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The JAI group
• JAI based in Physics Departments 

at Oxford & Royal Holloway, 
London

• 5 faculty working on aspects of 
laser-driven plasma accelerators

• 5 faculty with accelerator expertise 
relevant for laser-plasma light 
source development.

• In total, 15 faculty, 30 graduate 
students, 12 research staff and 
about 12 technical staff (part time)

• Significant cross-fertilisation 
between plasma accelerators, 
“conventional” accelerators, 
plasma physics, and novel light 
sources
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Previous results & collaborations
• Development of novel plasma 

channel

- Guided laser pulses with peak 
intensities of 1018 Wcm-2 10s 
mm

- PRL 89 185003 (2002), PRL 98 
025002 (2007)

• With LBNL group, first generation 
of 1 GeV beam

- Nat. Phys. 2 696 (2006)
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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 o!-
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 su"ciently 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 e!ect of finite divergence
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Previous results & collaborations

• With MPQ group, first generation of 
undulator soft x-rays laser-
accelerated beam

- Nat. Phys. 5 826 (2009) 

• Identified ionization-induced injection 
as potential method for controlling 
electron injection

- PRL 100 105005 (2008)

Laboratory. The Astra laser delivered pulses with a mean
wavelength of 818 nm and energy of 600 mJ. As illustrated
in Fig. 1, the laser pulses were focused by an f=27 off-axis
paraboloid to a waist of spot size 34 !m (radius of 1=e2

intensity) at the capillary entrance. The measured peak
fluence at focus was 4! 104 J cm"2.

The delay t between the onset of the discharge current
and the arrival of the laser pulse at the entrance of the
waveguide was controlled by a digital delay generator. The
timing jitter in t was measured to be less than 1 ns.

A portion of the laser radiation transmitted by the cap-
illary was reflected by an optically flat wedge placed 0.6 m
behind the capillary exit. After a second reflection from the
surface of a wedge (not shown), the beam was collimated
and refocused by two f=15 achromatic lenses to: (i) the
entrance slit of a grating spectrometer; (ii) a 12-bit CCD,
after magnification by a microscope objective. The spectral
response of the imaging system and spectrometer was
measured using a calibrated broadband source. The ener-
gies of the pulses entering and leaving the waveguide were
measured by spectrally flat photodiodes behind a dielectric
mirror prior to the paraboloid and behind a wedge after
lens 2.

Electrons accelerated within the waveguide passed
through a 4 mm diameter hole in the first wedge, were
dispersed by a magnetic spectrometer, and recorded by a
phosphor (Lanex) screen, imaged by a 12-bit CCD camera.
Image plates were used to calibrate the measured signal to
the charge of the electron bunch. Aluminium foils pre-
vented laser radiation from entering the spectrometer.

The laser was operated in two distinct modes: a short
pulse mode in which the laser was fully compressed to a
pulse of full width at half-maximum (FWHM) duration
45 fs, corresponding to a peak intensity Isp # 8!
1017 W cm"2 and normalized vector potential a0sp #
0:60; a long pulse mode in which a glass block prior to
the compressor was removed, yielding pulses of 150 fs
FWHM and a peak intensity Ilp # 2:4! 1017 W cm"2,
corresponding to a0lp # 0:33.

Experiments were performed using the short pulse for
initial hydrogen pressures in the range 80 to 600 mbar.
Quasimonoenergetic electron beams were observed with
energies up to approximately 200 MeV and bunch charge
of order 100 pC for capillaries with D # 200 !m, but no
electron beams were observed for D # 300 !m.

A detailed study of the relation between guiding by the
plasma channel and electron beam formation was under-
taken. In order to show trends in the data for each set of
data points [yi, ti], we formed an averaged function y$t%
using a moving Gaussian window of full-width at half-
maximum ". We note that all data was collected with t
varied randomly in order to counteract the effects of any
drift in experimental parameters.

Figure 2(a) shows the averaged fractional laser energy
transmission T for long and short laser pulses as a function

of delay t. It is seen that for the long pulses T was
approximately 0.95 for 70 ns< t < 140 ns. Figure 3(b)
shows the measured transverse fluence profiles in the exit
plane of the waveguide for long pulses at several values of t
in this range. The fact that T is high, and the transverse
dimensions of the transmitted beams are comparable to the
waist at the capillary entrance, shown in Fig. 3(a), demon-
strates that a guiding channel is formed throughout this
interval.

The behavior of the short pulses was distinctly different.
As shown in Fig. 2(a) the peak energy transmission was
only 0.6, consistent with deposition of energy into a plasma
wave [8,9], and the range of delays for which the trans-
mission was high was shorter. This behavior suggests that
at the higher intensity of the short pulse, guiding was more
sensitive to the state of the plasma channel, consistent with
a stronger laser-plasma interaction. A stronger interaction
may also explain the distortion of the fluence profiles
shown in Fig. 3(c), although at these larger bandwidths
(see below), chromatic aberration may contribute.

The spectra of the transmitted laser pulses may be
characterized by defining a red(blue)-limit !r$!b% for
which 15.2% of the transmitted energy lies at longer
(shorter) wavelengths. Figure 2(b) shows !r;b$t% for the
long and short pulses. It is seen that for long pulses the red
and blue limits of the spectra of the transmitted pulses are
close to those of the input pulses throughout the interval in

FIG. 2 (color). Measured data as a function of delay t for D #
200 !m, P # 250 mbar, V # 25 kV. (a) Tsp$t% (solid black
line), Tlp$t% (dashed black line), and discharge current.
(b) !r;b$t% for the short pulse (solid lines), long pulse (dashed
lines), and input pulse (thin lines); and measured electron signal
in arbitrary units, [Qi, ti] (green crosses). (c) n$r; t% (d) [nIk, tk]
(solid dots); [nRj , tj] (hollow dots). All averaging was done with
" # 8:3 ns. The delay time t # 140 ns is marked by the orange
vertical dashed line.

PRL 100, 105005 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
14 MARCH 2008

105005-2
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Figure 3 | Single-shot spatially resolved undulator spectrum.

a, Smoothed representation of the zeroth and the ± first diffraction order of

the measured undulator spectrum corresponding to the electron spectrum

of Fig. 2c. It consists of a fundamental peak at 17 nm and a second

harmonic peaked at 9 nm, with a high energy cutoff at ∼7 nm. The

theoretical parabolic dependence of the wavelength on the observation

angle Θ is shown by solid lines. An electron energy of 207MeV

corresponding to the peak of the effective electron spectrum of Fig. 2c was

used as a parameter. For the different emission characteristics of the

second harmonic, our simulation yields an on-axis radiation spectrum

peaked at a wavelength of 9.2 nm, which defines the parameter chosen for

the corresponding parabola. b, On-axis lineout summed over 10 pixel rows

around Θ =0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of Θ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2γ ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the

corresponding maxima of the effective electron spectra (determined by the

method of Fig. 2c). The green and blue points correspond to consecutive

shots with two different positions of the magnetic lenses, demonstrating

the wavelength-tunability of the source (see Supplementary Information).

The error bars arise from measurement errors of the electron spectrometer,

the X-ray spectrometer, magnetic lens distances and the undulator field.

The asymmetric error bars of the blue points are due to a non-zero angle of

the electron beam with the spectrometer axis. The red points represent

shots that lie outside the stable electron acceleration regime. The

theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (Θ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle Θ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ≈1.744×1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ∼1mrad and source diameter
of ∼2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as εn = 0.8πmmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ∼1.3× 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.

828 NATURE PHYSICS | VOL 5 | NOVEMBER 2009 | www.nature.com/naturephysics
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Areas of interest / expertise
• Laser-driven acceleration in 

plasma waveguides

• Numerical simulations of 
plasma accelerators

- VORPAL, EPOCH, WAKE...

• Beam transport

• Beam diagnostics

- pepperpot, OTR, Smith-
Purcell...

• Accelerator-driven radiation 
sources

• Numerical simulations of free-
electron lasers

- GENESIS, PERSEO

- Simulations beyond SVEA
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Beam profiles from near-field 
transverse OTR images (MPQ expt)Figure 4: Cropped section of the image recorded on a lanex

regular screen after firing in a single shot of approximately
500 pC of 508 MeV electrons. The wider bright band that
can be seen at the top of the picture corresponds to the large
gap created by layers 2 and 3. The thinner black band be-
low is layer 4 which is made of only 1mm of tantalum.

product (!xx!") is 5.3 mm.mrad. This gives a geomet-
ric RMS emittance of !rms =

!

!x2"!x!2" # !xx!"2 =

4.0 mm.mrad.
By using the measured position of each slit, it is also

possible to measure the shearing of the emittance ellipse.
Our measurements indicate a shearing ("/#) of 0.32 mrad

mm
.

This suggests that the last vertical beam waist is located
approximately 3.1m upstream from the pepper-pot.

CONCLUSION

We have developed a sandwich type pepper-pot that al-
lows the single-shot measurement of the emittance of a
high energy electron beam. In tests performed at the Beam
Test Facility of the Frascati National Laboratory we were
able to measure the RMS emittance of a 508 MeV electron
beam in a single shot. This geometric RMS emittance was
found to be 4.0mm.mrad. We expect that this design of
pepper-pot could be used to measure in a single shot the
emittance of the beam produced by a laser-driven plasma
accelerator.
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Figure 5: Left: False colour cropped pepper-pot image af-
ter rotation and noise substraction. Right: Horizontal pro-
jection of the image (sum of the pixels of column 230 to
235).
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Facilities & plans for development
• Existing facilities:

- 4 mJ, 35 fs, 1 kHz Ti:sapphire 
system

- 120 mJ, 50 fs, 2.4 TW Ti: sapphire 
laser system

- used to develop plasma 
waveguides, plasma mirrors, 
experiment preparation, training

• Plans to build new Accelerator 
Science Lab (ASL) in Oxford Physics

- RF & plasma accelerator 
beamlines

- develop improved laser-driven 
plasma accelerators

- develop x-ray sources driven by 
laser-accelerated electrons

- provide training in laser-based 
accelerator physics

!
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Funding
• Core JAI funding presently €1.2M per year

• In next JAI proposal for the core STFC 
funding, laser-driven plasma accelerators will 
be a major direction of JAI research

- Core funding is expected to be more than 
doubled by project-related grants

• Current specific project funding of €1.3M

- Several grants from EPSRC (UK funding 
council)

- Leverhulme Trust funding of International 
Network on fs x-ray sources (Oxford, 
Berkeley, MPQ)

- These run for approx. 2 more years; bids to 
renew this funding will be made
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Motivations & research focus
Motivations

• Understand physics of laser-driven plasma accelerators

• Use this to develop accelerators with improved performance

- higher energies, improved bunch parameters, improved 
shot-to-shot stability

• Develop the applications of plasma accelerators

Research focus

• Techniques for controlling electron injection

- ionization-induced injection, density ramps

• Techniques for staging plasma accelerators

- coupling of stages by plasma mirrors

• Development of electron beam diagnostics

- pepper-pots, OTR screens, Smith-Purcell radiation

• Application to radiation generation

- undulator experiments

- numerical studies of HHG seeding
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Acceleration and application goals
• Compact, ultrafast 

incoherent x-ray sources

- undulator radiation

- betatron radiation

• Free-electron lasers 
driven by plasma 
accelerators

Parameter R.M.S.

beam energy 1-2 GeV

energy spread < 0.5%

energy stability better than 0.5%

bunch charge > 100 pC

charge stability better than 5 %

bunch duration < 2 fs

normalized emittance < 1 mm mrad
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Expectations of network
• It should stimulate cross-fertilization 

between groups working on:

- experiments and simulations

- acceleration experiments and 
diagnostics

- laser- and beam-driven plasma 
accelerators

- light sources driven by conventional 
and plasma accelerators

• Collaboration with relevant industries 
should be explored

• It should enable dissemination of progress 
to all network members
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