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Motivation

‣ “Conventional” accelerators are widely used 
in science and medicine 

• Acceleration gradient limited by electrical 
breakdown to < 100 MV / m 

• To a significant degree, this sets the size 
(& cost) of the machine

Diamond 
Length: 150 m 
Energy: 3 GeV 
Cost: £370M

CERN LHC 
Length: 27 km 
Energy: 7 TeV 
Cost: £2G

EU XFEL 
accelerator
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Original concept

‣ Pioneering paper by Tajima & Dawson in 1979 

‣ First to suggest laser-driven plasma wakefield for accelerating charged particles 

‣ Predicted acceleration gradients 1000 times higher than radio-frequency machines



Key concepts
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The plasma frequency

‣ Natural frequency for collective oscillations of 
plasma 

‣ Derived by considering 3 equations (exercise 
for student!):

~J = �nee~v Current density

r⇥ ~B = µ0
~J + µ0✏0

@ ~E

@t
⇡ 0 Maxwell equation

me
d~v

dt
= �e ~E Equation of motion

‣ Combining these gives,

where !p =

✓
nee2

me✏0

◆1/2

d2 ~J

dt2
= � nee2

me✏0
~J = �!2

p
~J



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

The basic idea

‣ Ponderomotive force of an intense laser pulse 
expels electrons from the region of the pulse to 
form a trailing plasma wakefield (a Langmuir 
wave).
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The basic idea

‣ Ponderomotive force of an intense laser pulse 
expels electrons from the region of the pulse to 
form a trailing plasma wakefield (a Langmuir 
wave). 

‣ The wakefield moves at speed of laser pulse (close 
to speed of light) 

‣ Electric fields within wakefield can accelerate 
charged particles
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The basic idea

‣ Ponderomotive force of an intense laser pulse 
expels electrons from the region of the pulse to 
form a trailing plasma wakefield (a Langmuir 
wave). 

‣ The wakefield moves at speed of laser pulse (close 
to speed of light) 

‣ Electric fields within wakefield can accelerate 
charged particles

Important things I will not talk about: 

‣ Plasma accelerators driven by particle beams 
(“beam-driven” or “plasma wakefield 
accelerator”) 

‣ Ion acceleration: acceleration of protons, 
positive ions etc by fields generated in laser-
solid interactions
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Motion of free electron in laser field  I
E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009) 

P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”
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Motion of free electron in laser field  I

Eqn of motion of electron in field:

E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009) 
P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”
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Motion of free electron in laser field  II
E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009) 

P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”
E

B t

electron

d~p

dt
= �e

h
~E + ~v ⇥ ~B

i

~E = �@ ~A

@t
~B = r⇥ ~A

More correctly….
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Motion of free electron in laser field  II

Can write eqn of motion of electron in field as:

E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009) 
P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”

E

B t

electron

d~p

dt
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i
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Hence define normalized vector potential as

~a =
e ~A

mc

More correctly….
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Motion of free electron in laser field  II

Can write eqn of motion of electron in field as:

E. Esarey et al. Rev. Mod. Phys. 81 1229 (2009) 
P. Gibbon, “Short Pulse Laser Interactions with Matter: An Introduction”
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For linear poln:
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Electron motion relativistic when a0 ≈ 1

More correctly….
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Ponderomotive force

“There are few topics in laser-plasma interactions that have caused such persistent 
argument as the curiously named ponderomotive force.” 

Paul Gibbon, Chapter 3 of “Short-pulse laser interactions with matter,” Imperial 
College Press
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Ponderomotive force

‣ In essence it is simply the cycle-
averaged force experienced by a 
charged particle in a non-uniform 
EM field 

‣ A non-relativistic expression is,

“There are few topics in laser-plasma interactions that have caused such persistent 
argument as the curiously named ponderomotive force.” 

Paul Gibbon, Chapter 3 of “Short-pulse laser interactions with matter,” Imperial 
College Press

FPFP

~Fp = � e2

4me!2
rE2

0 = �rUp
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Estimate of size of accelerating fields

‣ Consider 1 D plasma wave: ne = n0 +�ne sin(kpz � !pt)

‣ From Maxwell: r · ~D = ⇢

) @Dz

@z
= (n0 � ne)e = ��nee sin(kpz � !pt)

‣ Integrating gives: Ez =

�ne

n0

me!pc

e
cos(kpz � !pt)

‣ So max possible field is 
the wave-breaking field: Ewb =

me!pc

e
!p =

s
nee2

me✏0
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The basic idea

‣ Laser & plasma wave propagate at group velocity 
of laser 

‣ Plasma oscillates at plasma frequency ωp 

‣ Wake amplitude greatest when ωpτ ≈ 1 

‣ Electric fields up to order of wave-breaking field,

Ewb =
me!pc

e
!p =

s
nee2

me✏0

Comment
Laser intensity 1018 W cm-2 1 J, 50 fs, 25 µm
Plasma density 1018 cm-3 i.e. 100 mbar
Accel. field 100 GV m-1 103 to 104 > RF machine
Plasma period 100 fs Need short laser pulses, get short electron bunches 

bunches!Plasma wavelength 30  µm
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Linear & nonlinear wakefields

‣ Linear regime 

• Occurs when a ≪ 1 

• Sinusoidal wakefield 

• Wavelength λp 

• δn / n0 ≪ 1 

• Eacc ≪ Ewb 

‣ Nonlinear regime 

• Occurs when a ≫ 1 

• “Sawtooth” wakefield 

• Wavelength > λp 

• δn / n0 ≈ 1 

• Eacc ≈ Ewb
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Linear & nonlinear wakefields

‣ Linear regime 

• Occurs when a ≪ 1 

• Sinusoidal wakefield 

• Wavelength λp 

• δn / n0 ≪ 1 

• Eacc ≪ Ewb 

‣ Nonlinear regime 

• Occurs when a ≫ 1 

• “Sawtooth” wakefield 

• Wavelength > λp 

• δn / n0 ≈ 1 

• Eacc ≈ Ewb



Further considerations
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Diffraction of drive pulse

W0

ZR =

⇡w2
0

�

Example :

w0 = 10µm; � = 1µm

) ZR = 0.3mm

‣ In absence of other effects, driving laser pulse will diffract in distance of order the 
Rayleigh range
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Dephasing & pump depletion

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

‣ Driving laser loses energy in the pump depletion length

electron laser

v < cv = c

Linear Nonlinear

Ld =

1

2

�3
p

�2
0

Ld =

p
2a0
⇡

�3
p

�2
0

Lpd =

2

a20

�3
p

�2
0

Lpd =

p
2a0
⇡

�3
p

�2
0

Ld ⌧ Lpd Ld ⇡ Lpd
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Dephasing & pump depletion

electron laser

v < cv = c

‣ Accelerated electrons can come from external 
source or background plasma 

‣ To be trapped & accelerated an electron needs v > vp 
i.e. there is a threshold momentum 

‣ Linear regime: 

• Background electrons cannot be trapped 

• Requires “external” injection 

‣ Nonlinear regime 

• Background electrons can be trapped (“self-
trapping”)



Brief review of progress in 
plasma accelerators
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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

driving laser
pulse

plasma
wakefield

zam
pl

itu
de

VOLUME 70, NUMBER 1 PH YSICAL REVIEW LETTERS 4 JANUARY 1993

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.

P H Y S I C A L R E V I E W L E T T E R S week ending
5 MARCH 2004VOLUME 92, NUMBER 9

095004-3 095004-3

C.E. Clayton et al. Phys 
Rev. Lett. 70 37 (1993)

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
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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
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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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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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This 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 profile of the pulse add in phase, that is, when Δω = ωp, as 
shown schematically in Fig. 2b.

Beat-wave excitation of plasma waves was first demonstrated by 
a group at the University of California, Los Angeles, in 198522. They 
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 difference of the two laser lines corresponds to a reso-
nant density of ne = 1.17 × 1017 cm−3. Other groups exploited the small 
difference in the operating wavelengths of laser ions doped into dif-
ferent crystal hosts23.

The acceleration of electrons in a PBWA was first 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).

The PBWA scheme suffers from an intrinsic limitation — as the 
amplitude of the plasma wave is increased, the relativistic increase 
in electron mass reduces the plasma frequency; this shifts the laser 

beat wave out of resonance and leads to saturation of the plasma wave 
amplitude26. This effect, and the onset of instabilities1,23,27, has pre-
vented further progress with this scheme.

Self-modulated LWFA. These kinds of difficulties are avoided 
in the self-modulated LWFA (SM-LWFA), which Andreev et al.28 
and Krall et  al.29 first 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 difference 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
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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:

c⌧ < w0 ⇡ R ⇡ �p

⇡

p
a0

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

‣ Laser pulse relativistically guided over 
many ZR 

‣ Electrons self-injected 

‣ Can give near-monoenergetic beams

A. Pukhov & J. Meyer-ter-Vehn Appl. Phys. B 74 355 (2002)  
W. Lu et al. Phys. Rev. STAB 10 061301 (2007)



laser pulse

spherical “cavity”

self-injected
electrons

R

Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

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:

c⌧ < w0 ⇡ R ⇡ �p

⇡

p
a0

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

‣ Laser pulse relativistically guided over 
many ZR 

‣ Electrons self-injected 

‣ Can give near-monoenergetic beams

A. Pukhov & J. Meyer-ter-Vehn Appl. Phys. B 74 355 (2002)  
W. Lu et al. Phys. Rev. STAB 10 061301 (2007)



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Dream beams!

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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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.
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Scaling to higher energies

‣ Increasing energy by factor 10 requires factor 10 decrease in density and factor 30 
increase in Lacc 

‣ Hence Lacc increases from mm to cm 

‣ Must overcome diffraction of drive pulse….
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Gradient refractive index guiding

‣ Laser beam will be focused if the refractive 
index decreases with distance from axis
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Gradient refractive index guiding

‣ Laser beam will be focused if the refractive 
index decreases with distance from axis
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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:

Pc = 17.4
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Gradient refractive index guiding

‣ Laser beam will be focused if the refractive 
index decreases with distance from axis
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Gradient refractive index guiding

‣ Laser beam will be focused if the refractive 
index decreases with distance from axis

x

ne(x)
⌘ =

r
1�

⇣!p

!

⌘2

⇡ 1� 1

2

ne(r)e2

�me✏0!2

‣ Plasma channel: transverse variation of 
electron density gives correct refractive 
index profile
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refractive index profile 
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Gas-filled 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

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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Gas-filled capillary discharge waveguide

gas

capillary

HVHV

elecrode

25 mm

Evolution of plasma channel 
during discharge pulse

D. J. Spence et al. Phys. Rev. E  63 015401(R) (2001) 
A. Butler et al. Phys. Rev. Lett. 89 185003 (2002)

‣ 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.
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Gas-filled capillary discharge waveguide

gas

capillary

HVHV

elecrode

25 mm

Evolution of plasma channel 
during discharge pulse

D. J. Spence et al. Phys. Rev. E  63 015401(R) (2001) 
A. Butler et al. Phys. Rev. Lett. 89 185003 (2002)

‣ 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.
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GeV beams!

‣ This waveguide was used to reach GeV 
milestone for first time 

‣ 33 mm long capillary

Leemans et al. Nat. Phys. 2 696 (2006) 
E = 1.6 J, τ = 40 fs, a0 ≈ 1.3, ne = 4.3 × 1018 cm-3
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Figure 1 Schematic diagram of the capillary-guided laser-wakefield
accelerator. The plasma channel was formed in a hydrogen-filled capillary
discharge waveguide (see inset). Hydrogen gas was introduced into the capillary
waveguide using two gas slots in the 225µm capillary and three in the 310µm
capillary. A discharge was struck between two electrodes located at each end of the
waveguide, using a high-voltage pulser. The pulser used a 2.7 nF capacitor charged
to 20 kV. The laser beam was focused onto the entrance of the capillary using an
f/25 off-axis parabola (OAP). The guiding efficiency was measured using a pair of
optical diodes (diode 1 and 2) that monitored the amount of laser energy at the
entrance and exit of the capillary. The laser beam exiting the capillary was
monitored on a 12-bit charge-coupled device camera (20µm resolution), after
having been attenuated with a pair of reflective wedges and optical attenuators. The
e-beam was analysed using an integrating current transformer (ICT) and a 1.2 T
broadband magnetic spectrometer (energy range of 0.03–0.15 and 0.175–1.1 GeV
in a single shot). The e-beam was deflected downwards (into the page) and detected
using phosphor screens imaged onto four synchronously triggered charge-coupled
device cameras (not shown).

laser system (l = 810 nm) delivering pulses as short as 40 fs
full-width at half-maximum with up to 40 TW peak power
(Fig. 1). These pulses were focused by a 2 m focal length off-
axis parabola (f /25) to rs = 25 µm at the capillary entrance. The
capillaries8 were laser-machined into 33-mm-long sapphire blocks
with diameters ranging from 190 µm to 310 µm. Hydrogen gas,
introduced through holes near the capillary ends, was ionized
by striking a discharge between electrodes at the capillary ends.
Measurements8 and modelling19,20 showed that a fully ionized,
approximately parabolic channel is formed. Previous experiments9

demonstrated channelling of non-relativistically intense laser
pulses with I <∼ 1017 W cm−2 in 30–50-mm-long capillaries, which
did not generate e-beams.

Guiding was optimized by adjusting the initial gas density
and the delay between onset of the discharge current and arrival
of the laser pulse (see Fig. 2a). Channel transmission correlated
with discharge current (Fig. 2a) and, for low power (<5 TW),
transmission was above 90% for densities ranging from 1.0 to
4.0 × 1018 cm−3 in a ∼100 ns timing window. Figure 2b,c shows
laser beam profiles at the waveguide entrance and exit for 40 TW
laser pulses with an input intensity ∼1018 W cm−2 and a plasma
density of ≃2.7 × 1018 cm−3. This intensity is sufficiently high for
large-amplitude wake generation, self-trapping and high-gradient
electron acceleration as observed in the experiment (see below).
The guiding performance was highly sensitive to input-beam
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Figure 2 Capillary transmission at 5 TW peak input power versus time of arrival
of the laser pulse after the onset of the discharge, and mode profiles of the
input and output laser beam at 40 TW peak power. a, The discharge current (solid
line, right axis) and laser pulse energy transmission (circles, left axis) versus arrival
time of the laser at the capillary for laser pulses <5 TW. The dotted curve is the
average transmission. b,c, The transverse spatial profiles of laser pulses with an
input peak power of 40 TW at the entrance (b) and exit (c) of the 3.3-cm-long
gas-filled capillary discharge waveguide (diameter = 190µm). The blue (red) curve
is the horizontal (vertical) lineout. The horizontal and vertical spot sizes at the
entrance were rsx = 25µm and rsy = 27µm, respectively, and rsx = 31µm and
rsy = 34µm at the exit. The plasma density was ≃3.2×1018 cm−3. The 20%
increase in spot size at the exit may be caused by imperfect mode matching. The
energy transmission at this laser power was about 65%. Combined with the
increase in laser spot size this results in a decrease in laser peak fluence from
1.3×105 J cm−2 to 0.5×105 J cm−2. Assuming that the laser pulse duration
remains constant between the entrance and exit of the capillary, the peak intensity
of the laser was reduced from 3 to 1.2×1018 W cm−2.

alignment, with 15 µm displacement away from the optimum
location (based on the quality of the guided beam) resulting in
transmission drops of the order of 20%. Note that without a
preformed plasma channel (laser injected ahead of discharge),
transmission was below 5% and bulk damage was sustained to
the capillary channel walls, indicating that self-ionization and
relativistic self-focusing could not be relied on for guiding, as
expected from short-pulse propagation theory16.

Electron bunch energy was measured by a 1.2 T single-
shot magnetic spectrometer that deflected the electrons vertically
downwards onto a 1.2-m-long phosphor screen, covering energies
from 0.03 GeV to 1.1 GeV. E-beam divergence and energy
spread were calculated from the data assuming a symmetric
e-beam profile, and by using the imaging properties of the
spectrometer, obtained from magnetic field maps and a second-
order electron transport model21. Divergence was determined from
the e-beam size in the horizontal plane, taking into account the
transverse defocusing properties of the magnet. Energy spread
was calculated by deconvolving the effect of finite divergence
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Figure 1 Schematic diagram of the capillary-guided laser-wakefield
accelerator. The plasma channel was formed in a hydrogen-filled capillary
discharge waveguide (see inset). Hydrogen gas was introduced into the capillary
waveguide using two gas slots in the 225µm capillary and three in the 310µm
capillary. A discharge was struck between two electrodes located at each end of the
waveguide, using a high-voltage pulser. The pulser used a 2.7 nF capacitor charged
to 20 kV. The laser beam was focused onto the entrance of the capillary using an
f/25 off-axis parabola (OAP). The guiding efficiency was measured using a pair of
optical diodes (diode 1 and 2) that monitored the amount of laser energy at the
entrance and exit of the capillary. The laser beam exiting the capillary was
monitored on a 12-bit charge-coupled device camera (20µm resolution), after
having been attenuated with a pair of reflective wedges and optical attenuators. The
e-beam was analysed using an integrating current transformer (ICT) and a 1.2 T
broadband magnetic spectrometer (energy range of 0.03–0.15 and 0.175–1.1 GeV
in a single shot). The e-beam was deflected downwards (into the page) and detected
using phosphor screens imaged onto four synchronously triggered charge-coupled
device cameras (not shown).

laser system (l = 810 nm) delivering pulses as short as 40 fs
full-width at half-maximum with up to 40 TW peak power
(Fig. 1). These pulses were focused by a 2 m focal length off-
axis parabola (f /25) to rs = 25 µm at the capillary entrance. The
capillaries8 were laser-machined into 33-mm-long sapphire blocks
with diameters ranging from 190 µm to 310 µm. Hydrogen gas,
introduced through holes near the capillary ends, was ionized
by striking a discharge between electrodes at the capillary ends.
Measurements8 and modelling19,20 showed that a fully ionized,
approximately parabolic channel is formed. Previous experiments9

demonstrated channelling of non-relativistically intense laser
pulses with I <∼ 1017 W cm−2 in 30–50-mm-long capillaries, which
did not generate e-beams.

Guiding was optimized by adjusting the initial gas density
and the delay between onset of the discharge current and arrival
of the laser pulse (see Fig. 2a). Channel transmission correlated
with discharge current (Fig. 2a) and, for low power (<5 TW),
transmission was above 90% for densities ranging from 1.0 to
4.0 × 1018 cm−3 in a ∼100 ns timing window. Figure 2b,c shows
laser beam profiles at the waveguide entrance and exit for 40 TW
laser pulses with an input intensity ∼1018 W cm−2 and a plasma
density of ≃2.7 × 1018 cm−3. This intensity is sufficiently high for
large-amplitude wake generation, self-trapping and high-gradient
electron acceleration as observed in the experiment (see below).
The guiding performance was highly sensitive to input-beam
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Figure 2 Capillary transmission at 5 TW peak input power versus time of arrival
of the laser pulse after the onset of the discharge, and mode profiles of the
input and output laser beam at 40 TW peak power. a, The discharge current (solid
line, right axis) and laser pulse energy transmission (circles, left axis) versus arrival
time of the laser at the capillary for laser pulses <5 TW. The dotted curve is the
average transmission. b,c, The transverse spatial profiles of laser pulses with an
input peak power of 40 TW at the entrance (b) and exit (c) of the 3.3-cm-long
gas-filled capillary discharge waveguide (diameter = 190µm). The blue (red) curve
is the horizontal (vertical) lineout. The horizontal and vertical spot sizes at the
entrance were rsx = 25µm and rsy = 27µm, respectively, and rsx = 31µm and
rsy = 34µm at the exit. The plasma density was ≃3.2×1018 cm−3. The 20%
increase in spot size at the exit may be caused by imperfect mode matching. The
energy transmission at this laser power was about 65%. Combined with the
increase in laser spot size this results in a decrease in laser peak fluence from
1.3×105 J cm−2 to 0.5×105 J cm−2. Assuming that the laser pulse duration
remains constant between the entrance and exit of the capillary, the peak intensity
of the laser was reduced from 3 to 1.2×1018 W cm−2.

alignment, with 15 µm displacement away from the optimum
location (based on the quality of the guided beam) resulting in
transmission drops of the order of 20%. Note that without a
preformed plasma channel (laser injected ahead of discharge),
transmission was below 5% and bulk damage was sustained to
the capillary channel walls, indicating that self-ionization and
relativistic self-focusing could not be relied on for guiding, as
expected from short-pulse propagation theory16.

Electron bunch energy was measured by a 1.2 T single-
shot magnetic spectrometer that deflected the electrons vertically
downwards onto a 1.2-m-long phosphor screen, covering energies
from 0.03 GeV to 1.1 GeV. E-beam divergence and energy
spread were calculated from the data assuming a symmetric
e-beam profile, and by using the imaging properties of the
spectrometer, obtained from magnetic field maps and a second-
order electron transport model21. Divergence was determined from
the e-beam size in the horizontal plane, taking into account the
transverse defocusing properties of the magnet. Energy spread
was calculated by deconvolving the effect of finite divergence
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GeV beams!

Kneip et al. Phys. Rev. Lett. 103 035002 (2009) 
E = 11 J, τ = 55 fs, a0 ≈ 3.9, ne = 5.7 × 1018 cm-3

‣ Also reached by self-guiding in gas jets and gas cells

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 & 1019 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 & 1018 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 & 1018 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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by ionizing K-shell electrons of a high-Z dopant gas species20,21,6.
On the other hand, when this divergence is scaled to sub-GeV
electron energy, it signifies transverse electron momentum similar
to that obtained in the lowest-divergence sub-GeV beams from
uniform undoped gas targets (for example, 2.1±0.5 mrad
FWHM at 200 MeV18). Analysis of the shape of the fiducial
shadows shows that divergence in the horizontal (that is, energy

dispersion) plane is similar in magnitude, facilitating accurate
energy analysis. In fact, the quasi-monoenergetic peaks in
Fig. 2a,b subtend a horizontal (h) angular width (FWHM)
yðhÞe # 1 mrad, only slightly larger than the vertical width. Thus,
although the nominal width of the vertically integrated dN/dE
peaks shown in the fourth column of Fig. 2a,b corresponds to
8–10% energy spread (FWHM), as indicated by the first number
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Figure 2 | Electron spectra and betatron X-ray profiles for three shots from the accelerator. First column: sub-GeV electron spectra recorded on IPLE;
second column: GeV electron spectra recorded on IPHS; third column: detail of high-energy tails; fourth column: vertically integrated spectra around each
high-energy peak; fifth column: betatron X-ray angular distribution recorded on IPHS. (a) Results for shot yielding
quasi-monoenergetic peak at 2.0 GeV, with ne¼4.8% 1017 cm& 3, obtained from raw data shown in Fig. 1e. Results for (b) ne¼ 3.4% 1017 cm& 3, yielding
peak at 1.8 GeV, and (c) ne¼ 2.1% 1017 cm& 3, yielding peak at 0.95 GeV. Table 1 lists complete laser-plasma conditions and e-beam properties for each
shot. Fiducial wire shadows are labelled as in Fig. 1b. On each vertical scale, ‘0 mrad’ denotes the average vertical position of a 30-shot sequence
of GeV electrons. In the fourth column, vertical error bars represent the average uncertainty in the calibration of each of IPHS, high-resolution IP (IPHR) and
LANEX as charge monitors (±10%); horizontal error bars represent 2s uncertainty in the peak position, derived from the uncertainty in fitting the
calculated trajectories of electrons near 2 GeV to the observed positions of fiducial shadows on IPHS for each shot. This uncertainty originates in turn from
the combined uncertainty in fiducial wire positions (±25mm transversely, ±2 mm longitudinally), fiducial shadow positions (±1/2 pixel, or ±50mm),
electron source position (determined by X-ray triangulation) relative to magnet and detector (±75mm transversely, ±1 cm longitudinally) and magnetic
field (±1%).

Table 1 | Properties of and conditions for producing GeV e-beams.

Shot*
Epeak

(GeV)
% Energy spread

(FWHM) of peakw
Angular divergence

(FWHM)z at peak (mrad)
Charge in

peaky (pC)

Total
chargey

(pC)
Plasma density||

ne (1017cm& 3)

Laser pulse
energyz

Elaser (J)

Pulse
duration**

s (fs)

a 2.0±0.1 10 (6) 0.6±0.1 63±8 540±60 4.8±0.1 100±5 160±10
b 1.8±0.1 8 (5) 0.5±0.1 34±5 400±50 3.4±0.1 120±6 150±10
c 0.95±0.1 11ww (7) 0.5±0.1 13±2 100±20 2.1±0.1 129±6 160±10

FWHM, full width at half maximum.
*This table displays characteristics for the GeV electron beams shown in Fig. 2.
wFirst number denotes FWHM of the spectral peaks in Fig. 2, column 4. Number in parentheses is a calculated spread after unfolding the contribution to the peak width originating from the angular
divergence of the electrons in the energy dispersion plane, assumed equal to the divergence orthogonal to this plane given in column 4 of this Table.
zError bars are due to pixelation of the angular divergence profiles and energy-dependence of the width within the high-energy peaks.
yDetermined from imaging plate data. Error bars reflect uncertainties in charge calibration as described in Methods.
||Error bars reflect uncertainty in the calibration of the pressure sensor.
zError bars reflect uncertainties in the percentage of light leaked to the energy metre and in the calibration of the meter itself.
**Measured by single-shot autocorrelation. Error bars reflect variations in the width of the autocorrelation trace across the spatial profile of the pulse, and uncertainties in the temporal pulse shape
assumed in deconvolving the autocorrelation trace.
wwComputed by doubling the half-width of the high-energy side of the peak.
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GeV beams!

Kneip et al. Phys. Rev. Lett. 103 035002 (2009) 
E = 11 J, τ = 55 fs, a0 ≈ 3.9, ne = 5.7 × 1018 cm-3

‣ Also reached by self-guiding in gas jets and gas cells

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 & 1019 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 & 1018 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 & 1018 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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by ionizing K-shell electrons of a high-Z dopant gas species20,21,6.
On the other hand, when this divergence is scaled to sub-GeV
electron energy, it signifies transverse electron momentum similar
to that obtained in the lowest-divergence sub-GeV beams from
uniform undoped gas targets (for example, 2.1±0.5 mrad
FWHM at 200 MeV18). Analysis of the shape of the fiducial
shadows shows that divergence in the horizontal (that is, energy

dispersion) plane is similar in magnitude, facilitating accurate
energy analysis. In fact, the quasi-monoenergetic peaks in
Fig. 2a,b subtend a horizontal (h) angular width (FWHM)
yðhÞe # 1 mrad, only slightly larger than the vertical width. Thus,
although the nominal width of the vertically integrated dN/dE
peaks shown in the fourth column of Fig. 2a,b corresponds to
8–10% energy spread (FWHM), as indicated by the first number
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Figure 2 | Electron spectra and betatron X-ray profiles for three shots from the accelerator. First column: sub-GeV electron spectra recorded on IPLE;
second column: GeV electron spectra recorded on IPHS; third column: detail of high-energy tails; fourth column: vertically integrated spectra around each
high-energy peak; fifth column: betatron X-ray angular distribution recorded on IPHS. (a) Results for shot yielding
quasi-monoenergetic peak at 2.0 GeV, with ne¼4.8% 1017 cm& 3, obtained from raw data shown in Fig. 1e. Results for (b) ne¼ 3.4% 1017 cm& 3, yielding
peak at 1.8 GeV, and (c) ne¼ 2.1% 1017 cm& 3, yielding peak at 0.95 GeV. Table 1 lists complete laser-plasma conditions and e-beam properties for each
shot. Fiducial wire shadows are labelled as in Fig. 1b. On each vertical scale, ‘0 mrad’ denotes the average vertical position of a 30-shot sequence
of GeV electrons. In the fourth column, vertical error bars represent the average uncertainty in the calibration of each of IPHS, high-resolution IP (IPHR) and
LANEX as charge monitors (±10%); horizontal error bars represent 2s uncertainty in the peak position, derived from the uncertainty in fitting the
calculated trajectories of electrons near 2 GeV to the observed positions of fiducial shadows on IPHS for each shot. This uncertainty originates in turn from
the combined uncertainty in fiducial wire positions (±25mm transversely, ±2 mm longitudinally), fiducial shadow positions (±1/2 pixel, or ±50mm),
electron source position (determined by X-ray triangulation) relative to magnet and detector (±75mm transversely, ±1 cm longitudinally) and magnetic
field (±1%).

Table 1 | Properties of and conditions for producing GeV e-beams.

Shot*
Epeak

(GeV)
% Energy spread

(FWHM) of peakw
Angular divergence

(FWHM)z at peak (mrad)
Charge in

peaky (pC)

Total
chargey

(pC)
Plasma density||

ne (1017cm& 3)

Laser pulse
energyz

Elaser (J)

Pulse
duration**

s (fs)

a 2.0±0.1 10 (6) 0.6±0.1 63±8 540±60 4.8±0.1 100±5 160±10
b 1.8±0.1 8 (5) 0.5±0.1 34±5 400±50 3.4±0.1 120±6 150±10
c 0.95±0.1 11ww (7) 0.5±0.1 13±2 100±20 2.1±0.1 129±6 160±10

FWHM, full width at half maximum.
*This table displays characteristics for the GeV electron beams shown in Fig. 2.
wFirst number denotes FWHM of the spectral peaks in Fig. 2, column 4. Number in parentheses is a calculated spread after unfolding the contribution to the peak width originating from the angular
divergence of the electrons in the energy dispersion plane, assumed equal to the divergence orthogonal to this plane given in column 4 of this Table.
zError bars are due to pixelation of the angular divergence profiles and energy-dependence of the width within the high-energy peaks.
yDetermined from imaging plate data. Error bars reflect uncertainties in charge calibration as described in Methods.
||Error bars reflect uncertainty in the calibration of the pressure sensor.
zError bars reflect uncertainties in the percentage of light leaked to the energy metre and in the calibration of the meter itself.
**Measured by single-shot autocorrelation. Error bars reflect variations in the width of the autocorrelation trace across the spatial profile of the pulse, and uncertainties in the temporal pulse shape
assumed in deconvolving the autocorrelation trace.
wwComputed by doubling the half-width of the high-energy side of the peak.
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‣ Results in waveguide recently extended to 4.2 GeV

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.

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

245002-4

Leemans et al. Phys. Rev. Lett. 113 245002 (2014) 
E = 16 J, τ = 40 fs, a0 ≈ 173, ne = 7.0 × 1017 cm-3
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Status: Towards applications

‣ 100 eV radiation from undulators 

• Fuchs et al. Nat. Phys. 5 826 (2009) 

‣ 10 - 150 keV radiation from betatron 
motion 

• Kneip et al. Nat. Phys. 6 980 (2010) 

• Cippiccia et al. Nat. Phys. 7 861 (2011) 

‣ 1 MeV from Thomson scattering 

• Powers et al. Nat. Photon. 8 28 (2013) 

• Khrennikov et al. Phys. Rev. Lett. 114 
195003 (2015) 

‣ Proof-of-principle imaging with betatron 
radiation sources 

• flies, fish, human bone

Drive beam

Dual-gas jet

Scattering beam

X-ray

Ross filters
CsI

Electron
beamLanex

B-field

plasma wave 
with strong focusing force

x-ray radiation

electron trajectory 
inside the plasma wave
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Imaging with betatron radiation

Wenz et al. Nature Comm. 6 7568 (2015)
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Imaging with betatron radiation

Wenz et al. Nature Comm. 6 7568 (2015)
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Imaging with betatron radiation

J.M. Cole et al. Sci. Rep. 5 13244 (2015)



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Key challenges

Laser-driven plasma accelerators have made terrific progress, but:



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Key challenges

Laser-driven plasma accelerators have made terrific progress, but:

‣ The shot-to-shot jitter of the key bunch parameters is too high 

‣ The energy spread is too large 



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Key challenges

Laser-driven plasma accelerators have made terrific progress, but:

‣ The shot-to-shot jitter of the key bunch parameters is too high 

‣ The energy spread is too large 

‣ The repetition rate is too low 

‣ The wall-plug efficiency of the driving lasers (0.1%) is too low



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Key challenges

Laser-driven plasma accelerators have made terrific progress, but:

‣ The shot-to-shot jitter of the key bunch parameters is too high 

‣ The energy spread is too large 

‣ The repetition rate is too low 

‣ The wall-plug efficiency of the driving lasers (0.1%) is too low

Requires 
controlled injection



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Key challenges

Laser-driven plasma accelerators have made terrific progress, but:

‣ The shot-to-shot jitter of the key bunch parameters is too high 

‣ The energy spread is too large 

‣ The repetition rate is too low 

‣ The wall-plug efficiency of the driving lasers (0.1%) is too low

Requires 
controlled injection

Requires 
novel ways to 
drive wakefield
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Comparison with European XFEL

Parameter Typical values 
from plasma 
accelerators

Requirements of 
European XFEL

Conclusion

Beam energy E < 4 GeV 17.5 GeV 😐

Energy spread ΔE / E 1 - 5 % 0.005% ✗

Bunch charge 10 - 100 pC 1000 pC 😐

Bunch duration < 5 fs 200 fs ✓
Rep. rate < 10 Hz 27 kHz ✗

Norm emittance εn 0.1 - 2 mm mrad 1.4 mm mrad ✓
Jitter: energy 1 - 5% ✗

Jitter: charge 5 - 50% ✗

Jitter: pointing 0.5 - 3.0 mrad ✗
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Comparison with European XFEL

Parameter Typical values 
from plasma 
accelerators

Requirements of 
European XFEL

Conclusion

Beam energy E < 4 GeV 17.5 GeV 😐

Energy spread ΔE / E 1 - 5 % 0.005% ✗

Bunch charge 10 - 100 pC 1000 pC 😐

Bunch duration < 5 fs 200 fs ✓
Rep. rate < 10 Hz 27 kHz ✗

Norm emittance εn 0.1 - 2 mm mrad 1.4 mm mrad ✓
Jitter: energy 1 - 5% ✗

Jitter: charge 5 - 50% ✗

Jitter: pointing 0.5 - 3.0 mrad ✗

Power in e-beam: 470 kW 

If drive laser has “wall-
plug” efficiency of 0.1% 
then need >400 MW just 
to power the laser!



Multi-pulse laser wakefield 
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MP-LWFA: Advantages

‣ MP-LWFA: Use a train of many pulses 
separated by plasma period to resonantly 
excite wakefield 

• Not a new idea. Considered theoretically (in 
1D) in 1990s 

‣ Some advantages 

• Moves energy storage from laser material 
to the plasma  

• Allows drive energy to be supplied over 
many (10 - 100) plasma periods 

• Opens possibility of using new laser 
technologies (thin-disk, fibre lasers, OPCPA) 
capable of multi-kHz operation @ > 10% 
efficiency 

• Opportunities for additional control

pulse train

growing plasma wave

identical electric fields

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

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

‣ Fluid and PIC simulations show 
gradients of 4.7 GV/m for train of 100 
pulses 

‣ For Lacc = Ld/2 = 260 mm, energy gain 
is 0.75 GeV

Laser-plasma parameters 
E = 10 mJ / pulse 
τ = 100fs 
w0 = 40 µm 
a0 = 0.05 
ne = 1.75 × 1017 cm-3

——- fluid 
——- PIC, immobile ions 
——- PIC, mobile Xe ions 
——- PIC, mobile H ions

S.M. Hooker et al. J. Phys. B  47  234003 (2013)
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MP-LWFA-driven radiation sources

‣ Betatron radiation 

• Average photon flux @ 10keV is ≈ 2 × 
108 photons s−1, per 0.1% BW 

• Greater than existing short-pulse 3rd 
gen sources (but 100 x better 
resolution) 

‣ FELs 

• Simulations show SASE saturation 
reached in soft X-ray range (λFEL = 6.9 
nm) in 4 m TGU 

• Peak FEL power comparable to km-
scale FELs but much higher repetition 
rate than non-superconducting 
machine
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MP-LWFA-driven betatron: diamonds 
MP-LWFA-driven FEL: blue dots 
50 ps, ESRF ID9 beam line: black line 
5 ps, 530kHz at Diamond : grey line 
200 fs, 40 kHz LLNL: grey squares

plasma wave 
with strong focusing force

x-ray radiation

electron trajectory 
inside the plasma wave

S.M. Hooker et al. J. Phys. B  47  234003 (2013)
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First demonstration of MP-LWFA concept

‣ Single, chirped pulse from 
Ti:sapphire laser converted to 
train of pulses by passing 
through Michelson 
interferometer 

‣ Focused into gas cell to drive 
wakefield 

‣ Wakefield probed by frequency 
domain holography 

• Interference between co-
propagating probe pulse and a 
reference pulse gives phase 
shift of probe 

• Probe & ref pulses frequency 
chirped, so frequency ↔ time

gas cell

stretcher
block

400 nm
spectrometer

diagnostic
pulse Michelson

timing
stage

pulse train
Michelson

vacuum
compressor

vacuum
chamber

T

pump pulse

ref. pulseprobe pulse

plasma
wakefield

J. Cowley et al. Phys. Rev. Lett. 119 044802 (2017)

 ζ (ps)

0
50

-50
-2

0

2

2.0 1.8 1.6 1.4 1.2 1.0

 r 
(μ

m
)

 δne / ne0
(%)

Recovered 
wakefield (single 
pulse)

Principle of FDH



Simon Hooker, University of Oxford 
Advanced Accelerator Physics 

Royal Holloway, 14th September 2017

Summary of results

‣ Pulse train (N ≈ 7) 
experiments 

• Clear resonant excitation 
when plasma period (~ 
P-1/2) matches pulse 
spacing 

‣ “Energy recovery” (N = 2) 

• Wakefield damped by 
trailing laser pulse when 
out of resonance 

• Trailing pulse reduced 
wake amplitude by (44 ± 
8)%
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Summary

‣ Laser-driven plasma accelerators have 
made enormous progress in last three 
decades 

‣ GeV-scale electron beams can now be 
generated from accelerator stages only a 
few cm long 

‣ Attention is now turning to near-term 
applications 

‣ Future challenges for laser-driven plasma 
accelerators are to: 

• Improve bunch parameters 

• Reduce shot-to-shot pulse jitter 

• Operate at higher repetition rate 

• Increase efficiency of driving lasers
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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).

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

0

1

4.5
-1

H
or

iz
on

ta
l A

ng
le

 (m
ra

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

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