
Multi-GeV electron acceleration with self-guided laser wakefield
accelerators

Kristjan Poder1,2, J. C. Wood1, N. Lopes1,3, S. Alatabi1, J. M. Cole1,
P. S. Foster4, C. Kamperidis1,5, O. Kononenko2, D. Neely4, C. A. Palmer2,6,

D. Rusby4, A. Sahai1, G. Sarri7, D. R. Symes4, J. R. Warwick7, S. P. D. Mangles1,
Z. Najmudin1

1The John Adams Institute for Accelerator Science, IC, London, UK 2DESY, Hamburg, Germany
3GoLP, Insituto de Plasmas e Fusão Nuclear, IST, Lisbon, Portugal
4Central Laser Facility, Didcot, UK 5ELI-ALPS, Szeged, Hungary

6The Cockcroft Institute Daresbury Laboratory, Daresbury, Warrington, WA4 4AD UK
7Queen’s University, Belfast, UK

25 September 2017
Kristjan Poder et al., JAI Multi-GeV electron acceleration in Gemini 1/18



Plasma accelerators

100s GV/m accelerating fields in
bubble moving with γ2

p ' nc/ne

Femtosecond bunch duration
yielding kA current1

Bright, coherent betatron x-rays
suitable for imaging2

(Also see J. Wood talk Fri 12:00
and J. Cole talk, Tue WG4 16:30)

E0 = 96
√

ne

1018cm−3 GV/m

1212

RIDING 
THE 
PLASMA 
WAVE 
OF 
THE 
FUTURE

A creative group of trailblazers is
reinventing particle acceleration 
by making electrons and positrons
surf a wave of plasma.

by Matthew Early Wright

Illustrations: Aaron Grant

1Lundh et al., Nat Phys 7, 2011
2Cole et al., Sci Rep 5, 2015
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How do laser wakefield accelerators work?

~Fp ∝ −∇a2
0

~a0 =
qe
~E

mecωL

~Fp ∝ −
q2

e,i

me,i
∇(Iλ2)

∇2φ = −qe(ni − ne)

ε0

~Ez ∝
δn

ne
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Energy scaling in laser wakefield accelerators

Linear theory3 gives

∆W ∝ n−1
e

But dephasing length

Ldph ∝ n
−3/2
e

With lowering plasma density
Ldph � zR
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3Tajima, Dawson, PRL 43, 1979
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Self-guiding

Can derive an envelope equation4 for
the laser spot size R :

d2R

dz2 +

Self focussing︷ ︸︸ ︷
〈K 2r̃2〉

R
− ε2

R3︸︷︷︸
Diffraction

= 0

Increasing R reduces diffraction,
allowing self-guiding at lower

ne → increasing ∆W

P/Pc = 25, ne = 3× 1018 cm−3
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P/Pc = 2, ne = 1.7× 1019cm−3

f=3 is much greater than its waist. Hence, the electrons
move into the pulse envelope before being repelled by the
ponderomotive force of the laser, as in Fig. 3(d), which
causes the breakup of the pulse.

The 10 �m pulse produces an initially more gently
curved wake and reaches maximum amplitude later after
nonlinear modulation has increased its intensity. Even
when the intensity is raised so that electron cavitation
occurs quickly, there is still no breakup of the pulse as
the width is similar to the pulse length.

A scan in waist (between 1 and 14 �m) was simulated at
ne0=nc � 0:01, corresponding to 0:14<w0=�p < 2, for a
fixed equivalent power, P � 13 TW. As noted above,
larger (*6 �m) focal spots show stable quasistatic propa-
gation [Fig. 3(b) and 3(c)], while spot sizes <4 �m
[Fig. 3(a)] show beam breakup and dynamical self-
focusing. Intermediate focusing geometries (�4 �m)
show evidence of a transition region between the two
regimes.

An intensity scan (I0=4 � I � 4I0) at fixed density and
a density scan 0:005 � ne0=nc � 0:02 at fixed intensity
were also simulated for both 2 �m and 6 �m geometries.
The simulations were qualitatively invariant for both fo-
cusing geometries in this parameter range. The simulations
also show that the pulse tends to self-focus to a diameter
2w0 � �p and oscillate around an equilibrium position
(Fig. 4). This is independent of the initial f number,
provided w0 * �p.

Despite the short pulse duration, a simple stationary
envelope treatment [20] can be used. For a0 � 1, the
spot size w obeys @2 �w=@2t � V0�1= �w3 � 16

���

2
p
P=Pcr� for

a linearly polarized laser. Here, V0 � ��c�0=��=�w
2
0a

2
0��

2,
�w � w=w0a0. Self-focusing will therefore start to domi-
nate diffraction (@2 �w=@t2�0) forw=�p � �

1
4P=Pcr�

1=6=�.
Hence, for a mildly relativistic pulse, e.g., P=Pcr � 2, the
matched spot size 2w � �2=3��p. This is in reasonable
agreement with the simulations, the discrepancy being
due to the assumptions of constant density and the a0 �
1 approximation. For tight focusing geometries and high

intensities where w0 & �p and for a0 � 1, complete elec-
tron blowout can occur [14] and a nonadiabatic kinetic
analysis of self-focusing is required.

In conclusion, we have demonstrated the self-guiding of
an ultrashort laser pulse (c�� �p) provided the vacuum
spot-size w0 * �p. Pulses with vacuum spot size greater
than this can propagate many zR, oscillating about a
matched spot size. However, focusing to smaller than
��p will result in mode structures, which through self-
focusing seeded beam breakup prevent production of high
quality electron beams. So for reproducible production of
monoenergetic electron, the ratio of pulse length to spot
size should be &1. To overcome low laser powers, increas-
ing pulse intensity through pulse compression and photon
deceleration of the leading edge [12] is more effective than
focusing more tightly. Careful choice of spot size, striking
a balance between pump depletion with large f numbers
and filamentation at low f numbers, will increase the
efficacy of the interaction. This competition between
over and under-focusing will be important even at higher
intensities and so necessitates a careful choice of focusing
conditions in future experiments.

This work was supported by EPSRC, Alpha-X, and the
US DOE. The authors acknowledge the staff of the CLF
(RAL) for technical assistance and the OSIRIS consortium
(UCLA/IST/USC) for the use of OSIRIS.
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FIG. 4 (color online). Simulated temporal evolution of spot
diameter at 1=e2 (2w), with various focusing geometries for
ne0=nc � 0:01, P=Pcr � 2. Vacuum foci are at z � 0 �m. Solid
lines indicate simulated propagation. Dashed lines show theo-
retical propagation for a Gaussian pulse in vacuum.
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The Gemini laser

I 15 J at 800 nm in 2 independently
compressed and timed beams

I Pulselength < 40 fs
I 20 s repetition rate
I f /20 for LWFA setups (a0 ∼ 4)
I f /2 for ion acceleration setups

(a0 ∼ 20)
I f /2− f /20 combination for

pump-probe experiments5

5Sarri et al, PRL 113, 2014
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Experimental setup for F/40
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Electron acceleration with F/20
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length. This not only increases the power needed for self-

focusing (Pc / n
!1
e ), but also the laser power required to

obtain a threshold a0 for injection, since the bubble size

also increases with decreasing density.

In this Letter, we report on the first experiments per-

formed with self-guided laser driven plasma accelerators

using greater than 200 TW laser pulses. We show that at

these high powers, self-guiding in the nonlinear wakefield

regime can extend the interaction to a distance exceeding

the dephasing length even without an external guiding

channel (>1 cm ’ 13zR). We also show that the maximum

observed electron energy rises with increasing acceleration

length, up to a maximum of ’0:8 GeV. These energies are

a result of intensity (a0) amplification of the laser pulse

self-guided over such long distances, which in turn gen-

erates a highly nonlinearly steepened plasma wave

structure.

The experiments were carried out on the Astra Gemini

laser system at the Rutherford Appleton Laboratory.

Linearly polarized pulses with a central wavelength of

)0 ¼ 800 nm, a Gaussian full-width half maximum

(FWHM) pulse duration of * ¼ ð55% 5Þ fs, and a maxi-

mum energy of ð11% 1Þ J were focused to a peak intensity
of I ¼ ð1:9% 0:2Þ ' 10

19
Wcm

!2 or a0 ¼ 3:9 with an

off-axis parabolic mirror of focal length f ¼ 3 m and F
number of F ¼ 20. The transverse profile of the laser in

vacuum yields a focal spot diameter of 2wHWHM ¼
ð22:0% 0:6Þ /m or w0 ’ 19 /m at 1=e2 of intensity.

Thus, zR ¼ 2Fw0 ’ 760 /m, which was supported by
experimental measurements. Typically, ð31% 2Þ% of the

pulse energy is within the diameter 2wHWHM.

The targets were supersonic helium gas jets with varying

nozzle diameters of 3, 5, 8, and 10 mm. The density pro-

file measured by interferometry has a FWHM length of

ð2:7% 0:2Þ, ð4:1% 0:2Þ, ð6:8% 0:3Þ, and ð8:7% 0:3Þ mm

for the different nozzles and consists of a central plateau,

which is constant to within 10%, and linear gradients at the

edges.

The energy spectrum of accelerated electrons was mea-

sured with an electron spectrometer based on a dipole elec-

tromagnet with circular pole pieces of radius 167 mm [15].

The magnetic field strength was a function of the applied

current, with a maximum of 1.15 T. The spectrometer

dispersed the beam onto a phosphor screen (Lanex) imaged

with a CCD camera. A tracking code using the measured

magnetic field map relates the measured beam deflection to

energy. The error bar on the energy measurement is given

by the finite acceptance angle of the spectrometer entrance

(%4 mrad), which leads to an uncertainty of 50 MeV at

800 MeV. The phosphor screen was cross calibrated with

an image plate detector to obtain absolute charge measure-

ments. In the present setup, the dipole magnet has negli-

gible energy focusing and transverse focusing properties in

the detection plane.

The resulting electron spectra obtained at a fixed density

of ne ¼ ð5:7% 0:2Þ ' 10
18

cm
!3 are shown in Fig. 1.

High-energy electron beams of narrow energy spread are

produced, whose peak energyWmax increases with increas-

ing length. Averaging several hundred shots with the mag-

net spectrometer turned off, for plasma densities

2–12' 1018 cm!3, the root mean square beam position

was stable to ’5 mrad. For the highest energy beams, the

pointing variation was 4:0 mrad, and the 1=e divergence

was 3:6 mrad. The 5 and 10 mm nozzle yield a mean beam

charge of 30 and 90 pC averaging over shots at different

densities, and a peak beam charge of 350 and 550 pC,

respectively, at optimum conditions.

The increase of energy with length, shown in Fig. 2

inset, implies two things. First, it suggests that electrons

are self-injected early in the interaction. It was found that

a0 * 4:2must be satisfied for self-injection [11,16], which

compares to our initial a0 ¼ 3:9. Hence, less self-focusing
and pulse compression is necessary to increase the laser

intensity to that required for injection as compared to

previous self-injection experiments performed with a0 ’
1 [5–7]. This reduced pulse evolution before injection is

also supported by observation of an electron beam on every

shot under optimum conditions. Second, the rate of energy

gain with length implies a lower accelerating field than in

previous experiments at both higher [17] and comparable

densities [18]. As described below, this is an indication of

complex dynamics within the nonlinear wake, rather than a

lower electric field. In fact, the electric field actually

increases due to nonlinear steepening of the plasma wave.

Evidence for nonlinear steepening can be seen in Fig. 2,

which shows the maximum, Wmax, and mean observed

beam energies Wmean as a function of plasma density. We

find that Wmax for the 5 mm ([red] squares) and 10 mm

nozzle ([blue] circles) and Wmean for the 10 mm nozzle

(dashed [blue] line) increase with decreasing density (W /
n!1
e ) down to a certain density threshold, below which

there is no self-injection. This threshold is close to the

density at which the matched spot size is no longer smaller

than the vacuum focal spot size so that there is no intensity
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FIG. 1 (color online). Spectrally dispersed electron beams at

the exit of the magnetic spectrometer for gas jet lengths (a) 3,

(b) 5, (c) 8, and (d) 10 mm, at a plasma density of ne ¼ ð5:7%
0:2Þ ' 10

18
cm

!3 with ð10:0% 1:5Þ J of laser energy on target.

(e)–(h) Show lineouts of (a) to (d), that have been deconvolved to

give the electron number per solid angle and relative energy

spread dE=E. All plots are normalized to unity.
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Length scans probe injection and acceleration
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Length scans probe injection and acceleration
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Length scans probe injection and acceleration

Nearly 2 GeV electron energies with
PL = 125TW!

Linear increase with charge up to
10mm with
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Measuring acceleration gradient from length scan
In a nonlinear bubble6,

Ea(x) = Ep −
Ep

Ld
x ; 0 ≤ x ≤ 2Ld

Thus electron energy is

E(x) =
∫ xC

0
Ea(x) dx + E0

And at length xC

ExC = −x2
C
Ep

2Ld
+ xcEp + E0

5 10 15 20
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M
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x
im

u
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y
/
M
eV ne = 2.3× 1018cm−3

Shot E
Average at each length
Fit to acc. and dec.
Fit to acc. only

Ep/GVm−1 Ld / mm
Full scan 349± 39 10.3± 1.0

Acceleration 362± 27 10.4± 1.7
1D Linear theory 146 2.7

3D NL theory 336 6.46Cardenas et al, ArXiv:1505.05732v2
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Experimental scan of peak E-field
In 3D nonlinear theory7
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√
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Multi-GeV electron energies from 250TW laser
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3D PIC Simulations examine physics of increased energy gain

I Using EPOCH 3D PIC code8

I Exact phase front of laser unknown =⇒ simulations to study
underlying physics and not to reproduce exact results

I ne = 3× 1018 cm−3 plasma, τlaser = 45 fs
I Gaussian laser with wy = 37 µm and wz = 48 µm and a0 = 2 to mimic

the f /40 results
I Gaussian laser with wy = 18.5 µm and wz = 24 µm and a0 = 4 to

compare to f /20 focussing

8Arber et al., PPCF 57, 2015
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3D PIC Simulations: enhanced energy gain
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3D PIC Simulations: origins of enhanced energy gain
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Enhanced energies and empirical scalings
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Conclusions
I Experimentally measured peak accelerating fields of

100s GV/m
I Extended electron energy beyond 2 GeV with 250 TW

laser in self-guided, self-injected regime by employing
f /40 focussing

I Simulations imply optimised bubble dynamics avoiding
dephasing during bubble evolution
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