spectrometer.
In conclusion, the experiments demonstrate that laser

pulses with peak power at the few hundred terawatt level
propagating in preformed channels can generate multi-GeV
electron beams. Preformed plasma channels used with high
Strehl ratio laser pulses allowed high-energy (4.2 GeV)
beams to be produced with laser energy (16 J) signifi-
cantly less than that used to produce 2 GeV beams [8].
Through experiments and simulations, it is found that the

FIG. 4 (color). Evolution (a) of the peak normalized laser field
strength, a0ðzÞ (red plot), in a PIC simulation for a top-hat laser
pulse with an energy of 16 J focused at the entrance of a 9-cm-
long plasma channel. The on-axis density (black dashed line) has
a plateau density of ne ¼ 7 × 1017 cm−3, and the matched radius
is rm ¼ 81 μm. The wakefield (electron density) at various
longitudinal locations is shown in (i)–(iv).

0.5 1 1.5 2 2.5 3 3.5 4
 Momentum (GeV/c)

0

1

4.5
-1

H
or

iz
on

ta
l A

ng
le

 (m
ra

d) Charge Density [nC/SR/(MeV/c)] 0 400 800 1200

FIG. 5 (color). Energy spectrum of a 4.2 GeV electron beam
measured using the broadbandmagnetic spectrometer. The plasma
conditions closely match those in Fig. 2(c). The white lines show
the angular acceptance of the spectrometer. The two black vertical
stripes are areas not covered by the phosphor screen.

PRL 113, 245002 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
12 DECEMBER 2014

245002-4

• 0.3 PW laser pulse 
• 4 GeV in 10 cm 
• 6% energy spread
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A driver with more than 100 kJ would be required to 	
achieve 10 TeV electron acceleration in a single stage.

Laser / Particle beam Plasma Accelerated e-/e+

1-10 J lasers	
100 J e-/e+ (SLAC)

20 % Efficiency 0.2-20 J

1 nC ~ 6x109 particles

0.1 GeV - 10 GeV

Today

1000 + (10 cm + 10 
m spacing/stage) 

= 10 km
10 TeV / particle1000 

stages
100 drivers , < 10 fs 

synchronisation 
precision

Single 
stage 100 kJ driver 1-10 Km (depends on 

acceleration gradient) 10 TeV/particle
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Proton driven plasma wakefield accelerator

LHC proton bunches at CERN can accelerate > 1 TeV electrons in a single stage

Ideal bunch for plasma accelerationLHC bunch at CERN

• Proton number: 1011 

• Energy: > 1 TeV 

• Transverse size: 0.2 - 0.4 mm 

• Longitudinal size: 10 cm 

• Energy spread: 10-2 %

Linear theory

Eaccel = 240MV m�1

✓
N

4⇥ 1010

◆✓
0.6

�z(mm)

◆2

Eaccel = 0.0216 MV/m

• Plasma density: 6x1014 cm-3 

• Quadrupolar focusing magnetic field 

• Plasma wavelength: 1.35 mm 

• Longitudinal size: 100 μm
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Focusing quadrupoles

Li gas cell

Electron
bunch

Proton
bunch

Figure 1 | A schematic description of a section of the plasma-
wakefield-accelerating structure. A thin tube containing Li gas is
surrounded by quadrupole magnets with alternating polarity. The
magnification shows the plasma bubble created by the proton bunch (red).
The electron bunch (yellow) undergoing acceleration is located at the back
of the bubble. Note that the dimensions are not to scale.

teraelectronvolts (for example, in thewake of an LHCproton beam)
in one pass through the plasma. Several issues come to mind, such
as the possibility of producing a proton bunch with large enough
charge density, the possibility of phase slippage as protons slow
down, the effect of proton beam divergence and dissipation in the
plasma and so on. We will discuss these points below. We then
discuss a specific parameter set close to existing proton beams, and
show that the production of a TeV electron beam is in principle
allowedwith a proton-driven plasma-wakefield accelerator.

Initial considerations
The accelerating structure we have studied for proton-driven
plasma-wakefield acceleration is shown in Fig. 1. A high-density
proton bunch propagates through the plasma and sets the plasma
electrons in motion. For a highly relativistic driving bunch, the
electric field seen by the plasma electrons is in the transverse
direction, and the plasma electrons begin to oscillate around their
equilibrium position with frequency!p given by

!p =
p
npe2

✏0m

where np is the density of plasma electrons, ✏0 is the permittivity
of free space and m is the mass of the electron. Given their large
mass, the plasma ions are effectively frozen. The oscillating electrons
initially move towards the beam axis, then pass through each other,
creating a cavity with very strong electric fields. The cavity structure
repeats, and the pattern moves with the proton-bunch velocity. An
appropriately timed witness bunch can be placed in a region of very
strong electric field and accelerated. The plasma also provides a
radial force that keeps the witness bunch, as well as the tail of the
drive bunch, from expanding radially.

In the linear regime, equation (1) applies to particles of either
charge, and can therefore be used to calculate the field produced by
a bunch of protons passing through a cold plasma (the nonlinear
case will be discussed below). Proton bunches with 1011 particles
are available today, and the main issue in producing strong
electric fields in the plasma is the formation of short bunches.
Teraelectronvolt proton beams typically have a relative momentum
spread �p/p= 10�4 and a r.m.s. bunch length of 50 cm. Assuming
this longitudinal phase space area is preserved and that a technically
feasible scheme for a phase rotation will be found, a proton bunch

with �z = 100 µm would have a momentum spread of about 50%.
This is probably too large. The LHC foresees reaching �p/p= 10�4

for bunches with a r.m.s. length of only 7.55 cm. In this case,
�z = 100 µm could in principle be achieved with a momentum
spread of about 7.5%, which is much more favourable. We have
simulated a 1 TeVproton driverwith�z =100 µmand�p/p=0.1.

As the proton bunch propagates, the momentum spread will
induce a lengthening of the bunch. This can be evaluated for
vacuum propagation as follows:

d ⇡ L
21� 2

⇡
✓

�p

p

◆
M 2

P c
4

p2c2
L

where d is the spatial spread of the particles in the bunch induced by
the momentum spread, L is the distance travelled,MP is the proton
mass, p is the protonmomentum, � is the Lorentz factor and c is the
speed of light. Given a 1 TeV proton beam, 10%momentum spread
leads to a growth of about 0.1 µmm�1. Large relative momentum
spreads will still allow for long plasma-acceleration stages provided
the drive beam is relativistic.

As mentioned above, the plasma has a strong focusing effect
on the tail of the drive bunch, as well as on the witness bunch.
However, the head of the drive bunch will tend to fly apart
unless quadrupole focusing is applied. We therefore foresee an
arrangement with strong focusing of the proton drive bunch along
the length of the plasma channel. A possibility for these quadrupoles
are small-diameter permanent magnets, such as those described in
ref. 29, producing gradients of order 1 Tmm�1.

Another issue is phase slippage between the proton driving
bunch and the electron witness bunch. As the proton bunch travels
through the plasma, it will slow down and the phase relation
with the light electron bunch will begin to change. The phase
change is given by14

� ⇡ ⇡L
�p


1

�f �i

�
⇡ ⇡L

�p

"
M 2

p c
4

pf pic2

#

where �p is the plasma wavelength and pi,f are the initial and
final momenta of the protons in the driving bunch. To maximize
the gradient (equation (1)), the plasma wavelength should have a
definite relation to the length of the driving bunch:

�p =
p
2⇡�z

Requiring a phase slippage of only a fraction of the plasma
wavelength implies that the driving beam energy cannot change
appreciably, and this could be a severe limitation on acceleration by
a proton bunch. However, with an initial proton energy of 1 TeV
and a final energy of 0.5 TeV, it should still be possible to have
plasma lengths of many metres. In addition, it is possible to control
the plasma wavelength by adjusting the density of the plasma30, in
part or fully compensating for the phase slippage.

Proton interactions in the plasma are not expected to be a big
issue. The plasma density and plasmawavelength are related by

�p ⇡ 1mm

s
1015 cm�3

np

Typical values of np will be in the range 1014–1017 cm�3, and the
mean free path for inelastic reactions of high-energy protons with
the gas are orders of magnitude larger than the expected plasma
cell length. A GEANT4 (ref. 31) simulation for a 1 TeV proton
beam in Li vapour of density 1⇥1015 atoms cm�3 gives a transverse

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

A. Caldwell et al. Nature Physics 5 363 (2009)
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Proton driven plasma wakefield accelerator
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Figure 3 | Evolution of the proton bunch and electron bunch in the plasma. a–h, Snapshots of the combined longitudinal phase space of the driver and the
witness bunches (energy versus coordinate) (a–d) and corresponding energy spectra (e–h). The snapshots are taken at acceleration distances L = 0, 150,
300, 450 m. The electrons are shown as blue points and the protons are depicted as red points.

channel, it is seen that the tail of the proton bunch loses significant
amounts of energy, while the electron bunch picks up energy.
Figure 3e–h shows the energy spectra of the driver and of thewitness
bunches at the chosen locations along the plasma channel.

The mean energy of the electron bunch as a function of the
distance along the channel is shown in Fig. 4. After 450m of
acceleration, the electron bunch reaches a mean energy of 0.62 TeV
per electron. The spread in the electron energy is also shown in
Fig. 4, and is about 1% at the highest energies. This value could
probably be improved with optimization of the witness bunch
shape. The overall energy conversion from the driver bunch to the
witness bunch after this distance was nearly 10% with nearly 100%
of injected electrons present in the accelerated bunch. As can be
clearly seen in Fig. 3a–d, the proton-bunch phase space changes
considerably over the length of the channel, and the acceleration
of the electron bunch decreases significantly after about 400m.
The proton bunch acquires a large spread in both momentum and
position. After 450 m propagation, the proton bunch length grows
somuch that it leaves the resonance condition and the plasma-wave
excitation becomes inefficient.

Simulations indicate that the normalized transverse emittance
of the electron bunch is not significantly affected by the plasma
acceleration (see also ref. 35). However, it should be noted that the
scattering of electrons on plasma ions was not included in the PIC
simulations. A separate simulation usingGEANT4 indicates that the
growth in emittance from this effect will be less than 0.02 nm-rad
after 500m of propagation in the plasma.

Outlook
The simulation results indicate that a proton bunch could indeed
be used to accelerate a bunch of electrons to high energies. Further
tuning of parameters would probably lead to improvements in
simulation results. The key issue for the future applicability of
proton-driven plasma-wakefield acceleration will be the ability
to phase rotate a high-energy bunch of protons in such a
way that the bunch is very short, of order 100 µm or less.
Clearly, advances in longitudinal proton beam cooling would make
this task much simpler.

The acceleration of positrons has not been addressed here,
and could be considerably more difficult than the acceleration
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Figure 4 | Electron energy versus distance. a,b, The mean electron energy
in TeV (a) and the r.m.s. variation of the energy in the bunch as a
percentage (b) as a function of the distance travelled in the plasma.

of electrons36. Initial investigations indicate that the electric field
configurations do not have the broad equilibrium region seen for
electron bunches, such that achieving a low energy spread will be

4 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

0 m 150 m 300 m 450 m

Distance
External electron injection

A. Caldwell et al. Nature Physics 5 363 (2009)
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AWAKE Advanced Wakefield experiment

AWAKE is installed in the CNGS facility (CERN 
Neutrinos to Gran Sasso - program end in 2012) Jorge Vieira for the AWAKE collaboration | IMFP, Madrid | April, 7th 2016 
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AWAKE collaboration

AWAKE collaboration, PPCF (2014); also at arXiv:1401.4823
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• σr=200 μm ~ c/ωp 	

• σz=10 cm ~ 100 λp	

• Np=1011 particles	

• 500 GeV

• n0 = 1014-1015 cm-3	

• Lp = 5-10 meters ~ 104 c/ωp

Electron 
spectrometer

Proton beam 
dump

10 cm proton bunch

Self-modulated 
bunch*

Test electron 
bunch

10 m Rubidium gas source

Accelerated 
electrons

Self-modulated proton driven plasma wakefield accelerator

• N. Kumar et al. PRL 104 255003 (2010) 	
• C. Schroeder et al. PRL 107 145002 (2011)
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AWAKE proton beam line

• Hardware commissioning ongoing	
• Beam commissioning: July-September 2016
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Self-modulation instability in AWAKE

δnbeam δnplasma

δE⟂
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Ionisation seeding for the self-modulation instability

Ionisation effectively seeds the self-modulation instability
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bunch
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Self-modulated 
beam

Un-modulated 
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Ionisation seeding

Seeding the self-modulation 
instability: 

• Beam with a short rise time 
(compared with plasma 
wavelength) 

• Create sharp ionisation front

Simulations confirm ionisation 
seeding for the self-modulation: 

• No modulation before the laser 

• Proton beam is fully self-
modulated after the laser pulse
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Ionisation seeding for the self-modulation instability

Test to measure SMI

laser&pulse&

proton&bunch&
gas&plasma&

Laser Long proton 
bunch

Ionization
front

Ionization
level

Ionisation seeding

Seeding the self-modulation 
instability: 

• Beam with a short rise time 
(compared with plasma 
wavelength) 

• Create sharp ionisation front
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SeedNo-seed

Ionisation seeding laser: intensity must exceed 
ionisation threshold at plasma end over a plasma 

radius of 3σr = 0.6 mm  

• 100 fs long 
• 1 mm transverse width  
• 4.5 TW 
• 450 mJ 
!
Laser On/Off ⬌SMI/NoSMI measurements
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Laser beam line

laser&pulse&

proton&bunch&
gas&plasma&

plasm
a ce

ll, 1
0m 
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e 

proton-laser
-
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ing 

•  Laser	beam	line	to	plasma	cell	
–  λ	=	780	nm			

–  t	pulse	=	100-120	fs	

–  	E	=	450	mJ		

•  Diagnos?c	beam	line	(“virtual	plasma”)	

�  λ =	780	nm		

-  t	pulse	=	100-120	fs,	

-  E	≈	5	mJ		

•  Laser	beam	line	to	electron	gun	

–  λ	=	260	nm			

–  t	pulse	=	0.3-10	ps		

–  E	=	0.5	mJ		

Before
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Competition between hosing and self-modulation

C.B. Schroeder et al. PRE  86 026402 (2012) 
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Beam breakup due to hosing

J. Vieira et al. PRL 112 205001 (2014)
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Direct measurements of the self-modulation instability are possible
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• Direct sampling bunch space charge with Streak-
camera	

• Measurement of radiation emitted when bunch 
crosses dielectric interface	

• Transition radiation encodes charge distribution

laser&pulse&

proton&bunch&
gas&plasma&

Example: Transition Radiation

Direct measurements: space charge fields and transition radiation

K.	Rieger,	P.	Muggli,	M.	Martyanov	MPP	

σp	~ 400 ps	

      4 ps	

CTR  & 
TCTR 

OTR 

J. Vieira et al. POP 19, 063105 (2012)
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The design of the plasma source obeys stringent criteria to ensure 
maximum accelerating gradients and stable acceleration

laser&pulse&

proton&bunch&
gas&plasma&
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Immobile ions = Rb

Lithium (Li3+) ions

Hydrogen (H+) ions

Plasma source prototype Requirements

Key features 

• Rubidium vapour plasma source	
• Oil heated system: 150º-200º C	
• Variable plasma (vapour) density: 

1014-1015 cm-3	
• 10 m long	
• 4 cm diameter

Rubidium ensures no background plasma ion 
motion

Temperature uniformity ΔT/T<0.002 ensures 
plasma density uniformity Δn/n = ΔT/T

required to ensure stable electron acceleration

10 meter long plasma cell

required to reach saturation of self-modulation and 
electron acceleration

J. Vieira et al. PRL 109 145005 (2012)

E. Oz, P. Muggli, Nucl. Instr. Meth. A 740, 197 (2014)
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AWAKE will accelerate > 1 GeV electron bunches

laser&pulse&

proton&bunch&
gas&plasma&

External electron injector

Electron	beam	for	AWAKE	 Baseline	 Range	for	upgrade	
phase	

Momentum	 16	MeV/c	 10-20	MeV	
Electrons/bunch	(bunch	charge)	 1.25	E9	 0.6	–	6.25	E9	
Bunch	charge		 0.2	nC	 0.1	–	1	nC	
Bunch	length	 σz	=4ps	(1.2mm)	 0.3	–	10	ps	
Bunch	size	at	focus	 σ*

x,y	=	250 µm	 0.25	–	1mm	

Normalized	emiNance	(r.m.s.)	 2	mm	mrad	 0.5	–	5	mm	mrad	

RelaPve	energy	spread	 Δp/p	=	0.5%	 <0.5%	

Length	~	4	m	
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the higher efficiency of positron trapping at small ne trans-
lates to a larger number of weakly accelerated positrons.

The final energy spectra for the nominal delay ne ¼ 16:4
cm are shown in Fig. 5(a). The fraction of accelerated par-
ticles is 31% for electrons and 26% for positrons. By com-
parison, the trapped fractions observed at z¼ 1 m are 32%
for electrons and 49% for positrons. Apparently, this asym-
metry is due to the above-mentioned plasma lens effect.
Trapped electrons initially reside near the bottom of the
potential well and remain trapped as the potential well
evolves. In contrast, positrons initially fill a wider area and
are partially lost as the well changes its speed or shape.

IV. BEAM LOADING EFFECT

Taking into account the effect of the trapped charge on
the wakefield, i.e., the beam loading, considerably reduces
the number of accelerated particles but has a small effect on
the shape of the energy spectrum [Fig. 5(b)]. From LCODE
simulations, the accelerated fraction is 14.3% for electrons
and 6.8% for positrons. From OSIRIS simulations, these
numbers are 12.6% for electrons and 11.7% for positrons.
The reason for the smaller numbers is that the wakefield of
the particles trapped earlier (at smaller jnj) acts as a defocus-
ing force. Though having a relatively small total charge
(0.8% of that in the drive beam), the injected beam is short,
and therefore has a high peak current of 20 A, which is com-
parable to the peak proton beam current (50 A at n¼ 0, 20 A
at ne). The effect of wakefield distortion by the trapped beam
can thus be very important.

We illustrate the effect in the electron beam case
(Fig. 6). At the very beginning of the interaction (at z¼ 0),
the electron beam is smooth, and its wakefield only contrib-
utes (favorably) to the plasma lens effect. In Fig. 6, this is
seen as a small upward shift of the potential (thick blue
curve) with respect to the unloaded case (thin curve). Initial
trapping of electrons proceeds in accordance with the initial
potential shape, and the trapped electrons are located at
cross-sections marked in grey in the upper part of Fig. 6.
Once trapped, electrons form short micro-bunches, their
wakefield strongly increases (thick red curve) and for some
time dominates over the wakefield of the proton beam.
During this period, the location of focusing areas changes,
and only those electrons survive which are at the cross-
sections marked in grey in the lower part of Fig. 6. As we
see, at the rear part of the electron beam (jnj > 16:65 cm),
the two grey areas almost do not overlap at all, which results
is loss of particles [Fig. 7(a)]. For positrons, the picture is

qualitatively the same [Fig. 7(b)]. Curiously, with the
account of beam loading the number of accelerated positrons
at some cross-sections is higher because of the plasma
lensing, so the back effect of the trapped charge is not neces-
sarily negative. The observed difference between the two
codes in Fig. 5(b) comes from that the trapped fraction
(unlike the final energy) is determined by the interplay of
low-amplitude wakes which suffer from noise in particle-in-
cell simulations.

“Closing” the wakefield by the trapped charge is quanti-
tatively characterized in Fig. 8. As the charge of the injected
beam grows, its accelerated fraction decreases, and the total
accelerated charge comes to saturation. Perhaps the satura-
tion effect can be avoided with shorter injected beams which
cover one wakefield period only.

FIG. 5. Final energy spectra of electron and positron bunches injected at the
nominal delay ne ¼ 16:4 cm without (a) and with (b) beam loading.

FIG. 6. The on-axis wakefield potential at the very entrance to the plasma
(blue) and at z¼ 12 cm (red). The two thin lines are the wakefield potential
of the driver only; the two thick lines are the wakefields modified by the
electron beam of population Ne ¼ 1:25" 109. Shading of the upper (lower)
area shows the focusing regions for z¼ 0 cm (z¼ 12 cm).

FIG. 7. Number of electrons (a) and positrons (b) trapped at different cross-
sections of the injected beam with the effect of beam loading on and off.
The upper thin curves show the population of the original beams.

123116-5 Lotov et al. Phys. Plasmas 21, 123116 (2014)
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>1 GeV in 10 meters

K. Lotov et al. PoP 21, 123116 (2014) 
A. Pukhov et al. PRL 107, 145003 (2011)
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Key goals and schedule for AWAKE

laser&pulse&

proton&bunch&
gas&plasma&

Phase 1

• Demonstration of self-
modulation laser ionisation 
seeding 	

• Demonstrating the growth and 
saturation of the self-modulation 
instability

2013	 2014	 2015	 2016	 2017	 2018	 2019	 2020	

Proton	and	
laser	beam-

line	

Experimental	
area	

Electron	
source	and	
beam-line	

	
	

Studies,	design	 Fabrica9on	 Installa9on	

Com
m
issioning	

Com
m
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ning	

Installa9on	

Modifica9on,	Civil	Engineering	and	
installa9on	

Study,	Design,		
Procurement,	Component	prepara9on	

Study,	Design,		
Procurement,	Component	prepara9on	

Data	taking	

Phase	1	

Phase	2	

Long	Shutdown	2	
24	months		

• Add external electron beam	
• Demonstrate trapping of 

external electron beam	
• Demonstrate electron > 1 

GeV acceleration over 10 
meters

• Positron acceleration	
• Separate acceleration stage from 

SMI stage	
• Implementation of strategies to 

enhance acceleration	
• Development of additional 

plasma sources

Phase 2 Future
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Plasma based acceleration	
๏Promising technology to assist high energy physics 	

๏Successful experiments demonstrated acceleration of 
electron and positron bunches

AWAKE: Advanced Wakefield Acceleration Experiment	
๏First proton driven plasma wakefield acceleration 

experiment in the world 	

๏Experiments starting end of 2016	

๏First step into a single stage plasma wakefield 
acceleration experiment towards very high energy gains

Main challenges	
๏Beam quality	
๏Reproducibility	

๏Average power in the accelerated beam


