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► T. Tajima and J.M. Dawson,     Laser Electron Accelerator,      PRL Vol. 43, 267 (July 1979)  

  ● One very high intensity (short) laser pulse
OR
  ● two not so short high energy pulses with the beat frequency matching plasma frequency.

History

From the Abstract: 
An attempt is being made to see what is 
involved in constructing a high energy 
accelerator using laser beat-wave principle...

High energy means here TeV level

Please note participants’ fields of interest 
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credit: P. Gibbon “Short Pulse Laser Interactions with Matter”,  ICP 2005
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► The breakthrough

action length (see Fig. 4). In contrast, at higher densities the
dephasing distance is shorter than the interaction distance, and so
a quasi-maxwellian distribution of electrons emerges from the
plasma (Fig. 2d).

This acceleration mechanism described is supported by particle-
in-cell simulations of the interaction, performed using the code
OSIRIS25 on an eight G5 node “Applecluster” at Imperial College
London. The simulations were performed over the range of our
experimental parameters, and in 2D3V (two spatial but three
momentum and field dimensions.) As previously noted14, 2D3V
simulations can underestimate the maximum electron energies,

owing to reductions in the degrees of freedom for self-focusing and
plasma wave growth. However, they do accurately describe the
phenomenology of the interaction.
As in the experiments, the simulations show that for plasma

densities for which the plasma wavelength is greater than the pulse
length (lp $ ct), a plasma wave is generated, but there is no wave-
breaking. At these low densities the forced laser wakefield mecha-
nism14 is ineffective. But at densities slightly above this threshold, a
noticeable change occurs in the interaction. The generation of the
plasma wave causes self-focusing of the laser pulse away from its
leading edge, owing to the radial density profile of the plasma wave.
It is noted that for short pulses relativistic self-focusing is ineffective
for the front of the pulse26. The laser pulse becomes shaped like a
cone, tapered towards the rear, with a length close to lp. This causes
a feedback mechanism, where the increasing laser intensity towards
the back causes the plasma wave amplitude to grow, which can
further focus the laser pulse. As the plasma wave reaches large
amplitude the longitudinal motion of the electrons in the wave
becomes relativistic, which leads to a lengthening of the plasma
wavelength.
Crucially, as the laser pulse length is now less than the plasma

wavelength, plasma electrons can stream into the plasma wave
transversely behind the laser pulse, where previously they were
excluded by the laser’s ponderomotive force. Because the waveform
is non-sinusoidal, a large number of electrons can be injected into a
particular phase of the plasma wave and experience an accelerating
force. This transverse breaking of the wave reduces the electric field
strength of the plasma wave, thus preventing further injection and
so ensuring an electron bunch localized in position and time. The
transverse injection of electrons can explain why the plasma wave
can break at amplitudes significantly less (E < E0) than the one-
dimensional cold wave-breaking limit, Ewb ¼

ffiffiffi
2

p ðgp 2 1Þ1=2E0,
where gp is the Lorentz factor associated with the plasma wave
(gp < q0/qpe) (ref. 24).
All of the electrons in this bunch then experience very similar

acceleration as is demonstrated in Fig. 5, until they begin to outrun
the steepened accelerating front of the plasma wave. If the length of

Figure 3Measured electron spectrum at a density of 2 £ 1019 cm23. Laser parameters:

E ¼ 500mJ, t ¼ 40 fs, I < 2.5 £ 1018W cm22. The energy spread is ^3%. The

energy of this monoenergetic beam fluctuated by,30%, owing to variations in the laser

parameters.

Figure 5 Evolution of the energy spectrum of the electrons (integrated over the two-

dimensional simulation box) during a 1mm interaction at a plasma density of

n e ¼ 2.1 £ 1019 cm23. The simulation space was 1,536 £ 1,024 cells (16 cells per l)

with 4 electrons per cell. At the time indicated by the arrow (1) the pulse is self-focused

and some relativistic electrons have appeared, but at quite low energies. The laser pulse

front begins to steepen owing to the forced wakefield mechanism14 and this causes the

wakefield amplitude to grow. At time (2), the plasma wavelength begins to increase

relativistically, and at this point transverse wave-breaking takes place. This bunch

experiences a uniform acceleration to high energy. At later time (3), further plasma

oscillations, behind the initial one, also break transversely, resulting in multiple bunches

of accelerated electrons. As they travel further, these electron bunches begin to

dephase with respect to the plasma wave causing energy spread, just before they leave

the plasma (4).

Figure 4 Plot of dephasing length and cold wave-breaking amplitude versus plasma

density. Simulations show that the dephasing length in a nonlinear plasma wave remains

close to the linear value, L d < 2pcq 2/q pe
3 , owing to competition between the

nonlinearly increasing plasma wavelength, and the decrease in laser pulse group velocity

due to photon deceleration. The dephasing lengths (circles) and wave-breaking

amplitudes (squares) corresponding to the spectra shown in Fig. 2 are indicated; those in

the red shaded region correspond to the spectra that exhibited monoenergetic features,

and those in the blue shaded region correspond to the spectra that exhibited maxwellian

energy distributions. The green line indicates the interaction length observed using

transverse imaging diagnostics.
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Figure 3 Single-shot e-beam spectra of the capillary-guided accelerator. a,b, Examples of bunches at 0.50+0.02
−0.015 GeV (5.6% r.m.s. energy spread, 2.0 mrad divergence

r.m.s., ∼50 pC charge) (a) and 1.0+0.08
−0.05 GeV (2.5% r.m.s. energy spread, 1.6 mrad divergence r.m.s., ∼30 pC) (b). The horizontal axis is the beam energy and the vertical axis

is the beam size in the undeflected (horizontal) plane. The colour scale denotes the bunch charge in pC GeV−1 sr−1. The 0.5 GeV (1.0 GeV) beam shown was obtained in the
225 (310) μm capillary with a density of �3.5×1018 (4.3×1018 ) cm−3 and input laser power of 12 TW (40 TW). The black stripe denotes the energy range not measured by
the spectrometer. In b, a second beam at 0.8 GeV is also visible. Note that the energy spread and divergence are obtained after including the imaging properties of the
spectrometer. The energy spread at 1 GeV may actually be less as the energy resolution is limited to 2.4% at 1 GeV and there is slight saturation of the image. c,d, Vertically
integrated spectra for the 0.5 (c) and 1.0 GeV (d) beams. The vertical axis is the charge density in pC GeV−1. The vertical error bar arises from uncertainty in calibration of the
phosphor screen as a charge monitor (±17%). The horizontal error bar is due to the uncertainty in entrance angle of the e-beam resulting in an uncertainty in its energy. The
spectrometer did not use an input slit, but the angular acceptance was limited by the transport beam pipe. For the 0.5 GeV (1 GeV) beam, this gives an uncertainty in central
energy of +2%,−1.5% (+8%,−5%). In addition, for the 0.5 GeV beam, sufficient statistics were obtained to include the shot-to-shot fluctuation, which amounted to ±5%
in mean energy and ±30% in charge. Hence, the convolution of those factors are shown in c, which are +5.4%,−5.2% in mean energy and ±34% in charge. The
fluctuation in central energy was correlated with fluctuations in laser power.

from the measured e-beam profile. Charge was obtained from the
phosphor screen, which was cross-calibrated against an integrating
current transformer.

Figure 3 shows energy spectra of (a) 0.5 GeV and (b) 1.0 GeV
beams, obtained with 12 TW (73 fs input) and 40 TW (38 fs input)
laser pulses, respectively. In both cases the e-beams had per-cent-
level energy spread and a divergence of 1.2–2.0 mrad (r.m.s.).

Beams at ∼0.5 GeV were obtained using a 225-μm-diameter
capillary for a density of �3.2 to 3.8×1018 cm−3 and for laser power
ranging from as low as 12 TW (using 73 fs) to 18 TW (using 40 fs).
The laser pulse energy transmission was observed to decrease from
near 100% for input powers below 5 TW to less than 70% for input
powers above 18 TW, consistent with laser energy transfer to the
wake and e-beams.

The performance of the 225-μm-diameter capillary-guided
accelerator was found to be reproducible for delays between the
laser arrival and onset of the discharge of 80–110 ns (that is, a
30 ns timing window) and 12 TW laser peak power. Every laser
shot resulted in an e-beam at 0.48 GeV±6% and an r.m.s. spread
<5%. Fluctuations in e-beam energy were directly correlated with
those in laser power. For lower power (<12 TW) no e-beams
were observed, suggesting that the wake amplitude was below the
self-trapping threshold. For higher power (>12 TW), the e-beam

spectra typically showed significant structure (larger spread and
multiple spots) and had much larger divergence, consistent with the
wakefields exhibiting strong transverse structure in these relatively
narrow channels, with a correspondingly strong impact on trapping
(transverse wavebreaking) and focusing of the beams. In addition,
the e-beam energy was lower and the bunch charge higher,
suggesting that at these higher power levels more particles are
trapped and that trapping occurs sooner in the channel, resulting
in significant beam loading and reduction of the wakefield as well
as improper matching of the acceleration length to Ld.

The GeV e-beam was obtained in a 310-μm-diameter channel
capillary for P = 40 TW and a density �4.3 × 1018 cm−3. In this
larger diameter channel, transverse wakefields are reduced but the
guiding properties are less ideal as this capillary requires a larger
input spot size for matching than was used in the experiments.
For lower laser power (<38 TW), no e-beams were observed. For
higher laser powers, the spectrum always showed structure with
significant shot-to-shot fluctuations due in part to the self-trapping
mechanism being sensitive to small variations in the laser and
plasma parameters11. The dynamics of trapping, dephasing, beam
loading11,22 and hosing23 may be responsible for the second spatially
displaced bunch observed near 0.8 GeV in Fig. 3b. Such features are
observed in numerical simulations, owing to trapping of a second

698 nature physics VOL 2 OCTOBER 2006 www.nature.com/naturephysics
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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).
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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.
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increasing laser intensity, and the interaction enters the
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z≃ 1 cm, the normalized vector potential (the red curve in
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dependence of the nonlinear plasma wavelength [1], the
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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,
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bunches out of the focusing and accelerating phase of the
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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
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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-
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4.2 GeV beam
W.P. Leemans et al., PRL 113, 245002 (2014)
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Emerging directions

Emerging main directions:

In the US
                ► a roadmap to high energy colliders; TeV energies

In Europe
                ► a roadmap to light sources; GeV energies

All agree
                ► more efficient, higher repetition rate lasers are needed
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FACET two-bunch results
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1.3#m#plasma

2014

M. Litos et al., Nature 515 (2014) 92

¥ 1.7 GeV energy gain in 30 cm 
of Li vapour plasma. 

¥ 2% energy spread. 
¥ Accelerated bunch has 

charge ~ 70 pC 
¥ Up to 30% wake-to-bunch 

energy transfer efficiency 
(mean 18%). 

¥ 6 GeV energy gain in 1.3 m of 
plasma.

credit: M. Wing, Physics at the Terascale 2015

History; electron driven
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History; proton driven

Proton Drivers for PWFA

Proton bunches as drivers of plasma wakefields are interesting because 
of the very large energy content of the proton bunches.  

Drivers:
PW lasers today, ~40 J/Pulse

FACET, 30J/bunch

SPS 20kJ/bunch 
LHC 300 kJ/bunch

Witness:
1010 particles @ 1 TeV ≈ few kJ

Energy content of driver allows to consider single stage acceleration

SPSC Meeting, October 2015

Strawman Design of a TeV LPA Collider 

Electron

500-1000 m, 100 Stages

500-1000 m, 100 Stages10 GeV

Gas
jet 

Laser

1 TeV

Capillary

Laser in coupling

1 TeV

Positron

Laser

e+

e–

Leemans & Esarey, Physics Today, March 2009 

Laser 
       Injector 
              Plasma Channel 

Multiple 10 GeV LPA stages 

4credit: A. Caldwell, SPSC Meeting 2015
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History; proton driven

AWAKE Collaboration: 16 Institutes world-wide:

NovosibirskVancouver

Oslo

Hamburg, Greifswald
Dusseldorf

Munich
CERN

Lisbon

Manchester
London

Glasgow

John Adams Institute for Accelerator Science,
Budker Institute of Nuclear Physics & 
Novosibirsk State University
CERN
Cockroft Institute
DESY 
Heinrich Heine University, Düsseldorf
Instituto Superior Tecnico
Imperial College
Ludwig Maximilian University
Max Planck Institute for Physics
Max Planck Institute for Plasma Physics
Rutherford Appleton Laboratory
TRIUMF
University College London
University of Oslo
University of Strathclyde

SPSC Meeting, October 2015

AWAKE

Requests under consideration:
Ulsan National Institute of Science and Technology 
(UNIST), Korea 
Wigner Institute, Budapest
Swiss Plasma Center group of EPFL 

Further groups have also expressed their interest to 
join AWAKE. 

New since 2014 SPSC report
8

credit: A. Caldwell, SPSC Meeting 2015
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Accelerating and guiding 

Gas cell targets

Simon Hooker, JAI-Oxford JAI Advisory Board, 7 -8  April 2016
IC at CLF’s GEMINI; 2015

credit: Z. Najmudin
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Accelerating and guiding 

Generation of 2 GeV beams

Simon Hooker, JAI-Oxford JAI Advisory Board, 7 -8  April 2016

Extended electron energies for same laser energy
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Accelerating and guidingNarrow energy spread beams

Simon Hooker, JAI-Oxford JAI Advisory Board, 7 -8  April 2016

Monoenergetic electron beams
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Accelerating and guiding Multi-pulse laser wakeÞeld acceleration

‣ Excite wakeÞeld with train of low-energy 
laser pulses 

‣ Resonant excitation if pulse spacing 
matched to plasma period 

‣ Could be route to multi-kHz repetition 
rates 

‣ Potential for additional control over wake 
excitation 

‣ Peak intensity on optics reduced by N 

‣ Natural architecture for Òenergy recoveryÓ

Simon Hooker, JAI-Oxford JAI Advisory Board, 7 -8  April 2016

S.M. Hooker et al. J. Phys. B  47  234003 (2013)

pulse train

growing plasma wave

identical electric fields

Multi-pulse LWFA
Only 4 laser pulses 
shown. In reality would 
use 10 - 100!

          ASTRA TA2 at CLF
Split a single pulse into a train of pulses and use 
it in a proof-of-principle demonstration of 
MP-LWFA concept. 
Method: Frequency Domain Holography

Oxford at CLF’s ASTRA; 2015

Christopher Arran 
University of Oxford 

OxCHEDS April 4th-5th  

Example Wakefield Reconstruction 

30 

‣ We can reconstruct a wakefield from this spectrum: 
• Curved wavefronts and decay due to ion motion 
• P = 31 mbar ⇒ 𝜏𝜏p = 90 fs 

10 fringes 
0.90 ± 0.05 ps 

An example of interference fringes due to a plasma wake.
A paper in preparation. 
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electron injection

phase velocity [25, 26], or electron capture when the potential due to the ion background inside the bubble
exceeds the kinetic energy of electrons in the sheath [25, 26]. Another condition for self-injection inferred from
numerical simulations requires the bubble radius to be larger than four times the plasma skin depth [27].

Here we show that just above the threshold for injection it is necessary to take into account the build-up of
charge in the sheath-crossing region, as schematically shown in figure 1.We show that near-threshold injection
is always below the thresholds predicted by the existingmodels for injection, unless they take charge build-up
into account.Whilst [24] describes a relaxation of the injection threshold due to charge build-up, they consider
expansion of the bubble as themainmechanism for injection (and as ‘crucial’ for acceleration driven by petawatt
lasers). Charge build-up in this region should also be accounted for in colliding beam injection and density ramp
injection, but for the purpose of this paperwe restrict ourselves to a LWFAdriven by a single laser pulse in
plasmawith uniformdensity.We show theoretically, and confirmwith simulations and experiments, that
femtosecond duration buncheswith high peak current are created by self-injectionwhen the potential in the
sheath crossing region is enhanced by this charge build-up, which is governed by the sheath current. Its time
dependence leads to a bunch structure consisting of either single ultra-short duration bunches, with low (local)
dark current, ormore complicated trains of very closely spaced bunches that are injected into the same bubble.
The formation of such bunch structure due to near-threshold injection cannot be explained by other injection
mechanisms and to our knowledge has not been described before. Ultra-short duration bunches with
femtosecondmicro-structure have been experimentally confirmed on the ALPHA-X beamline [8, 9, 13, 18]
frommeasurements of the bunch structure that are derived from the spectra of coherent transition radiation
(CTR) emitted as the bunches traverse a pair of thinmetal foils.We also show that the bunch structure can be
controlled by varying the plasma density.

2.Near-threshold self-injection

When the normalized vector potential, a0 e A m c ,e
2( ∣ ∣ )= of an intense ultra-short laser pulse is greater than

unity, its ponderomotive force drives a large amplitude plasma density wake to form a string of bubble-shaped
cavities, whereA is the vector potential, c the speed of light, and e andme the electron charge andmass,

respectively. The resulting charge separation produces an electricfield of the order of n cm0
3( )- V cm−1, with

n0 the plasma density. For typical densities, this ismore than three orders ofmagnitude larger than in
conventional accelerators. The (normalized) bubble velocity, v c 1 3 2b b p

2
0
2( )b w w= - and associated

Lorentz factor 1 ,b b
2 1 2( )g b= - - are determined by the plasma dielectric properties and the ‘etching’ of the

front of the laser pulse, where 0w and e n m4p
2

0 e( )w p= are the laser and plasma frequencies, respectively; the

Figure 1.Model for thewakefield bubble. (a)Geometry and charge distributions; (b) and (c) potentials for 0h = (without build-up)
and 0.1h = (with build-up), respectively.
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mostly contain low energy electrons, which are defocused andfiltered away by the permanent quadrupoles used
for transport (pedestals are not important for FELs).

TwoCTR spectra have beenmeasured in different runs for different vertical distance between gas jet and
laser beam,which introduced slight changes to plasma density and laser amplitude. The spectrum infigure 8(b),
obtained for electron energies of 90± 15MeV, is characterized by a peak around 4μm, a dip around 7μmand a
continuous rise to longer wavelengths. CTR spectra of smooth bunch shapes, e.g. Gaussian, are similar to
figure 7 and show little or no structure for the electron energies. On the other hand, a train of two ormore
bunches can accurately reproduce the observed features. The dip around 7μmindicates the presence of two
bunches separated by 11.5 1 fs after 1mpropagation from the accelerator. The peak at 4μmrequires at least
one bunch to have energy spread of 1%–2%or smaller and bunch duration at the accelerator exit of1 0.5 fs
for 2mrad rms divergence. The second bunch should have similar duration and energy spread. The ratio of the

Figure 7. SimulatedCTR spectra produced by a transversely and longitudinally Gaussian electron beamwith 100MeV energy and 10
pC charge. Both the total radiation from the two-foil system (1 2+ ) and the contribution from each foil (1, 2) are shown. (a)Abunch
with 3%energy spread, 2mrad divergence and duration at the source of 1 fs (lines) and 3 fs (lines and points). (b)Abunchwith 3%
energy spread, 1 fs duration and divergence of 2mrad (lines) and 1.5mrad (lines and points). (c)Abunchwith 2mrad divergence, 1 fs
duration and energy spread of 3% (lines) and 1% (lines and points).

Figure 8.Measured and simulatedCTR spectra. (a)CTR spectra calculated for simulations 1 and 2 (see figure 5). The insets show the
corresponding bunch shapes. Simulation 1 shows a strong peak around 4.5μmwhich is a signature ofmultiple electron buncheswith
a temporal separation of 2 fs in the accelerator. Simulation 2 shows aCTR spectrumwith little structure around 4.5μm, indicating the
presence of a single bunch. The same features have been observed in experimental spectra (b) and (c), which are best reproduced by
electron bunches with parameters chosen tomatch themeasured energy and energy spread.However, themost important parameter
is the temporal separation between the electron bunches. (b)A spectrum compatible with an electron bunch containing at least two
short bunches separated by 11.5 1 fs after 1mpropagation from the accelerator. Threematching theoretical spectra are shown: (2)
corresponds to two 100MeVbunches separated by 11.5± 0.5 fs andwith energy spread of 1%, charge of 8 and 3 pC and bunch length
at the accelerator exit of 0.9 fs; (3) contains an additional 90MeVbunch separated by 22± 2 fs from the first structure, 6% energy
spread, 1.8 fs pulse duration and 0.5 pC charge; (4) contains a fourth bunch separated by 45± 1 fs from thefirst bunch, 3%energy
spread, 1.8 fs pulse duration and 0.5 pC charge. (c)A spectrum compatible with a single electron bunch. Threematching theoretical
spectra are shown: (1) corresponds to a 90MeV, 12 pC electron beamwith 1.5 fs bunch duration at the accelerator exit and 6% energy
spread; (2) contains an additional 90MeV, 0.9 fs, 0.5 pC bunchwith energy spread of 3%and separation of 55 fs; (3) contains a third 90
MeV, 0.9 fs, 0.5 pC bunch in-between thefirst twowith a delay of 10 fs. All bunches have 2mrad rms divergence. Insets show the
corresponding electron bunch shapes.
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M.R. Islam et al. New J. Phys. 17 (2015) 093033
Strathclyde and St. Andrews.

Near-threshold electron injection 
at the back of a plasma buble. 

Measurements at ALPHA-X
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Radiation

QUB-led team produced a gamma-ray 
beam in the multi-MeV range with 
highest peak brilliance ever produced!

credit: R. Pattathil and G. Sarri
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Radiation
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Radiation

Lopes N. et al. X-ray phase contrast imaging of biological specimens with 
femtosecond pulses of betatron radiation from a compact laser plasma wakefield 
accelerator. In Preparation (2016).

Prostate Imaging with Gemini

IC at CLF’s GEMINI; 2015

credit: Z. Najmudin
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Diagnostics
X-ray Characterisation by Energy-Resolved 
Powder (XCERP) Diffraction 

•  Single-shot measurement of bright X-ray 
beams, e.g., betatron radiation from LWFAs 

•  Non-destructive technique to allow 
simultaneous measurement and application 

•  Measures angularly-resolved spectrum 
without requiring assumptions of spectral 
shape 

•  Powder diffraction from a known material 
used to infer details about the unknown X-
ray beam 

• Uses single photon method to resolve 
energy of photons incident on X-ray CCD 

 
credit: G. Cheung; submitted for publication 2016
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Diagnostics

credit: Z. Najmudin

WakeÞeld imaging at IOQ, Jena

‣ Transverse shadowgraphy with 
ultrfast probe pulse 

‣ Direct observation of wakeÞeld 

‣ Excellent agreement with 
simulations

Simon Hooker, JAI-Oxford JAI Advisory Board, 7 -8  April 2016

A. Sävert, et al. Phys. Rev. Lett. 115, 055002 (2015)

IC and IOQ Jena
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Other

credit: R. Pattathil and G. Sarri



Roman Walczak 
University  of Oxford 

IoP-PAB 2016, 8 Apr 2016

Theory

credit: B. Hidding, J. Gratus, A. Cairns and B. Bingham

Dedicated theory and simulation 
plasma wakefield acceleration group

• Currently 12 senior members (including Prof. Z.M. Sheng)
• Development of codes such as ICL, Betatron and CPL, PUFFIN; use of PIC codes such as 

OSIRIS,VORPAL, EPOCH, WAKE; fluid codes such as MULTI, HELIOS, etc.
• Relativistic laser-plasma based radiation sources from THz to gamma-rays, including transition 

radiation, mode conversion, Thomson/Compton scattering, betatron radiation, Raman amplification.

Attosecond  XUV pulses (NJP 2012)
Betatron radiation (Nat. 
Phys.  2011)

Attosecond e-bunches 
(PRL 2013)

Ultra-intense THz sources 
(APL2013)

Ion acceleration target 
design (PRST-AB 2013)

Tunable multi-bunch trains 
(submitted 2014)

Strathclyde

St. Andrews and CLF

Lancaster

Stimulated Raman and Brillouin scattering, in particular Raman and Briillouin amplification. 
Photon accelerationas a wakefield diagnostics. 
Relaxation of the wakefield in plasma channels for high rep rate operation. 
Beam loading. 

Investigated the implications of Stern-Gerlach-type forces in laser wakefield accelerators. 
Developed a new kinetic theory of radiation reaction. 
Developed a fundamentally new formulation of radiation reaction of electrons in ultraintense laser fields 
based on higher order Maxwell electrodynamics. 
Developed a new simulation tool for Laser-Plasma interactions using spatially compact finite energy laser 
pulses.

Warwick
Development and maintenance of EPOCH PIC code.
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e-driven

Energetic coherent attosecond pulse 
generation

Concept
Amplification of seed pulse 

Raman amplification of X-ray lasers – simulations match 
analytic model to show that coherent mJ, 0.4 fs,  1-10 nm 
laser pulses can be generated using high power lasers 
coupled to XFEL’s

J. Sadler et al., Scientific Reports 5, 16755 (2015)
credit: P. Norreys

Oxford, CLF and Strathclyde



Roman Walczak 
University  of Oxford 

IoP-PAB 2016, 8 Apr 2016

e-driven
A plasma wiggler for the Diamond 

Light Source 

Collaboration between University College London, the John Adams 
Institute, University of Michigan, the Diamond Light Source and the 

Central Laser Facility

Dr Jimmy Holloway –submitted to Scientific Reports March 2016

credit: P. Norreys
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e-driven

A plasma wiggler for the Diamond 
Light Source 

credit: P. Norreys



Roman Walczak 
University  of Oxford 

IoP-PAB 2016, 8 Apr 2016

e-driven

Plasma Accelerator Research Station/PARS

2
in collaboration with Deepa Angal-Kalinin and other ASTeC and CI colleagues

credit: Q. Xia
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e-driven

PARS Project

5

Longitudinal wakefields Transverse wakefields

Higher transformer ratio

Lower 
energy 
spread

O. Mete, et al.,Physics of Plasmas 22, 103117 (2015)

credit: Q. Xia

Manchester
ASTeC
Strathclyde
Liverpool
Lancaster

with some help 
from
IC and Oxford
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p-driven

AWAKE proof-of-principle experiment 
CERN

Towards a TeV e-e+ collider 
using a proton-driven 
wakefield accelerator

Novel photon acceleration 
diagnostic to measure the 
wakefield amplitude growth 
along the plasma column 
concept developed in Oxford 
Physics, the John Adams 
Institute and the Central Laser 
Facility.

M. Kasim et al., Phys. Rev. ST Accel. Beams 18, 030402 (2015)
M. Kasim et al., Phys. Rev. ST Accel. Beams 18, 081302 (2015)

credit: P. Norreys

Oxford
CLF
Strathclyde
UCL
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Good news!

Significant investments at Lancaster University: 

                The group becomes bigger

                      two new Professors 

                       and 5 new PDRAs
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Good news!

Alec Thomas: Joining Lancaster University in May 2016
2014 – 2016, Associate Professor, University of Michigan
2008 – 2014, Assistant Professor, University of Michigan
2007, PhD Plasma Physics, Imperial College London
Research: Experimental/Theoretical laser-plasma interactions / 
Laser Wakefield Acceleration

Recent research:
• Bright and spatially coherent laser-plasma sources of X-

rays
• The X-rays generated from betatron oscillations in laser wakefield 

accelerators [1] emanated from a small source [2,3] and have 
femtosecond duration [4] and scale up to high power [5].

• Nonlinear inverse Compton scattering and positron 
sources using LWFAs 

• LWFA accelerated electrons were used for a compact all-optical  
inverse Compton scattering source [6] and positron sources on a 
tabletop [7,8].

• High repetition rate laser wakefield acceleration with a 10 
mJ laser: 

• Generating electrons by plasma wakefield acceleration on a 
downramp at 500 Hz [9] to explore high-repetition rate operation of 
LWFA such as the use of feedback systems and emittance control 
[10].

• Radiation Reaction in Intense Laser Interactions with 
Relativistic Electrons: 

• Radiation reaction is an unsolved theoretical problem. We have 
modeled this for proposed nonlinear inverse Compton scattering 
[11] and laser-solid interaction experiments [12]. 
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allowed changes to the radiation spectrum to be observ-
able. Figure 6 shows the spectral intensity of radiation
emittedunder conditionsidentical tothoseof Fig. 3except
that heretheelectronbeamhaszeromomentumspread, as
in Table II B. The distribution has fine features that are
smoothed out when the electron beam has a momentum
spread, as would be expected. To see more clearly the
effect of momentum spread on the radiation distribution,
Figs. 7 and 8 show two-dimensional slices through the
radiation intensity distribution, in theplanes parallel and
perpendicular to the laser polarization. In addition, the
spectral intensity hasbeen converted into aphotondistri-
bution per electron, ! 0d2N=d! d , which ismorelikely
to be the form of data obtained in an experiment (i.e., a
histogram of photon hits on an array of single-photon
countingdetectors).

Figure 7 shows the photon distribution from a
zero-momentum-spread electron-beam interaction. In

(a) and(c), radiation-reaction forceisnot included, and in
(b) and (d), radiation-reaction force is included. (a) and
(b) showthephotondistributionintheplaneperpendicular
tothelaser polarization. (c) and(d) showthephotondistri-
bution in theplaneparallel to the laser polarization. The
angular distribution of photons shows pronounced differ-
ences with and without radiation-reaction forces, and the
energydistributionisalsodramaticallychanged, inparticu-
lar resultinginalargenumber of low-energyphotonsinthe
damped casecompared tonodamping. Another featureis
slowoscillationsinthespectral intensitywithfrequencyand
energy.Theseoscillationsmaybeduetotheshort truncated
electron bunch and laser pulsein thetimedomain, which
result in long wavelength oscillations in the frequency
domain.

Whentheelectronbunchisgiventhemomentumspread
of Table II A, thedistinction between thecaseswith and
without radiation-reaction force becomes significantly
less. Figure 8 shows the photon distribution from this
interaction. Thereis littledifferencein thespectral inten-
sity distribution with andwithout radiation-reaction-force
effects, except that theoverall magnitude isreduced, and
the peak energy is reduced. Differences in the angular
distribution are small, however, and are likely to be
much-smaller-than-expected shot-to-shot fluctuations in
electron-beam emittance. Coupling this observation to
the intrinsic difficulty of measuring high-energy photons
in a collimated beam, it appears to be unfeasible that
radiation-reactioneffectswill bediscernibleinexperimen-
tal measurementsin thisconfiguration in thenear term.

C. On theobservation of radiation-reaction effectsin
theelectron phase-spacedistribution

In contrast to the photon measurements, it should be
very easy to observe radiation-reaction effects in the
electrons as measured using a standard scintillating-
screen configuration. It is typical in laser-wakefield-
accelerator experiments to measure either the
electron-beam profile using a scintillating screen, or

(a) (b)

FIG. 6. Theangularly resolvedspectral intensity (d2I=d! d )
due to a zero-emittance (Table II B) 500-electron bunch with

¼400 scattering from a laser pulse with a0 ¼50. The
radiation-reaction force is not included in (a) and is included
in(b). Thecontoursaretakenat identical spectral intensity levels
for both cases, normalized to the peak, which is 2:6872
10 26 Js 1 at 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8.

(a) (b) (c) (d)

FIG. 7. Thephoton distribution (normalized to the laser frequency ! 0d2N=d! d ) per electron due to a500-electron bunch with
¼400 and zero momentum spread (Table II B) scattering from a laser pulse with a0 ¼50. In (a) and (c), radiation-reaction

force is not included; in (b) and (d), radiation-reaction force is included. (a) and (b) show the photon distribution in the plane
perpendicular to the laser polarization; (c) and (d) show thephoton distribution in theplaneparallel to the laser polarization.
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Nonlinear Compton Scattering 

Ultrafast ElectronRadiographyof MagneticFieldsinHigh-Intensity Laser-Solid Interactions

W. Schumaker,1 N. Nakanii,2 C. McGuffey,1,* C. Zulick,1 V. Chyvkov,1 F. Dollar,1,† H. Habara,2 G. Kalintchenko,1

A. Maksimchuk,1 K.A. Tanaka,2 A.G.R. Thomas,1 V. Yanovsky,1 andK. Krushelnick1

1Center for Ultrafast Optical Science, University of Michigan, Ann Arbor, Michigan 48109, USA
2GraduateSchool of Engineering, Osaka University, Osaka 565-0871, Japan

(Received 9 April 2012; published 2 January 2013)

Usingelectronbunchesgeneratedby laser wakefieldacceleration asaprobe, thetemporal evolutionof
magnetic fields generated by a4 1019 W=cm2 ultrashort (30 fs) laser pulse focused on solid density
targetsisstudiedexperimentally. Magnetic fieldstrengthsof order B0 104 Tareobservedexpandingat
close to thespeed of light from the interaction point of ahigh-contrast laser pulsewith a10- m-thick
aluminumfoil toamaximumdiameter of 1 mm.Thefielddynamicsareshowntoagreewithparticle-in-
cell simulations.

DOI: 10.1103/PhysRevLett.110.015003 PACSnumbers: 52.38.Fz, 52.25.Xz, 52.38.Kd

Strong magnetic fieldsarewell known to begenerated
by avariety of mechanismsin laser interactionsat asolid
density plasma-vacuuminterface, including theimportant
Biermann battery effect (@B

@t ¼ kB
ene

ðr n r TÞ) [1]. In
such interactions, the laser field generates hot electrons
which can circulate through the target and spread along
thetarget’ssurfaces(front andrear) generatinganelectro-
magnetic sheath field that expands from the laser focus
[2–6]. Furthermore, complex magnetic fields may arise
by filamentation of the expanding current sheet [7].
Measurements of such fields have previously been per-
formed using laser-generated proton radiography [8–13],
including timeresolved measurements of magnetic fields
advectingwithplasmaflows[14–16]. Current laser driven
sources of protons [17] are usually produced by target
normal sheathacceleration(TNSA) andarenonrelativistic,
thereby limiting temporal resolution. In contrast, highly
relativistic electrons bunches (> 100 MeV) generated by
laser wakefield acceleration (LWFA) [18–21] typically
havedurations less than thedriving laser pulse(< 30 fs)
[22,23] and can beoptically synchronized, thereforeena-
blingtheobservationof faster dynamicsinfieldstructures
thancanbeeasily preformedwithTNSA.

In the interaction of an oblique incidence relativistic
intensity laser pulse(a0 1, wherea0 ¼eE0=mec! 0 is
the normalized vector potential of the laser field), the
particles are heated primarily by a combination of reso-
nanceabsorption [24] and Brunel absorption [25] to pro-
duce relativistic electrons. These electrons propagate
throughout the target and into the vacuum, forming
expanding sheath fields on the front and rear surfaces.
For metal or plasma targets, the net current within the
target volume will be approximately zero [26], but fast
electronswill befreetopropagatein thevacuumnear the
surface balanced by a return current just inside the bulk
material. ThisleadstoathinDebyesheathwithanelectric
field perpendicular to the surface and an inductively

generated azimuthal magnetic field, both expanding radi-
ally at closeto thespeedof light.

In this Letter, we demonstrate proof-of-principle radi-
ography of electromagnetic fields relativistically expand-
ingfromtheinteractionof intenselaser pulseswithplanar,
foil targets, using LWFA electron beams. For theexperi-
ment, theHERCULESlaser (30fs, 800nmTi:sapphire) [27]
was operated at 100 TW with native 108 contrast ratio
between the main pulse and the amplified spontaneous
emission on thenanosecond pulsepedestal and 104 con-
trast ratio for the picosecond pulse pedestal. The cross-
polarizedwavepulsecleaningtechniquecouldbeenabled
forcontrast improvement, yieldingupto1011 contrast ratio
for theamplified spontaneousemission [28]. Theexperi-
mental geometry isshowninFig. 1. A pickoff mirror sent
thecentral portionof thebeamtoanf =18off-axisparabo-
loid mirror focusing the pulse to an intensity of 1:6
1019 W=cm2 (a0 ¼2:8) into a He-N2 (95:5 mass ratio)
plasma of 2 1019 cm 3 peak density above a 1.3-mm
supersonic gasjet nozzlegenerating abroadenergy spec-
trumelectronbeamwithupto120MeVenergyand100pC
charge via ionization injection [29,30]. The remaining
annular beam was sent to a delay stage with 300 ps of
adjustabledelayandwasthenfocusedwithanf =3off-axis
paraboloid mirror to an intensity of 4 1019 W=cm2

(a0 ¼4:4) onto asolid target at 30 incidence. The f =3
focus was spatially overlapped on the f =18 beam axis
10cmbehindthef =18focus.Timingoverlapwasachieved
using thef =18beamtobacklight thebreakdown inair at

f/3 Pump Beam

LANEX Scintillator

Gas Jet

Light Shield/DiffuserSolid Target

f/18 LWFA 
Probe Beam

Probe Electron Beam

5 cm
5 cm

85 cm

30°

FIG. 1 (color online). Experimental geometry.
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apart. Theholemask wasplacedat 40mmbeforethescintil-
lator plate. The spread of divergence for electron beamlets
passing through the pepper-pot mask were recorded on the
screen at various transverse locations in both dimensions (x
andy). Hence, the2Dholearray geometry providesinforma-
tionabout x and y simultaneously. However, duetothelow
signal level at thephosphor screen, accumulatingasufficient
number of shotsisrequired to obtain areasonablesignal-to-
noise ratio. The shot-to-shot fluctuations may be an issue,
leading to overestimated values for the emittance. In fact,

compared to high energy laser wakefield experiments, the
pointing andchargestability of theelectron beamgenerated
inour experimentsarebetter.21

Fig. 5(a) providesabaselineof apepper-pot imagemeas-
uredwithadeformablemirror shapeobtainedfromaprevious
optimizationrunonadifferent experimental day usingthefit-
nessfunctionsdescribedinSec. IIIA. Thebeamdivergenceis
about 10 mrad FWHM (or 3.5mmon thedetector). Therms
spot widthsand centroidpositionsof all pepper-pot beamlets
arecalculated and substituted into theformulain Ref. 26 for

FIG. 4. Control of electronenergy distribution(a) Schematicsetupfor meas-
uringelectronenergy distributionusingdipolemagnets. (b) Rawdatashow-
ing thedispersed electron signal after genetic algorithmoptimization using
threedifferent imagemasks.

FIG. 3. (a) Electron beam profile pro-
duced by a deformable mirror shape
with all actuatorsat 30V accumulated
over 50 shots (100ms exposure). (b)
The maximum count and integrated
count (valueisscaled todisplay onthe
same graph) from a single-shot elec-
tron image for different weighting pa-
rameter in Eq. (2). (c)–(h) Electron
profile images after genetic algorithm
optimizationusingdifferent n.

FIG. 5. Comparison of transverse emittance measurement before and after
genetic algorithms. (a) and (b) Averaged pepper-pot images for a200-shot
accumulation (0.4sexposure) generated by adeformablemirror configura-
tion beforeand after genetic algorithm. (c) and (d) Thecorresponding FFT
imagesdisplayedonalogarithmiccolor scale.

056704-5 Heet al. Phys. Plasmas 22, 056704(2015)
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LWFA emittance control 

fs pump-probe measurements 
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Good news!

Louise Willingale: Joining Lancaster University in May 2016
2014 – 2016, Assistant Professor, University of Michigan
2008 – 2011, Postdoc, 2011 – 2014, Assistant Research Scientist, University of 
Michigan
2007, PhD Plasma Physics, Imperial College London
Research: Experimental high-intensity laser plasma interactions / ion 
acceleration

Previous research:
• Laser-driven ion acceleration from 

underdense and near-critical density 
plasmas

• Laser-driven ion acceleration via Target 
Normal Sheath Acceleration (TNSA)

• Proton radiography of laser plasma 
interactions

• Relativistic intensity channel formation
• Direct Laser Acceleration (DLA) of electrons
• Relativistically Induced Transparency effects
• Laser-driven magnetic reconnection

L Willingale, et al, Physical Review 
Letters, 106, 105002 (2011) 

L Willingale, et al, New J. of Physics , 15, 025023 (2013) 

L Willingale, et al, Physics of Plasmas, 20, 123112 (2013) 

L Willingale, et al, Physical Review Letters, 102, 125002 (2009) 

L Willingale, et al, Physical Review Letters, 96, 245002 (2006) 

L Willingale, et al, Physics of Plasmas, 17, 043104 (2010)  
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Good news!

credit: A. Thomas

Future work at Cockcroft/Lancaster 
experimental plasma based accelerators

• Photon sources using laser driven wakefield accelerators
• Strong field physics relevant to plasma based accelerator 

schemes
• Beam driven plasma wakefield acceleration 
• High repetition-rate laser wakefield acceleration and detailed 

control of plasma waves
• Laser-Driven Collisionless Shock Ion Acceleration
• Direct Laser Acceleration of Electrons
• Relativistically Induced Transparency (RIT) in Plasmas
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Good news!

Scottish Centre for the Application of Plasma-based Accelerators
• Collaborative research opportunity for the whole faculty, Scotland and the UK!
• £8M investment + additional infrastructure funds (SFC, SUPA, UoS..)
• Accelerator and Light Source R&D
• Strong engagement in European and other large projects
• In-depth programme of applications, knowledge exchange & commercialization

■ 3 high-power laser systems, initially up 
to 350 TW (40 TW ALPHA-X laser 
now, 350 TW in 2016) 

■ 3 shielded radiation caves, fully 
vibration-isolated, w/ 2000 tons of 
concrete shielding 

■ up to 7 accelerator application beam 
lines for programmatic R&D

■ ~1200 m2 on two levels

■ High-energy particle beams: electrons, 
protons, ions, positrons, neutrons

■ High-energy photon beams: fs 
duration, (coherent) VUV, X-ray & 
gamma-rays

D. Jaroszynski (director), P. McKenna, Z.-M. Sheng, B. Hidding, 
M. Wiggins, G. Welsh, R. Gray, K. Ledingham. et al.

credit: B. Hidding
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Good news!

credit: B. Hidding
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EuPRAXIA – Addressing 
the Quality Issue

• Our question for the next 4 years: 

Assuming no resource limits – What would be the best 
1 – 5 GeV e- plasma accelerator we can build? And what 
could we use it for (pilot users)?

R. Assmann, 01/2016 Plasma Linear Collider Workshop LBNL 23

“RF unit test” 
for plasma 
accelerators 
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The EuPRAXIA Steering 
& WP Leader Team

plus 18 
associated 
partner 
institutes

Kick‐off meeting at DESY on Nov 26th – 27th

R. Assmann, 01/2016 Plasma Linear Collider Workshop LBNL 24
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Schematic Layout EuPRAXIA
Research Infrastructure

PLASMA ACCELERATOR

FEL / RADIATION SOURCE
USER AREA

Research
Infrastructure

HEP & OTHER USER 
AREA

R. Assmann, 01/2016
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Design Study

EU funding:
3 M€
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EuPRAXIA Contractual 
Deliverable with EU

• Produce with EU funded manpower by end of 2019 an 
outstanding design report for European 5 GeV plasma acce-
lerator with superior beam quality & pilot applications:
– Include technical description with full performance estimates. 

– Include full cost estimate.

– Include options for sites in Europe, both by partners and associated 
partners. Aim for open and friendly site competition. My view: If we get 
a next step project (1XX M€) anywhere  major success!

• International associated partners and industry are involved 
from the beginning  keep it open within rules.

• In 2020: EU and national funding agencies have required info 
for decision on future accelerator research infrastructures. 

R. Assmann, 01/2016
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► UK belongs to the leaders of the field since day one. 

► There is a reach spectrum of high quality research  

► EuPRAXIA (significant UK participation) provides a framework for coherent research in 
Europe.

► Researchers in the UK have started a process leading to better coordination of  their re-
search across UK which in turn would make an impact of UK reserach on the field even big-
ger. It would also lead to UK policy regarding large projects in the UK and in Europe; such as 
for example EuPRAXIA European plasma accelerator which might be built somewhere.  

Summary


