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Lecture 1: Basic concepts


‣ First make your plasma…


‣ Electrostatic and electromagnetic 
waves in plasma


‣ Single-particle motion


‣ Fluid theory
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Lecture 2: Practical realization


‣ A brief history of LWFAs 


‣ Particle injection 


‣ Limitations


‣ Beating defocusing


‣ Beating dephasing


‣ Other schemes


‣ Remaining challenges



A brief history of progress in 
LWFAs
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Progress linked to advances in laser technology

Plasma beat-wave


‣ Combine 2 long pulses with freqs ω2 - ω1 = 

ωp


• Wake amplitudes of 28% 


• ΔW = 38 MeV (external injection)


‣ But wakefield saturates due to relativistic 
increase in electron mass (Rosenbluth & Liu 
limit)
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Ultrahigh-Gradient Acceleration of Injected Electrons by
Laser-Excited Relativistic Electron Plasma Waves

C. E. Clayton, K. A. Marsh, A. Dyson, M. Everett, A. Lal, W. P. Leemans, ' R. Williams, and C. Joshi
Department of Electrical Engineering, University of California, Los AngelesC, alifornia 90024

(Received 14 September 1992)
High-gradient acceleration of externally injected 2. 1-MeV electrons by a laser beat wave driven rela-

tivistic plasma wave has been demonstrated for the first time. Electrons with energies up to the detec-
tion limit of 9.1 MeV were detected when such a plasma wave was resonantly excited using a two-
frequency laser. This implies a gradient of 0.7 GeV/m, corresponding to a plasma-wave amplitude of
more than 8%. The electron signal was below detection threshold without injection or when the laser
was operated on a single freqoency.

PACS numbers: 52.35.Mw, 52.40.Nk, 52.75.Di

Recently there has been a resurgence of interest in col-
lective particle acceleration techniques using waves in
plasmas because of their potential for ultrahigh —GeV/
m gradient acceleration of particles [1]. In one such
scheme, known as the plasma beat wave accelerator [2],
two copropagating laser beams with frequencies and wave
numbers cubi, k ~ and co2, k2 resonantly drive a plasma wave
with frequency co~ =co2—mi and wave number kz =k2—ki. The phase velocity vt, =to~/k~ of this relativistic
plasma wave is nearly the speed of light c if m i= co2 » co&. The longitudinal electric field associated
with such a wave is given by eno V/cm, where e is the
density modulation ni/no and no is the plasma electron
density in cm . Thus for n i/no =0.1 and 10'
(np& 10' cm, accelerating fields of =0.3 &E (3
GeV/m are possible. Experiments around the world have
reported beat excitation of relativistic plasma waves using
CO2 [3,4] and Nd:glass lasers [5]. However, no con-
clusive demonstration of acceleration of externally inject-
ed electrons has been reported. If practical, such an ac-
celerator could have an impact on future high-energy
linear colliders, compact sources of tunable x rays for ma-
terials and biological studies, and medical applications.
In this Letter, we demonstrate for the first time such
ultrahigh-gradient acceleration of externally injected
electrons by laser beat wave excited relativistic electron
plasma ~aves.
The experimental setup is shown schematically in Fig.

1. The CO2 laser system [6] produced a two-frequency
laser beam with 60~10 J at wavelength ki =10.59 pm
and 10~5 J at F2=10.29 pm. The resonant density is
thus np=8. 6x10' cm . The laser pulse had an ap-
proximately linear rise time of 150 ps and 300 ps
FWHM. It was focused with an f/11.5 oA'-axis parabolic
mirror to a nearly diAraction-limited spot size of 300 pm
diameter, resulting in peak normalized quiver velocities
ai 2=eEi 2/mtoi 2c =0.17 and 0.07, respectively. Here
Ei 2 are the electric fields of the two laser beams. The
vacuum chamber contained a static fill of hydrogen gas
with fill pressure in the range 110-200 m Torr. The plas-
ma, produced by tunnel ionization of the gas [71, was im-
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FIG. 1. Schematic of the experimental arrangement.

aged onto a charge-coupled-device (CCD) camera. The
images show the plasma existing over more than 20 mm
along the laser beam with a fully ionized core emitting
uniform brightness of visible radiation that is about 10
mm in length. The full length at half the peak intensity
of the focused beam (twice the Rayleigh length zR) was
measured to be = 16 mm. The laser has sufficient inten-
sity to fully ionize the hydrogen at best focus by around
25 ps into the rising edge of the pulse and fully ionize
over more than 12 mm on either side of best focus by the
peak of the pulse [7].
The source of electrons for injection was a 9.3-6Hz rf

linac producing a train of 20-ps-long micropulses separat-
ed by 110 ps within a 5-ns macropulse envelope [8]. The
average macropulse current where the plasma wave and
the electrons overlap was 15 mA and the spot size of the
f/10-focused electrons was = 250 pm FWHM. These
electrons had an injection energy of 2. 1 MeV with an en-
ergy spread of 5% F%'HM. The laser and the electron
macropulse were synchronized to ~ 100 ps. A one-
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apparent resonant pressure of 165 mTorr. Thus the corre-
lation between the plasma brightness and the Thomson
scattered power from the RPW [13] and that between the
plasma brightness and the total number of accelerated
electrons, apparent in Fig. 1(b), suggest that the factor
of 2 increase between curves 2 and 3 is due to the presence
of a RPW. From these observations, we can infer that, for
a two-wavelength LP an effective length of the RPW
(integrated over time) is probably !30 mm. We note
that the apparent resonant pressure of 165 mTorr in
Fig. 1(b) is !15% higher than the theoretical resonant
pressure of 143 mTorr calculated for the given pair of CO2
lines [3].

To study its evolution in time, the RPW was probed
collinearly by a 10 ps (FWHM) electron bunch. CO2 laser
pulses and electron bunches were synchronized with a
total uncertainty of 20 ps [13]. By analyzing signals on
SBDs placed at 22 and 27 MeVas a function of the relative
time between the laser pulse and the electron bunch, the
temporal dynamics of the longitudinal electric field of the
RPW (integrated along the electron trajectory) was mea-
sured. The results of these measurements at the resonant
pressure are shown in Fig. 2(a) along with pulse profiles
for both the SP and LP. For the SPs, the signal on the
22 MeV SBD peaked when electrons were injected at the
maximum of the CO2 laser pulse, whereas the 27 MeV
SBD did not show any signal. When the LPs were used,
the number of 22 MeVelectrons increased by a factor of 4
and 27 MeV electrons were detected. However, this en-
hanced acceleration occurs not at the peak of the CO2
laser pulse but after an additional time delay approxi-
mately 250 ps from the start of the pulse, as can be seen in
Fig. 2(a). This time delay is consistent with the !ti.

Numerous accelerated electron spectra when the PBWA
was driven by a SP revealed that the maximum energy
gain Wmax did not exceed 10 MeV (signal observed on the

22 MeV detector). The diameter of the laser beam was
larger than the plasma wavelength of 340 !m. Thus using
the one dimensional formalism for Wmax " 0:96"n0:5e L,
the wave amplitude " can be estimated. For a length L "
10 mm and observed Wmax " 10 MeV, "! 0:1, which is
in good agreement with the value obtained from the
Thomson scattering measurements [15].

The electron spectrum for LPs, as shown in Fig. 2(b),
extended up to 50 MeV. Continuous electron energy spread
was obtained because both transverse and longitudinal
sizes of the e beam were larger than the spot size and the
wavelength of the RPW. The total number of accelerated
electrons in the case of LPs was 3# 106 or $1% of the
injected number of particles. The flatness of the spectrum
from 22 to 50 MeV is believed to be due to the small
observation angle (a f=75 cone). As a result we detected
only electrons with an emittance of about 10 mm mrad,
which is comparable with the emittance of the injected
e beam.

From the experimental data we conclude the following:
The plasma beat wave length-amplitude product is 3.8
times larger for the LPs in comparison with the SPs,
consistent with the observed increase in the effective
length of RPW deduced earlier in connection with
Fig. 1(a) and the energy gain for injected electrons in
Fig. 2(b). Figure 1(a) also shows that for LPs the plasma
length increased downstream from the backfill focus. In
the experiment the apparent resonant pressure in Fig. 1(b)
is too high for resonant excitation of a RPW. Therefore for
the RPW to exist the initial plasma density somewhere
must be depressed. The transverse ponderomotive force of
the laser field can bring the density down to the resonant
density on a hydrodynamic time scale !ti. Note that we
observe the enhancement in the energy gained by injected
electrons in Fig. 2(a) on the same time scale. For LPs only
this ponderomotively induced on-axis density depression
!ne % 15% can guide a laser beam at the backfill focus,
compensate for IID, feed energy to the downstream re-
gion causing further ionization and increase in the RPW
length. Using the channel guiding condition [9], !ne "
&r0!w2

ch'(1, where wch is the radius of a parabolic channel
and r0 is the classical electron radius, we obtain wch "
282 !m that is close to the backfill focus spot size and
therefore the laser beam can be guided. Hence, after the
250-ps delay the plasma density in the channel is close to
optimal for resonant driving of the RPW and channel-
enhanced acceleration of electrons. Since ionization, re-
fraction, channel formation, and excitation of the RPW
are all complex and coupled phenomena, we used the 2D
ponderomotive guiding center PIC code TURBOWAVE [18]
to gain insight into this dynamics.

The SP and LP regimes were analyzed by taking a laser
pulse with an 80-ps rise time and a constant intensity of
4# 1014 W=cm2 lasting for 80 and 320 ps, respectively.
The initial gas pressure was set to be 10% above the
theoretical value of the resonant pressure. Contour plots
of laser intensity and ion density distributions for two

FIG. 2 (color online). (a) Time dependence of the number of
electrons with energy 22 MeV (diamonds) obtained using a
short laser pulse (SP) and 27 MeV (squares) obtained with a
long pulse (LP) and the schematic pulse profiles for a SP (dotted
line) and a LP (dashed line). (b) Combined spectra of electrons
accelerated by a LP driven PBWA recorded using two magnet
settings: the low-energy side (12–27 MeV) at 0.4 T and the
high-energy side (27–50 MeV) at 0.7 T. The black arrows
indicate the saturation of the detector’s amplifier.
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Tochitsky et al. Phys Rev. 
Lett. 92 095004 (2004)

Laser: 200 J, 400 ps (CO2)

Plasma: ne ~ 9 × 1015 cm-3


Injected electrons: 12 MeV
Clayton et al. Phys Rev. Lett. 70 37 (1993)

Rosenbluth and Liu, Phys Rev Lett 29 701 (1972)
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Progress linked to advances in laser technology

Self-modulated LWFA


‣ Long laser pulse modulated by 
plasma


‣ Automatically maintains resonance


‣ W ~ 100 MeV


‣ Very broad-band energy spectra
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!is scheme exploits the fact that two co-propagating laser pulses 
with angular wavenumber and frequencies k1,2 and ω1,2 beat to give 
a modulated laser amplitude of the form cos(1/2(Δkz − Δωt)), where 
Δω = ω2 − ω1 and Δk = k2 − k1. Resonant excitation of a plasma wave 
then occurs when the ponderomotive kicks from the modulated 
intensity pro$le of the pulse add in phase, that is, when Δω = ωp, as 
shown schematically in Fig. 2b.

Beat-wave excitation of plasma waves was $rst demonstrated by 
a group at the University of California, Los Angeles, in 198522. !ey 
used a CO2 laser11 that delivered pulses with an energy of 16 J and of 
a pulse duration of approximately 2 ns, operating simultaneously on 
two rovibrational lines with wavelengths of 9.56 μm and 10.59 μm; 
the frequency di&erence of the two laser lines corresponds to a reso-
nant density of ne = 1.17 × 1017 cm−3. Other groups exploited the small 
di&erence in the operating wavelengths of laser ions doped into dif-
ferent crystal hosts23.

!e acceleration of electrons in a PBWA was $rst unambiguously 
demonstrated by the University of California, Los Angeles, group in 
1993, again using a dual-wavelength CO2 laser24. In that work, 70 J, 
300 ps laser pulses were used to accelerate 2.1-MeV electrons injected 
from a radiofrequency linac to energies up to 9.1 MeV. Later work 
by a group at Brookhaven employed a plasma channel to extend the 
length of the accelerator, allowing electrons to be accelerated up to 
50 MeV (ref. 25).

!e PBWA scheme su&ers from an intrinsic limitation — as the 
amplitude of the plasma wave is increased, the relativistic increase 
in electron mass reduces the plasma frequency; this shi(s the laser 

beat wave out of resonance and leads to saturation of the plasma wave 
amplitude26. !is e&ect, and the onset of instabilities1,23,27, has pre-
vented further progress with this scheme.

Self-modulated LWFA. !ese kinds of di)culties are avoided 
in the self-modulated LWFA (SM-LWFA), which Andreev et al.28 
and Krall et  al.29 $rst investigated theoretically. In this approach, 
an intense laser pulse with a length cτ >> λp is modulated at the 
plasma frequency by the laser–plasma interaction, as shown in 
Fig.  2c. Importantly, the modulation is automatically resonant, 
because it is driven by the local oscillation of the plasma; this 
means that resonance is maintained over the whole driving pulse, 
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Figure 2 | Laser-driven plasma acceleration schemes. The amplitudes of the 
driving laser field and the electron density wave are shown for the cases of 
a, a single driving pulse, known as the ‘laser wakefield accelerator’ (LWFA); 
b, beating of two laser fields with a frequency di!erence equal to the plasma 
frequency, known as the ‘plasma beat-wave accelerator’ (PBWA); c, self-
modulation of a long laser pulse by its interaction with the plasma, known 
as the ‘self-modulated laser wakefield accelerator’ (SM-LWFA). In all three 
cases, the laser pulse propagates in the direction of positive z.

Figure 3 | Self-modulated laser wakefield acceleration. a, Numerical 
simulations of a laser pulse undergoing self-modulation as it propagates 
from z = 2zR to z = 3.2zR, where zR is the Rayleigh range of the input beam. In 
these plots, the laser propagates from left to right. b, Electron energy spectra 
measured in a forward f/100 cone angle at three gas-jet backing pressures for 
20 J, 1 ps laser pulses focused to a vacuum peak intensity of 6 × 1018 W cm−2 

(a0 ≈ 2). The horizontal error bars indicate the range of energies incident on 
each detector as well as taking into account possible positioning errors. The 
vertical error bars reflect the uncertainty in detector sensitivity. The signal-
to-noise ratio is independent of this error. Figure reproduced with permission 
from: a, ref. 29, © 1993 APS; b, ref. 33, © 1998 APS.
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D. Gordon et al. Phys Rev. 
Lett. 80 2133 (1998)

Laser: 20 J, 1 ps

Plasma: ne ~ 2 × 1019 cm-3

of relativistic plasma waves produced (l p ¼ 2pc/q pe) is
between 0.33 and 2 times the laser pulse length (ct ¼ 12 mm),
where qpe ¼ (n ee

2/me 0)
1/2 is the plasma frequency. Over this

range of densities, plasma waves are driven by the ponderomotive
force of the laser, which is proportional to the intensity gradient of
the pulse. The ponderomotive force predominantly pushes elec-
trons forwards (there is also a radial push). Because the ions are
much heavier than the electrons and so do not respond to the
ponderomotive force, the electrons are dragged back towards their
original position by the space charge field. As they overshoot, a
plasma oscillation is formed. As the laser beam moves forward
through the plasma this sets up a plasma wave travelling in its wake
which has a phase velocity equal to the group velocity of the laser
pulse in the plasma20–22. For low laser intensities, this process is most
efficient for pulse lengths where the pulse is shorter than the plasma
wavelength. At higher intensities, nonlinear modification of the
laser pulse by the plasmawave can efficiently drive plasmawaves14,23,
even when this condition is not initially met.
Once established, the plasma wave can then grow until wave-

breaking occurs9,24. This is where, at very large plasma wave
amplitude, the wavemotion becomes so nonlinear that wave energy
is transferred directly into particle energy. Wave-breaking is not
always catastrophic and a proportion of the electrons in the wave
can break from the wave, reducing its amplitude, while maintaining
the wave structure. Thus this population of injected electrons can
continue to interact with the wave and gain further energy.
In our experiment, the electron energy spectrum was measured

using an on-axis magnetic spectrometer. A high-resolution image-
plate detector (Fuji BAS1800II) was used to obtain the electron
spectrum. The electrons were also simultaneously measured using a
lower-resolution array of diodes situated behind the image plate in
order to calibrate the image plate response. This set-up was able to
measure the spectrum over a wide energy range in a single shot.
Electron acceleration was observed over a range of electron

densities. With the plasma density below 7 £ 1018 cm23, no ener-
getic electrons were observed (this corresponds to l p ¼ ct).

Increasing the density produced a sudden change, with the detec-
tion of energetic electrons up to 100MeV. Measurements of the
beam divergence using radiochromic film detectors show that the
full-width at half-maximum (FWHM) of the electron beamwas less
than 58. However, themost interesting aspect of these spectra is that,
in this regime, the electron energy spectra were exceptionally non-
maxwellian. Indeed they generally consisted of one or more narrow
spiky features, each having an energy bandwidth of less than 20%
(see Fig. 2). As the density was increased further, the peak energy of
the electrons was observed to decrease and the spectra began to
assume a broad maxwellian shape, as reported in previous experi-
ments (see Fig. 2).

The difference observed in these spectra can be attributed to the
timing of the injection of electrons into the relativistic plasma wave.
Evidently wave-breaking places the electrons to be accelerated at a
precise phase within the plasma wave. In this way, all the electrons
experience an almost identical acceleration gradient. As the wake-
field is several plasma wavelengths in duration, with its amplitude
decreasing away from the laser pulse, successive plasma periods can
accelerate trapped electron bunches to different energies, producing
the multiple spikes in the spectrum.

With careful control of the plasma density and at a higher laser
power, the monoenergetic structure was even clearer (Fig. 3);
typically, only one very narrow single peak in the spectrum was
observed. In this case it is likely that only the first plasma oscillation
is driven to breaking point. Note that the total number of electrons
in the peak in Fig. 3 is estimated to be about 1.4 £ 108 or ,22 pC,
with a FWHMenergy spread of,3%. Under the same experimental
conditions the spectrum consistently showed narrow energy spread,
but with variation in the energy of the peak. For shots with the
lowest energy spread (,10%) the beam energy varied between 50
and 80MeV. This is almost certainly due to shot-to-shot variations
in the laser parameters.

For these monoenergetic beams to propagate out of the plasma,
the electron bunches cannot be dephased (that is, outrun the
plasma wave), as then they would be decelerated by the front of
the plasma wave. This means that the sum of the length after which
wave-breaking occurs and the dephasing length needs to be greater
than the interaction length. Indeed, the plasma density regime in
which these narrow-energy-spread beams were observed is that
where the dephasing length was longer than the observed inter-

Figure 1 Experimental set-up. The experiment used the high-power titanium:sapphire
laser system at the Rutherford Appleton Laboratory (Astra). The laser pulses

(l ¼ 800 nm, t ¼ 40 fs with energy approximately 0.5 J on target) were focused with an

f/16.7 off-axis parabolic mirror onto the edge of a 2-mm-long supersonic jet of helium gas

to produce peak intensities up to 2.5 £ 1018W cm22. The Astra laser has typical

shot-to-shot reproducibility for high-power lasers, with variations in pulse energy^5%,

pulse length^12% and focal spot size^11%, while the focal spot can move by up to a

spot diameter (,25 mm in this case). The electron density (n e) as a function of backing

pressure on the gas jet was determined by measuring the frequency shift (Dq ¼ q pe,

where q pe is the electron plasma frequency) of satellites generated by forward Raman

scattering in the transmitted laser spectrum5. The plasma density was observed to vary

linearly with backing pressure within the range n e ¼ 3 £ 1018 cm23 2 5 £ 1019 cm23.

Electron spectra are measured using an on-axis magnetic spectrometer. Other

diagnostics used included transverse imaging of the interaction, and radiochromic film

stacks to measure the divergence and total number of accelerated electrons.

Figure 2 Measured electron spectra at various densities. Laser parameters:

E < 350mJ, t < 40 fs, I < 1.5 £ 1018W cm22. Densities (n e, in units of 10
19 cm23):

a, 1.6; b, 1.8; c, 3; and d, 5.
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An aside: Chirped-pulse amplification

‣ CPA has allowed the generation of short (< 50 fs) pulses with reasonable energy


‣ State of art is the BELLA laser at Berkeley:


• E = 40 J


• τ = 40 fs


• P = 1 PW

6

compressor

amplifiers

short

input pulse

stretched

and chirped pulse

amplified

chirped pulse

amplified

short pulse

stretcher



laser pulse

spherical “cavity”

self-injected
electrons

R

Simon Hooker

Bad Honnef Physics School


5th - 10th February 2023

High-intensity ultrafast lasers: The bubble regime

‣ For short, high-intensity pulses ponderomotive 
force expels all electrons from region behind 
laser pulse


‣ Condition a0 > 2 and:

7

c⌧ < w0 ⇡ R ⇡ �p

⇡

p
a0

‣ Approx spherical cavity (“bubble”) of radius R 
formed


‣ Ideal focusing fields (linear in )


‣ Laser pulse relativistically guided over many ZR


‣ Electrons self-injected


‣ Can give near-monoenergetic beams

r

A. Pukhov & J. Meyer-ter-Vehn Appl. Phys. B 74 355 (2002) 

Kostyukov et al., Phys. Plasm. 11 5256 (2004) 

W. Lu, et al., Phys. Rev. Lett. 96 165002 (2006)

W. Lu et al. PRSTAB 10 061301 (2007)
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Dream beams!

8

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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Mangles et al. Nature 431 535 (2004)

E = 0.5 J

τ = 40fs

a0 ≈ 1

ne = 2 × 1019 cm-3

Faure et al. Nature 431 541 (2004)

E = 1 J

τ = 33fs

a0 ≈ 1.2

ne = 6 × 1018 cm-3

Geddes et al. Nature 431 538 (2004)

E = 0.5 J

τ = 55 fs

a0 ≈ 2.3

ne = 2 × 1019 cm-3

high-charge electron beams with small energy spread at high energy,
a unique feature that has not been observed in previous laser plasma
acceleration experiments. To obtain the beam charge, the spec-
trometer phosphor screen has been calibrated against an integrating
current transformer (ICT) and against radionuclide activation
measurements9, both of which are consistent. For the data shown
in Fig. 3, the ^2% energy spread of the peak centred at 86MeV is
essentially limited by the spectrometer resolution, so that the beam
may in fact have narrower energy spread. The divergence of the
bunch at 86MeV was half that of the integrated beam observed on
the phosphor before the magnet, consistent with previous exper-
iments that have shown that higher-energy electrons were more
collimated2. The bunch shows a contrast ratio greater than 10:1
above a broad distribution of charge extending on either side. Space
charge effects should be minimal for this relativistic beam, so
assuming ballistic propagation from a source the size of the laser
spot in the channel (8.5 mm at entrance, 24 mm at exit), an upper
limit for the emittance can be obtained. Femtosecond bunches have
hence been produced25 containing 2 £ 109 electrons with geometric
and normalized r.m.s. emittances e x below 0.05–0.01pmmmrad
and below 1–2pmmmrad r.m.s., respectively. The peak current is
of the order of 10 kAwith emittance comparable to the best state of
the art RF facilities11. Bunches with energy up to 150MeV have been
observed on separate shots (see below).
Two-dimensional simulations using the particle in cell (PIC)

code VORPAL26 with parameters close to the experiment indicate
that the high-quality electron bunches observedmay be formed by a
combination of pulse evolution, beam loading, and dephasing. As
the drive laser pulse propagates through the plasma it self modu-
lates, driving an intense plasmawake that traps electrons. The initial
bunch of trapped electrons induces a secondary wake which inter-
feres with the primary wake, reducing its amplitude27. If the drive
laser pulse energy is just above the threshold for trapping, this beam
loading effect suppresses further injection, creating an electron
bunch isolated in phase space. The trapped electrons are then
accelerated until they outrun (dephase from) the wake, at which
point they are concentrated in phase and energy, forming a high-
quality bunch with low energy spread (Fig. 4). Matching accelerator
length and dephasing length to obtain high-quality bunches with
the parameters (jet length and ZR) of this experiment required
maintaining the intensity of the laser over many ZR using a guiding

channel. This dephasing condition can alternatively be met by a
short plasma at high density (see below) or by using a larger laser
spot size to extend ZR, but these alternatives are less efficient since
high density lowers peak energy while large spot size requires many
times greater laser power. Fluid28 and other PIC29 simulations have
also observed that longer acceleration length results in narrow
energy spread. Only one accelerating period of the plasma wave
contributes to the high-energy beam due to beam loading in these
simulations, so that the bunch length is less than a plasma period; for
the experimental parameters the bunch length is near 10 fs FWHM.

The quality of optical guiding as well as the pointing, quality and
charge of the electron beams at high energy fluctuated from shot to
shot, probably caused by laser pointing jitter that changes the
overlap between the wake drive pulse and the channel formation
pulses (and hence guide quality and incoupling) as well as laser
power fluctuations. Beams with 3 £ 109 electrons have been
observed at similar energies (78 ^ 3MeV FWHM), and electrons
were observed up to the limit of our 558 high-resolution spec-
trometer (92MeV). Using a separate phosphor screen placed after
the magnet at a 58 angle to the beam, we observed bunches at
energies up to 150MeV, but this diagnostic does not allow the fine
resolution required to resolve energy spread. Structure in the energy
spectrum has been seen for electrons with energy as low as 15MeV.
Below 15MeV there is an essentially continuous distribution, and
total beam charge was 1.7 £ 1010 electrons as measured by the ICT,
subtending f/8. Using a bend magnet, the low-energy contribution
can be separated, leaving a high-energy, high-quality beam with a
few times 109 electrons. Consistent control of guiding and electron
injection16,17 in order to stabilize these beams are among the next
challenges for laser accelerators.

To provide a baseline for evaluating the effects of guiding, the
accelerator was operated with the same gas jet and laser but without
the guiding channel. As seen in Fig. 2c and d, the laser pulse
diffracted strongly, limiting the acceleration length. The electron
beam had a total charge of 1.5 £ 1010 electrons, as measured by the
ICT, with divergence near 50mrad FWHM. The electron energy
spectrum is described by a two-temperature Boltzmann distri-
bution characterized by a 2.6MeV temperature below 10MeV and
an 8MeV temperature above 10MeV. Structure in the energy
spectrum did occur occasionally in the tail of the distribution
above 15MeV containing ,2% of the charge, consistent with a
beam accelerated over a short distance and with previous exper-

Figure 3 Single-shot electron beam spectrum and divergence of the channel-guided

accelerator, showing a bunch containing 2 £ 109 electrons in a narrow distribution at

86 ^ 1.8MeV and 3mrad divergence FWHM with contrast .10:1 above background.

This distribution is qualitatively different from the exponential distribution obtained in past

(unchannelled) laser acceleration experiments. The magnetic spectrometer consists of a

slit 82 cm from the gas jet, a bend of 558 in a dipole magnet to provide dispersion, and a

phosphor screen (LANEX Fast backed by an aluminium foil to reject laser light) imaged by

a CCD camera. Single-shot energy range is^15% about a central value selectable from 1

to 80MeV, and resolution is dE/E ¼ ^2%. The vertical beam size is obtained in the

undispersed direction, allowing the simultaneous determination of (vertical) divergence

and energy. Since electron beams observed on the phosphor before the magnet were

typically round in shape, this vertical divergence measurement is representative.

Figure 4 Particle in cell simulations, here displaying the phase space of the electrons,

show an energy distribution similar to that in the experiments. A high-quality electron

bunch is formed when the acceleration length is matched to the dephasing length, and

when the laser strength is such that beam loading is sufficiently strong to turn off injection

after the initial bunch of electrons is loaded. The peak energy observed in the simulations

is 200MeV, close to the experimental result.

letters to nature
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Particle injection

‣ To be injected & trapped, an electron must reach velocity of wake


‣ Several possible methods


• External injection from another accelerator (conventional or plasma)


• Self-injection


• Controlled injection

10
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External injection

‣ Our 1D treatment suggests electrons trapped when

11
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‣ Hence the trapping energy (kinetic energy) is,

‣ Threshold trapping energy decreases for:


• Larger wake amplitudes


• Slower wake velocities

Wenz & Karsch, CERN Accelerator School (2019)
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External injection

‣ Our 1D treatment suggests electrons trapped when
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‣ Threshold trapping energy decreases for:


• Larger wake amplitudes


• Slower wake velocities
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Self-injection in1D 

‣ As  increases separatrix gets closer to fluid orbits


‣ When fluid and separatrix overlap:


• Fluid velocity = phase velocity


• Wave breaks


• Background electrons injected & trapped


‣ Requires large values of  ( i.e.  for ) 


‣ In practice self-injection observed at lower threshold

a0

a0 a0 ≳ 6 ne = 5 × 1018 cm−3

13
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Self-injection in 3D: Transverse injection

‣ Transverse injection in bubble regime:


• Large density spike formed at rear of bubble


• Off-axis electrons pulled into the cavity by radial 
fields, scattered by density spike & trapped


‣ Threshold laser energy for transverse injection given 
by,

14 S.P. D. Mangles et al., Phys. Rev. STAB 15 011302 (2012)
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Pros


‣ Relatively simple to do


Cons


‣ Injected electrons have large transverse momentum  large emittance


‣ Injection can occur at multiple points along accelerator  large energy spread


‣ Injection typically different for each shot  large shot-to-shot jitter 
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Controlled injection

‣ The most interesting (and demanding) applications require generation of high 
quality electron bunches


‣ Requires electrons to be injected and trapped in a controlled way


‣ Many schemes have been devised


• Density down-ramp


• Optical injection


• Ionization injection


• etc..

15
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Down-ramp injection: long ramp

‣ Long density ramp ( )


‣ Phase of plasma wave is,

Lramp > λp

16
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‣ Behind laser pulse , and hence a 
down-ramp causes phase velocity to 
decrease


‣ Velocity decreases with distance behind 
laser

ξ < 0

Bulanov et al., Phys. Rev. E 58 R525 (1988)

Geddes et al. Phys. Rev. Lett. 100 215004 (2008)

Faure et al., Phys. Plas. 17 083107 (2010) 

Gonsalves et al., Nat. Phys. 7 862 (2011)

Disadvantages


‣ Injection at all points on ramp


‣ Injection into several buckets

ne(z) ωp1

ne1

ωp2 < ωp1

ne2

plasma waves "stored"
on down-ramp
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Down-ramp injection: Sharp ramp (“Shock injection”)

‣ Sharp density ramp ( )


• Proposed by Suk et al. in 2001


‣ Sudden change of plasma 
wavelength causes electrons to 
move from open to closed orbit

Lramp ≪ λp

17

Suk et al., Phys Rev. Lett. 86 1011 (2001)

Bratov et al., Phys. Plasm. 15 073111 (2008)

Schmidt et al., PRAB 13 091301 (2010)

Buck et al., Phys. Rev. Lett. 110 185006 (2018)

Region 1

Region 2

Wenz & Karsch, CERN Accelerator School (2019)

Pros


• Simple to implement


Cons


• Only works for some targets, e.g. 
gas jet
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Optical injection

‣ A counter-propagating laser pulse 
can be used to produce localized 
injection


‣ Parallel polarization:


• Stationary beat-wave formed with 
spatial scale 


• Beat-wave stochastically heats 
electrons


• Also inhibits plasma wave (bad for 
trapping)


‣ Crossed-polarization


• Electrons still heated (coupling via 
)


• No suppression of wakefield (helps 
trapping)

λ /2

⃗v × ⃗B

18

Fubiani et al., Phys Rev E 70 016402 (2004)

Faure et al., Nature 444 737 (2006)

Malka et al., N. J. Phys. 11(2009)
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Comparison of shock and colliding pulse injection

19 Wenz et al., Nat. Photon. 13 263 (2019)
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Ionization injection

Concept


‣ Ionize dopant species with drive or 
auxiliary laser pulse


‣ Electrons “born” in wakefield with 
 whilst fluid electrons moving 

backwards


Pros


‣ Easy to implement; widely used


Cons


‣ Injection throughout accelerator  
large energy spread

uz ≈ 0

⇒

20

Rowlands-Rees et al., Phys. Rev. Lett. 100 105005 (2008)

Mcguffey et al. Phys. Rev. Lett. 104 025004 (2010). 

Pollock et al., Phys. Rev. Lett. 107 045001 (2011)

Wenz & Karsch, CERN Accelerator School (2019)
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Ionization injection

Concept


‣ Ionize dopant species with drive or 
auxiliary laser pulse


‣ Electrons “born” in wakefield can be 
trapped


‣ Widely used

21

Rowlands-Rees et al., Phys. Rev. Lett. 100 105005 (2008)

Mcguffey et al. Phys. Rev. Lett. 104 025004 (2010). 

Pollock et al., Phys. Rev. Lett. 107 045001 (2011)

Pollock et al., Phys. Rev. Lett. 107 045001 (2011)

4 mm 4 mm

E ~ 0.5 GeV, ΔE/E ≈ 5 %

Pros


‣ Easy to implement; widely used


Cons


‣ Injection throughout accelerator


‣  large energy spread unless can 
restrict region of ionization
⇒
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1. Defocusing of pump laser

‣ In vacuum, laser would diffract ~ 


‣ Some method of guiding the drive 
laser over tens cm will be needed

zR

23

W0

ZR =
⇡w2

0

�

Example :

w0 = 10µm; � = 1µm

) ZR = 0.3mm
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2. Dephasing

‣ Electrons move from accelerating to 
decelerating phase in the dephasing 
distance


‣ In linear regime:

24

electron laser

v < cv = c
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3. Pump depletion

‣ Laser loses energy to wake (don’t panic — this is 
what we want to do!)


‣ Estimate pump depletion length by comparing 
energy in wake to laser energy

25

‣ For linearly-polarized square pulse:

‣ Using ., this can be writtenEz ≈ a2
0 Ewb
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Gradient refractive index guiding

27

‣ Laser beam will be focused if the refractive 
index decreases with distance from axis
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‣ Plasma channel: transverse variation of 
electron density gives correct refractive 
index profile
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‣ Relativistic self-focusing: transverse 
variation of intensity gives correct 
refractive index profile


‣ Leads to self-focusing for beams above a 
critical power:
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Acceleration by self-guided beams

28

Kneip et al. Phys. Rev. Lett. 103 035002 (2009)

Electrons: 0.8 GeV

Laser: E = 11 J, τ = 55 fs, a0 ≈ 3.9

Plasma: ne = 5.7 × 1018 cm-3

Wang et al. Nat. Comm. 4 1988 (2013)

Electrons: ~ 2 GeV

Laser: E = 100 J, τ = 160 fs

Plasma: ne = 4.8 × 1017 cm-3
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Acceleration by self-guided beams

29

Aniculaesei et al. ArXiv 2207.11492

Electrons: ~ 10 GeV

Laser: E = 135 J, τ = 135 fs

Plasma: ne = 6 × 1017 cm-3 + nanoparticles
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Plasma channels: capillary discharge waveguide

‣ Plasma formed by pulsed discharge


• ~300 A peak


• ~ 200 ns half-period


‣ Plasma channel formed by heat conduction to 
capillary wall.


‣ Channel is fully ionized and stable.

30
D. J. Spence et al. Phys. Rev. E  63 015401(R) (2001)

A. Butler et al. Phys. Rev. Lett. 89 185003 (2002)
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GeV beams!

‣ Used in experiments at LBNL 
to reach GeV milestone for 
first time


‣ 33 mm long capillary

31

‣ Laser-heated variant used to 
generated ~ 8 GeV beams


‣ 200 mm long capillary

W.P. Leemans et al. Nat. Phys. 2 696 (2006)

Gonsalves et al. Phys. Rev. Lett. 122 084801 (2019)
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Why are new waveguides needed?

‣ 10 GeV stages require decrease in plasma 
density from ne ≈ 1018 cm-3 to ne ≈ 1017 
cm-3


‣ Roadmaps require increase in repetition 
rate to kHz range


‣ Capillary discharges:


• Successfully operated at ne ≈ 1017 cm-3 


• frep = 1 kHz demonstrated


• Use of additional laser heater gives 
deeper channels

32

gas

capillary

HVHV

elecrode

25 mm

‣ … but, long-term operation at kHz repetition rates when guiding multi-joule laser pulses will 
be challenging!

A. J. Gonsalves et al. J. Appl. Phys. 119 033302 (2016)

N. A. Bobrova et al. Phys Plasmas 20 020703 (2013)
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All-optical plasma channels

‣ Create & heat column of hot plasma


• ~ 100 ps laser pulse creates and heats 
plasma collisionally


• Expansion into surrounding cold gas / 
plasma drives cylindrical blast wave


• Plasma channel formed within expanding 
shell


‣Free-standing and “indestructible” !

33

x

ne(x)

x

ne(x)

initial, hot
 plasma
column

cold gas
or plasma
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shock

plasma
channel

axicon

Bessel
beam

hot plasma
column

Durfee & Milchberg, Phys. Rev. Lett. 71 2409 (1993)

Volbeyn et al.  Phys. Plasma. 6 2269 (1999)

‣ … but, fast collisional heating requires high 
density


• Limits axial density to ∼ 1018 cm−3
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Hydrodynamic Optical-Field-Ionized (HOFI) plasma channels

‣ Optical field ionization gives:


• Hot electrons & cold ions


• Electron energy controlled by polarization


‣Heating independent of density ⇒ low 

density channels

34

x

vtot(x)

ionized
electron

laser
!eld

S. M. Hooker et al., Advanced Accelerator Conference (2016

R. Shalloo, Ph.D. thesis, University of Oxford (2018).

R.J. Shalloo et al. Phys Rev. Acc. Beam 22 041302 (2019) 

A. Picksley et al. Phys. Rev. E 102 53201 (2020)
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Hydrodynamic Optical-Field-Ionized (HOFI) plasma channels

‣ Optical field ionization gives:


• Hot electrons & cold ions


• Electron energy controlled by polarization


‣Heating independent of density ⇒ low 

density channels
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S. M. Hooker et al., Advanced Accelerator Conference (2016

R. Shalloo, Ph.D. thesis, University of Oxford (2018).

R.J. Shalloo et al. Phys Rev. Acc. Beam 22 041302 (2019) 

A. Picksley et al. Phys. Rev. E 102 53201 (2020)
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HOFI channels: first results

‣ Guided beam injected into channel 
after 1.5 ns


‣ On-Axis Density ~ 6.5 x 1017 cm-3


‣ Demonstration of High Intensity 
Guiding over 14.5 Rayleigh Ranges 
(16 mm)


‣ Guided Intensity > 1017 W cm-2


‣ Consistently 40-60% energy 
throughput

36

z = 16mm

Guiding at 5 Hz (15 mm long channel)

Channel input

Channel exit

z = 16mm

z = 16mm

S. M. Hooker et al., Advanced Accelerator Conference (2016

R. Shalloo, Ph.D. thesis, University of Oxford (2018).

R.J. Shalloo et al. Phys Rev. Acc. Beam 22 041302 (2019) 
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HOFI channels: Guiding over 100 mm

37

Deformable 
Mirror

window blackened

Gemini TA3 laser, 
Rutherford Appleton 
Laboratory 2019

A. Picksley et al. Phys Rev Accel Beam 23 81303 (2020)
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HOFI channels: kHz operation

38
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A. Alejo et al. Phys Rev Acc. Beams 25 011301 (2022)
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Conditioned HOFI (CHOFI) channels
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‣ Transverse interferometry shows additional 
ionization outside initial channel

39

‣ Collar of neutral gas pushed out by 
initial shock


‣ Collar ionized by transverse wings 
of guided / conditioning pulse

Shalloo, Ph.D. thesis, University of Oxford (2018).

Shalloo et al. Phys Rev. Acc. Beam 22 041302 (2019) 

Picksley et al. Phys. Rev. E 102 53201 (2020)

Feder et al., Phys. Rev. Res. 2 043173 (2020)

Shrock et al., Phys Plasm. 29 073101 (2022).
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Conditioned HOFI (CHOFI) channels

‣ Cylindrically symmetric FBPIC simulations using electron & neutral density profiles 
from FLASH simulations


‣ Laser parameters matched to 2018 Astra experiment


‣ Calculated power attenuation length of CHOFI channel is Latt  = 2.5 m!
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R. Shalloo, Ph.D. thesis, University of Oxford (2018).

R.J. Shalloo et al. Phys Rev. Acc. Beam 22 041302 (2019) 

A. Picksley et al. Phys. Rev. E 102 53201 (2020)



2. Beating dephasing
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Can dephasing be overcome?

Longitudinal tapering


‣ Use a longitudinally-varying (“tapered”) 
plasma density


‣ Essentially opposite of down-ramp 
injection: increasing density speeds wake 
up!


“Flying focus”


‣ Use spatio-temporal methods to generate 
a flying focus propagating at vg = c

42

Sprangle et al., Phys Rev E 63 056405 (2001) 
Pukhov & Kostyukov, Phys. Rev. E 77 025401 (2008)

Rittershofer et al., Phys. Plasm. 17 063104 (2010)

Palastro et al., Phys. Rev. Lett. 124 134802 (2020)

Rittershofer et al., Phys. Plasm. 17 063104 (2010)

Palastro et al., Phys. Rev. Lett. 124 134802 (2020)
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Staging

‣ If not, can only increase energy by 
connecting multiple accelerator stages 


‣ Challenges


• Getting rid of spent laser pulse


• Introducing fresh laser pulse


• Transporting electron bunch between 
stages with high efficiency and without 
degrading bunch quality

43

Steinke et al., Nature 530 190 (2016)

Results

Approx 100 MeV energy gain

Capture efficiency ~ 3.5%



Other schemes
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Hybrid

Concept


‣ Self-injection in LWFA generates high-charge, low quality electron bunch


‣ This bunch drives a PWFA stage


‣ Plasma photocathode or shock injection used inject high-quality electron bunch 
into PWFA stage

45

Hidding et al., Phys. Rev. Lett. 104 (2010)

Foerster et al., Phys Rev X 12 041016 (2022)

Hidding et al. Photonics 10 99 (2023)
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pulse train

growing plasma wave

identical electric fields

Multi-pulse LWFA

Only 4 laser pulses 
shown. In reality would 
use several 10s of 
pulses

Multi-pulse laser wakefield acceleration

‣ Drive wakefield with train of low-energy 
laser pulses


‣ Resonant excitation if pulse spacing 
matched to plasma period


• Not a new idea - many theory papers 
published in 1990s


• Similar efforts underway for PWFAs


‣ Could open LWFAs to novel & efficient 
laser technologies capable of high-rep-rate 
operation

46 S.M. Hooker et al. J. Phys. B 47 234003 (2013)
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MP-LWFA: Proof-of-principle demonstration

‣ Expts with Astra TA2 laser at RAL


‣ Astra delivers single 500 mJ, 40 fs 
Ti:sapphire pulses


‣ Converted single pulses into train of N = 1 - 
7 pulses


‣ Wakefield measured by frequency-domain 
holography & TESS

47

Gas cell target

EL: 	 160 - 270 mJ

w0: 	 (35 ± 5) µm

Lcell:	3 mm

J. Cowley et al. Phys. Rev. Lett. 119 044802 (2017)
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MP-LWFA: Proof-of-principle demonstration

48
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‣ Resonant excitation 
observed


‣ First step to energy 
recovery!


• Out of phase trailing 
pulse reduces wake 
amplitude by (44 ± 8)%

J. Cowley et al. Phys. Rev. Lett. 119 044802 (2017)
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P-MoPA: Plasma-modulated plasma accelerator

‣ Three-step scheme for MP-LWFA with single driving laser:


• Modulate spectrum of long, high-energy drive pulse with weak wake driven by 
short, low-energy seed pulse


• Convert temporal modulation to temporal modulation


• Resonantly drive strong wakefield in accelerator stage 

49 O. Jakobsson et al. Phys. Rev. Lett. 127 184801 (2021)
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P-MoPA: Plasma-modulated plasma accelerator

50

‣ In temporal domain red ( ) and 
blue ( ) sidebands form pair of 
pulse trains separated by 


‣ Adding correct GDD aligns the two 
trains to form single train of pulses 
separated by 

m < 0
m > 0

Tp0/2

Tp0

O. Jakobsson et al. Phys. Rev. Lett. 127 184801 (2021)

‣ PIC simulations show 1.7 J, 1 ps 
driver could generate 0.65 GeV 
electrons


‣ 1 J, 1 ps, 1 kHz thin-disk lasers 
already available


‣ Opens new route to GeV-scale, 
kHz-rep-rate plasma accelerators



Challenges …



… or, don’t worry, there is 
plenty left to do!
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Some challenges
Laser driven plasma accelerators can “routinely” generate GeV-scale electron beams


BUT! There are many unsolved problems. Here are some of them:


‣ Bunch quality


• The most demanding (and interesting) applications require very high bunch quality 
(low energy spread, low transverse emittance, high 6D brightness…)


‣ Repetition rate


• Most LWFAs operate at < 10 Hz, but many applications require operation at kHz 
repetition rates and beyond


‣ Shot-to-shot jitter & reliability


• Just imagine trying to keep a lot of users happy…


‣ Positrons!


• A future e+-e- collider will also need high-quality positron beams.


• Not straightforward, and little work to date


‣ Efficiency


• A particle collider would need to be 100 - 1000 x more efficient than achieved to 
date

53


