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HERCULES laser
•  Chirped Pulse Amplification 

Ti:Sapphire 

•  808 nm central wavelength 

•  Peak power 300 TW (9 J in 30 fs) 

•  ASE intensity contrast 10-8 

•  With Cross-Wave Polarization 
ASE intensity contrast 10-11 

•  0.1 Hz repetition rate 

•  4 inch beam successfully 
focused to 2x1022 Wcm-2
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Surfing electrons on an electric wave!
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Surfing electrons on an electric wave!

~10 µm for present 
experiments
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Experiments now routinely demonstrate 
GeV energies in a cm-scale plasma 
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Wakefield based photon sources
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Figure 1 | The quality of the X-ray beam is assessed by measuring its profile and imaging microscopic objects. a,b, Single-shot X-ray beam profile (a) and
sum of five consecutive shot profiles (b) show the imprint of a wire grid and a 4⇥ 13mrad2 beam with 5mrad pointing stability. c–h, X-ray radiographic
images of wire triplets and a resolution test target. The objects contain features as small as 3µm, which are resolved on the radiographs, indicating a
betatron source of size ⇤3 µm. i,j, Photographic images of the smallest wire triplet and resolution test target, from which the various feature sizes
were obtained.
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Figure 2 | The X-ray source casts a shadow of a half-plane on the detector. a, Close-up of measured intensity distribution (black squares) integrated along
the edge of the half-shadow (inset) and exemplary intensity distributions using Fresnel diffraction modelling, for a source with Gaussian intensity
distribution and synchrotron spectrum Ecrit/wx of 8 keV/1 µm (solid red), 8 keV/3 µm (dashed green), 2 keV/1 µm (dash–dotted blue) and 8 keV/6 µm
(dotted grey). b, Series of measured intensity distributions corresponding to shots with decreasing source sizewx (from modelling) and fringe visibility. The
numbers are the 95% confidence interval of the source size determined by a least-squares fit. c, The experimentally obtained fringe visibility is consistent
with the fringe visibility obtained from the modelling, plotted for a 6–10 keV synchrotron spectrum with spatial profile of (super-) Gaussian to top-hat type.
Horizontal error bars are given by the fitting procedure (typically±30–40%) and vertical error bars are due to the noise in the experimental data
(typically ±0.03–0.04).

peak brightness than previous laser-driven betatron sources6,7.
Furthermore, we demonstrate that the radiation has an appreciable
degree of spatial coherence.

The experiment was carried out by focusing an intense short-
pulse (⌅30 fs, ⌅2 J) laser onto the front edge of 3, 5 and 10mm
helium gas jets (see Methods). A scintillating screen was placed in
the electron beam to measure its beam profile, and a permanent
magnet spectrometer to measure its energy spectrum. Electron
beams with narrow energy spread features were observed from
all nozzles, at electron densities of 4–22 ⇥ 1018 cm�3. As there
are consecutive phases of injection, the electron beam consists
of multiple beamlets, which could be seen in both profile and
spectral measurements14. For example, for an electron density of
8⇥1018 cm�3 on the 5mm nozzle, electron beams of W = (230±
70)MeV with ⇤W /W = (25±10)% energy spread at full-width at
half-maximum (FWHM)were observedwith an average of 2.2±0.4
beamlets per shot, with a root-mean-square (r.m.s.) divergence of
1.5⇥1.8mrad2 and r.m.s. pointing fluctuation of 4.8⇥4.7mrad2.
We typically measure 100–300 pC of charge in the beam. The

average and maximum energy of the electron beam follow the
typical wakefield electron density scaling law14,18.

With the electron beam deflected away from laser axis by the
spectrometer magnet, a bright (undeviated) beam of X-rays was
also observed co-propagating along the laser axis. It was imperative
to first prove that this X-ray source originates from the plasma itself.
To do this a grid of silver wires (60 µmdiameter, 310 µmseparation)
was placed a few centimetres from the target. X-rays originating
from the interaction region project the outline of the mesh onto
an imaging plate. A strongly directional beam of X-rays is evident
in Fig. 1a. When either the laser power or electron plasma density
was reduced to inhibit the electron beam, the X-ray beam also
disappeared, showing that the generation of the X-rays is linked to
the electron beam. The profile is elliptical, with a FWHMdivergence
of ⇥x ⇥ ⇥y = 4⇥ 13mrad2, corresponding to a wiggler parameter
K = ⇥� of Kx = 1.5 and Ky = 5 for a simultaneously measured
electron beam energy W = 200MeV. The X-ray beam pointing
is extremely stable, as can be deduced from Fig. 1b, which shows
the sum of five consecutive shots. Their combined divergence is
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Figure 1. Principle of laser wakefield acceleration, showing the laser
pulse, accelerated electron bunch, and longitudinal electrical field.

by a mixture of particle-in-cell simulations and scaling laws
developed in [50, 51]. By these scalings, the maximum energy
gain, that can be realistically expected, scales as

!E/mec
2 ≈

!
ω2

0

ω2
p

" #
λ0

1 µm

$ %
I

1018 W cm−2 , (1)

where λ0 is the laser wavelength and I is the focused intensity.
It is important to note that this formula assumes a matched
spot-size and a matched beam length. For the scalings of Lu
et al [51] the pulse duration would be cτFWHM = 2rb/3, the
spot-size kpw0 = 2

√
a0 = rb, where rb is the blowout radius,

and a0 the laser peak normalized vector potential.

2.2. Betatron radiation

In the three-dimensional (3D), highly non-linear LWFA
regime, when a short laser pulse with an intensity
I > 1018 W cm−2 is focused inside a plasma, the laser
ponderomotive force completely expels the plasma electrons
away from the strong intensity regions to form an ion bubble
in the wake of the pulse [51]. Electrons trapped at the back of
this structure are accelerated and wiggled by the focusing force
of the more massive and immobile ions to produce broadband,
synchrotron-like radiation in the keV energy range (figure 2).AQ3
One of the many exciting prospects of LWFA sources is that
the electron bunch durations produced in such interactions have
been demonstrated to be of fs duration [52, 53]. The radiation
pulse generated by the electron beam will have equivalent
duration, and hence fs x-ray pulses are likely to be generated by
such interactions. This has very exciting implications for time-
resolved pump–probe experiments using such laser-generated
x-ray pulses.

The spectrum of plasma betatron radiation is characterized
by a betatron strength parameter aβ = γ kβrβ , where kβ is the
wavenumber of the betatron oscillation and rβ is the radius
of the oscillation [33, 54]. For aβ ≪ 1, the spectrum is a
Doppler shifted peak at 2γ 2ωβ corresponding to the betatron
frequency ωβ . For aβ ≫ 1, the on axis spectrum is equivalent
to the characteristic synchrotron spectrum [33, 55]. In this case
the spectrum is broad (synchrotron-like) and extends up to a
critical energy,

Ecrit = 3γ 3ωβ . (2)

The average number of photons radiated by a single electron
is [33]:

N = π

3
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4πϵ0ch̄

!

1 +
α2

β

2

"

α2
βNβ/n, (3)

Figure 2. Principle of betatron x-ray emission from a LWFA.
Electrons trapped at the back the wakefield are accelerated and
wiggled by the wake fields produce broadband, synchrotron-like
radiation in the keV energy range.

where Nβ is the number of betatron oscillations, and n

is the average harmonic number, which for synchrotron-
like emission (large αβ), is n = Ecrit/h̄ωβ . Taking into
account the acceleration of the electrons results in a more
complicated interaction, but the spectrum is still broadband
with a peak energy lower than that predicted by the critical
energy corresponding to the highest energy the electrons
gain [36, 43, 56].

2.3. Compton scattering

Another mechanism for radiation generation is Compton
scattering of the electron beam from electromagnetic radiation.
An electron, initially at rest, oscillating in a laser field
experiencing non-relativistic motion emits radiation at the
laser frequency. If the electron is initiated with a relativistic
momentum counter-propagating with respect to the laser pulse,
then it gains a Doppler upshift. For a very relativistic electron
with Lorentz factor γ0, and a lower laser intensity, the upshift in
frequency results in emission in a spectral peak at a frequency
ω1 = 4γ 2

0 ω0.
As the laser intensity increases, the Lorentz force due to

the magnetic field begins to become significant, and hence
the motion of the electron becomes more complicated. The
radiation spectrum starts to pick up higher harmonics of the
laser frequency, which gives rise to ‘non-linear’ Compton
scattering. As the intensity increases further, the relativistic
motion of the electron in the direction of the laser propagation
results in a Doppler-shift of the fundamental frequency, in
addition to increasing the spectral power in the harmonics of
the down-shifted frequency. For a higher laser intensity, there
is a slight down-shift of the up-shifted frequency, as the laser
accelerates the electron beam against its motion. However, the
normalized laser field strength parameter, a0 = eE0/mecω0,
where E0 is the peak electric field, and the normalized betatron
(wiggler) parameter, aβ , are almost interchangeable in the
description of Compton scattering for a relativistic electron
colliding with a laser pulse [57]. Hence, as the strength
parameter increases, the photon spectrum tends towards a
synchrotron-like broad spectrum, extending to much higher
photon energies than the shifted fundamental.

The emission of photons in such processes clearly
indicates that a force is applied to the electron to conserve
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invariant; hence, the electron energy in this geometry may
be crucial to determining whether the field is quantum
electrodynamically strong or not.

In this paper, radiation-damping effects on the full an-
gular and energy distribution of photons produced in
the counterpropagating geometry interaction between a
tightly focused ultrashort pulse with intensity of order
1022 W cm!2 and an electron beam are studied by solving
modified classical equations of motion numerically and
generating spectra with a numerical radiation spectrometer
[30]. The layout of the manuscript is as follows: First, we
parametrize the interplay between the field strength a0 and
electron energy !mec

2 in the colliding pulse geometry, and
identify the regime relevant to near-term experiments
where radiation damping is strong but quantum electro-
dynamic effects are relatively small. Next, we introduce
the numerical model for calculating both the electron
dynamics and the radiation spectra. We then proceed to
calculate the !-ray spectrum with realistic conditions and
then examine the effect of radiation reaction on the photon
and electron phase-spaces. Finally, we show that semiclas-
sical corrections to the radiation-reaction force may be
observable in experiments.

II. PARAMETRIZING STRONG
FIELD INTERACTIONS

A. Radiation-reaction-force effects

Although radiation force is properly described by quan-
tum electrodynamics, there exists a classical form for a
radiation force that is self-consistent within the limit that
the acceleration time scale is much larger than "0 ¼
2e2=3mc3 ¼ 6:4# 10!24 s [31,32]. In the beam-laser ge-
ometry described here, this condition corresponds to
!2a0!0"0 $ 1. The effect of this force is principally a
damping of motion due to loss of the momentum to the
radiation. The Lorentz-Abraham-Dirac equation is a third-
order differential equation of motion for a charged particle
in the presence of accelerating forces; it includes the change
of momentum due to the radiation generated by the charge.
The force on an electron is given in covariant form by

d

d"
v# ¼ ! e

me
ðF#$v$ þ "0D

#Þ; (1)

whereD# is the radiation-reaction (damping) force,F#$ ¼
@#A$ ! @$A# is the electromagnetic field tensor, and

v$ ¼ dx$=d" ¼ f!c;!!vg is the particle four-velocity.
For an 800 nm laser interacting with a 200 MeV beam,
the validity condition above is reasonably fulfilled only for
a0 & 50 (i.e., where the acceleration time is of the order
10"0). It is worth emphasizing that using this model outside
of this limit may not be accurate.
The radiation-reaction force, according to the Lorentz-

Abraham-Dirac model, is a source of much controversy
precisely because it is a third-order differential equation,
which allows, for example, for self-accelerating solutions
that do not conserve energy. Various authors have reformu-
lated the equation to eliminate the third-order term. (See
Sokolov [33], Hammond [34], and references within.)
These are generally identical to first order in "0 (and
are therefore basically all equivalent to the Landau-
Lifshitz form of the radiation-reaction force [35]), but are
otherwise not identical. The modified force can be written
in the form [32]

d

d"
v# ¼ ! e

me

!
F#$v$ ! "0P

#% d

d"
ðF$

%v$Þ
"
; (2)

where P#% ¼ &#% þ v#v%=c2 and &#$ is the Minkowski
metric tensor with trace!2. In Ref. [36], several examples
show that the solutions of the Lorentz-Abraham-Dirac
model and Eq. (2) are identical in the classical regime.
One of the interesting phenomena arising from this

laser-electron interaction is that the radiation damping is
theoretically predicted to be so extreme that, for a suffi-
ciently intense laser, the electron beam may lose almost all
its energy in the interaction time. In particular, Koga et al.
have studied the effect of radiation damping on the radia-
tion spectrum [20]. Di Piazza et al. also studied the effect
of radiation damping on the angular distribution of radia-
tion [37]. The effects of real-world conditions on the
radiation spectrum emitted have also been studied previ-
ously, for example, the effects of higher-order field correc-
tions for tightly focused pulses [38,39].
Radiation damping can be parametrized by considering

the energy loss of the electron due to the most significant
damping term [20,29]. Here we proceed from Eq. (2),
where, ignoring terms of "20 and higher and the Schott
term, the damping contribution can be written in the
form [32]

d

d"
v# ¼ ! e

me
F$
%v$

!
&%# ! "0

e

mec
2 v'v

#F%'

"
: (3)

The electromagnetic four-force can be written in the
form

F%$v$ ¼ !dA%

d"
þ v$@

%A$: (4)

For the case of a linearly polarized plane wave, A# ¼
<½fA0g#ei(%x

%
fð('x

'=!0tLÞ), where (% is the four-wave

vector (% ¼ !0f1;!k̂=cg, fð(%x
%=!0tLÞ is a function

describing the temporal envelope, and tL is the pulse
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FIG. 1. Schematic drawing of counterpropagating laser-
beam-interaction geometry using laser-wakefield-accelerated
electrons.
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Gas jet/gas cell/two stage gas cell

• HERCULES: Energy 
stability, pointing stability, 
divergence and energy 
spread all improved using 
2-stage cells 4
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FIG. 4: (Color online) Various electron beam parameters compiled for large data sets (on average 48 shots per datum) with
di↵erent gas targets: a) Maximum charge (logarithmic) b) Maximum peak energy c) RMS Pointing d) RMS Divergence e)
Average �E/E for best three consecutive shots in each run.

demands on manufacturing to prevent turbulent flow or
hydrodynamic shocks. Alternatively, it may be that the
shallow density ramp interface of the gas cell is beneficial
to the laser propagation.

The gas jets tend to achieve lower peak energies, which
is also likely to be related to the instability of the elec-
trons generated by the supersonic nozzle at the 10 mm
length. The two-stage and single-stage cell show simi-
lar peak energies, which is expected as the electrons are
accelerated over similar distances and the gas flow is sim-
ilar. A significant improvement comes in the form of the
energy spread of the two-stage gas cells, which is clearly
due to the separation of the injection and acceleration
processes and is related to the lower charge observed. If
too much charge is trapped in the wakefield it will sig-
nificantly modify the field structure [19]. In addition,
continuous injection will evidently result in a large en-
ergy spread.

The pointing stability is clearly improved for the gas
cell targets relative to the gas jet, which is likely to be
related to the other improved characteristics such as the
peak energy. The divergence of beams from the single-
stage gas cell and the gas jet are similar, indicating that
this may be more related to the increased charge trapped
relative to the two-stage gas cell. By controlling the
charge injected, the RMS beam divergence produced by
the two-stage gas cell is comparable to reported results
for electrons beams generated in capillary guided LWFA
[20]. The best pointing stability of the gas is also similar
to the results from capillary waveguides.

We have shown that rapid prototyping using stere-
olithography based 3D printing can produce gas cell

targets which demonstrate significant improvements in
charge, stability, and maximum energy of the output
electron beams compared with our supersonic gas jet.
A single-stage gas cell with ionization injection can be
implemented for high beam charge applications. A two-
stage gas cell shows an additional improvement over our
single-stage gas cell and gas jet targets in terms of en-
ergy spread, divergence and pointing stability. Because
of the flexibility of the rapid prototyping process, vari-
able length gas cells, or more complex staged structures
may easily be produced for laser-plasma interactions.

This work is supported by NSF CAREER Grant
#1054164, DARPA under contract N66001-11-1-4208
and NSF/DNDO #F021166.
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 LWFA Electron Beam Probing of Relativistically 
Expanding Strong Magnetic Field

Ultrafast Electron Radiography of Magnetic Fields in High-Intensity Laser-Solid Interactions
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Using electron bunches generated by laser wakefield acceleration as a probe, the temporal evolution of

magnetic fields generated by a 4! 1019 W=cm2 ultrashort (30 fs) laser pulse focused on solid density

targets is studied experimentally. Magnetic field strengths of order B0 " 104 T are observed expanding at

close to the speed of light from the interaction point of a high-contrast laser pulse with a 10-!m-thick

aluminum foil to a maximum diameter of"1 mm. The field dynamics are shown to agree with particle-in-

cell simulations.

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

Strong magnetic fields are well known to be generated
by a variety of mechanisms in laser interactions at a solid
density plasma-vacuum interface, including the important

Biermann battery effect ( @B@t ¼ $ kB
ene

ðrn!rTÞ) [1]. In

such interactions, the laser field generates hot electrons
which can circulate through the target and spread along
the target’s surfaces (front and rear) generating an electro-
magnetic sheath field that expands from the laser focus
[2–6]. Furthermore, complex magnetic fields may arise
by filamentation of the expanding current sheet [7].
Measurements of such fields have previously been per-
formed using laser-generated proton radiography [8–13],
including time resolved measurements of magnetic fields
advecting with plasma flows [14–16]. Current laser driven
sources of protons [17] are usually produced by target
normal sheath acceleration (TNSA) and are nonrelativistic,
thereby limiting temporal resolution. In contrast, highly
relativistic electrons bunches (> 100 MeV) generated by
laser wakefield acceleration (LWFA) [18–21] typically
have durations less than the driving laser pulse (< 30 fs)
[22,23] and can be optically synchronized, therefore ena-
bling the observation of faster dynamics in field structures
than can be easily preformed with TNSA.

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

generated azimuthal magnetic field, both expanding radi-
ally at close to the speed of light.
In this Letter, we demonstrate proof-of-principle radi-

ography of electromagnetic fields relativistically expand-
ing from the interaction of intense laser pulses with planar,
foil targets, using LWFA electron beams. For the experi-
ment, the HERCULES laser (30 fs, 800 nm Ti:sapphire) [27]
was operated at 100 TW with native 108 contrast ratio
between the main pulse and the amplified spontaneous
emission on the nanosecond pulse pedestal and 104 con-
trast ratio for the picosecond pulse pedestal. The cross-
polarized wave pulse cleaning technique could be enabled
for contrast improvement, yielding up to 1011 contrast ratio
for the amplified spontaneous emission [28]. The experi-
mental geometry is shown in Fig. 1. A pickoff mirror sent
the central portion of the beam to an f=18 off-axis parabo-
loid mirror focusing the pulse to an intensity of 1:6!
1019 W=cm2 (a0 ¼ 2:8) into a He-N2 (95:5 mass ratio)
plasma of 2! 1019 cm$3 peak density above a 1.3-mm
supersonic gas jet nozzle generating a broad energy spec-
trum electron beam with up to 120 MeVenergy and 100 pC
charge via ionization injection [29,30]. The remaining
annular beam was sent to a delay stage with 300 ps of
adjustable delay and was then focused with an f=3 off-axis
paraboloid mirror to an intensity of 4! 1019 W=cm2

(a0 ¼ 4:4) onto a solid target at 30( incidence. The f=3
focus was spatially overlapped on the f=18 beam axis
10 cm behind the f=18 focus. Timing overlap was achieved
using the f=18 beam to backlight the breakdown in air at

f/3 Pump Beam

LANEX Scintillator

Gas Jet

Light Shield/DiffuserSolid Target

f/18 LWFA 
Probe Beam

Probe Electron Beam

5 cm
5 cm

85 cm

30°

FIG. 1 (color online). Experimental geometry.
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density !0 was taken as !0 ¼ 100nc, where nc is the
critical density, the target thickness was L ¼ 60c=!0,
and the exponential scale length was "pp ¼ 6c=!0. The

target was at a 30" angle with respect to the simulation box.
A Gaussian laser pulse with a0 ¼ 6 was launched in the x1
direction, linearly polarized in the x2 direction with a waist
of w0 ¼ 40c=!0, and a fifth-order polynomial temporal
shape with a duration of !0t0 ¼ 80.

Two particle species were used: onewith charge-to-mass
ratio q=m ¼ #jej=me initiated with a thermal momentum
of pth ¼ 0:01mec and one with q=m ¼ þjej=mp initiated

at rest, wheremp is the proton mass. Nine particles per cell
were used with a quadratic interpolation charge weighting
scheme. The domain was divided by 10 000 grid cells in x1
and by 4000 in x2, yielding cell sizes !x1 ¼ 0:1c=!p and
!x2 ¼ 0:2c=!p. The simulation was run for !0t ¼ 1000
in steps of !0!t ¼ 0:07. Compensated binomial smooth-
ing was applied to fields and currents on the grid.
The simulations indicate that the laser energy is ab-

sorbed into a near isotropic population of energetic
electrons that propagate through the target and into the
vacuum. Within the target volume, background electrons
cancel the fast current, but at the interfaces the hot electron
density exceeds the background cold electron density. This
leads to unneutralized currents in the sheaths at the edges
of the targets. A cold return current is drawn from electrons
in the higher density region; the net result being oppositely
directed currents along the surfaces of the target. The
oppositely directed current sheets result in a magnetic
field that is approximately a scale length ("pp) thickness
between them, expanding along the surface at the speed of
light (Fig. 5). The net result is a relativistically expanding
Debye sheath.
In this 2D geometry, the electric field is in the simulation

plane, normal to the target, and the magnetic field is normal
to the simulation plane. For the relativistic electrons mov-
ing in the plane of the simulation, these fields exert forces
with comparable strength. Hence, due to the geometry,
deflections to a probing electron beam normal to the target,
as in the experiment, would be expected to be primarily
due to the magnetic field. In addition, an electron traveling
from the laser focus along the target surface experiences

FIG. 3 (color online). (Column a) Measured radiographs taken
from laser shots with high contrast and 10 #m Al at delay
timings from 0 to þ1333 fs. (Columns b–d) Simulated radio-
graphs for each respective delay with defocusing with azimuthal
perturbation (b), focusing (c), and defocusing (d). (The color and
length scales are the same in each column). Measured radio-
graphs from low contrast, 13-#mMylar shots (e), and 10-#m Al
shots (f) at selected delays. Note that the electron beam profile is
elliptical before interacting with the target, and the simulated
profiles assume radial symmetry for simplicity.

(d)

(a)

(b)

(c)

FIG. 4 (color online). (a) Radiograph from Fig. 3(a) with
location of lineout. (b) Lineout plot with midpoint between
peak-to-valley indicated. (c) Radiograph with threshold set to
midpoint and a circle fit to curvature to determine feature
diameter. (d) Plot of measured feature size versus delay timing
taken from analysis of Fig. 3(a). The error bars represent the
variance in determining the diameter over multiple lineouts as
well as the timing uncertainty. The linear fit (solid line) indicates
that the velocity of the expanding feature is ð0:98& 0:08Þc.
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cancellation of the sheath electric force and Lorentz force
due to the magnetic field F ¼ "eE" ev# B ’ 0 and can
propagate freely.

For a simple model of the generation mechanism, con-
sider a circular loop at radius r about the ẑ axis, normal to
the surface near the laser focus, at a distance z0 from the
surface. Assuming azimuthal symmetry about the focal
spot, and negligible displacement current normal to the
surface, Ampére-Maxwell in integral form will yield
B!ðr; z; tÞ ’ 1

c2r
@
@t

R
r
0 Ezðr0; z; tÞr0dr0. Extending the surface

to become a Gaussian ‘‘pillbox’’ with the second circular
surface at z ¼ 0, just outside the solid surface where
Ez ’ 0, and assuming Er is negligible, Gauss’s law and
the continuity equation can be combined to relate the
azimuthal magnetic field B! to the ‘‘radial’’ fast current
jr as B!ðr;z;tÞ’""0

R1
z jrðr;z0;tÞdz0. Hence in the 2D slab

geometry of the simulation, jr (and therefore B!) is ap-
proximately constant with r until the electrons are slowed
to subrelativistic speeds, whereas in 3D the jr (B!) would
be expected to fall off as 1=r.

For relativistic electrons generated with a number den-
sity n& nc=4 in a sheath of thickness L& #0, the peak
magnitude of the magnetic field generated would be
jBj&"0cjejnc#0=4& 104 T. Such a field cannot indefi-
nitely grow in radius. The maximum field extent at stag-
nation rS can be estimated by equating the integrated
electromagnetic field energy (falling off as 1=r) with
laser pulse energy Up having some absorption fraction f
(ignoring other dissipative mechanisms and ion motion).
Hence, assuming a field of the form B ¼ B0r0=rS outside
radius r0, the energy absorbed into hot electrons and

transferred to the magnetic field is of the order fUp '
2$r20 lnðrS=r0Þ#0B

2
0="0. Hence the maximum radius is

rS ' r0 exp½2fUp=ð$3mec
2ncr

2
0#0Þ). For Up¼1 J, f¼

0:2, and r0 ¼ 5 "m, this gives rS & 500 "m, where the
field will have dropped to B& 102 T.
This is in reasonable agreement with experimental

observations as the deflection of electrons at early times
is >60 mrad, which for a 50-MeV electron yields an
integrated field strength of &104 T *"m. Assuming a
sheath of thickness of &1 "m, this level of deflection
infers magnetic field strengths of order &104 T.
To understand the observed electron profiles, a second-

order, time-centered electromagnetic particle tracking
code was employed. Based on experimental parameters,
a flat electron spectrum from 20–120 MeV was modeled
with 105 particles projected 50 mm with a transverse
emittance of %? ¼ 53$ mm mrad in a Gaussian distribu-
tion. Figures 3(b)–3(d) show simulated electron profiles
having passed through a 1-"m-thick azimuthal magnetic
field structure of the form:

Bðr; tÞ ¼

8
>><
>>:

B0 r < r0

B0r0=r r0 + r + rSðtÞ
0 r > rSðtÞ;

where r0 ¼ 5 "m, rSðtÞ ¼ ct, and B0 ¼ 3:8# 104 T (cor-
responding to the particle-in-cell simulation output where
f& 0:1). In Fig. 3(d), the magnetic field is defocusing, and
in Figs. 3(b) and 3(c) the magnetic field is focusing.
Simulations with both rear and front magnetic fields indi-
cate that they tend to cancel due to the small scattering
angles involved, and hence the resulting deflection of the
probe electrons is consistent with a single field correspond-
ing to summation of the front and rear fields.
At early times (small rS), the electron profile has a void

for all magnetic field structures due to the high field
strength causing overfocusing of the electron beam in the
focusing cases. For later times (large rS), as the field
strength falls off at the periphery, the difference between
focusing and defocusing structures becomes apparent.
Although the observed electron profiles in Fig. 3(a) are
reminiscent of the defocusing structure, the 10 "m thick-
ness of the target and the short pulse duration make it very
unlikely that the rear sheath is stronger than the front; a
conclusion that is also supported by particle-in-cell simu-
lations. In Fig. 3(b), the focusing case has also been
performed with an azimuthal perturbation to the field
structure (a sinusoidal perturbation, including a radial
component to satisfy r *B ¼ 0). This could arise due to
filamentation of the current sheet [7], for example. This
asymmetry suppresses the focusing of the probe beam and
results in a dip in the profile similar to the defocusing case
for the relevant time frame.
In conclusion, electron beams from LWFA can be used

as an ultrafast probe of rapidly evolving field structures in

(a)

(c) (d)

(b)

FIG. 5 (color online). (a–c) Magnetic field component in the x3
direction in tesla (Fourier filtered to remove the laser field) at
different times, where t ¼ 0 is when the peak of the pulse is
incident on the target surface, and (d) initial electron density
profile with initial pulse envelope superimposed.
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density !0 was taken as !0 ¼ 100nc, where nc is the
critical density, the target thickness was L ¼ 60c=!0,
and the exponential scale length was "pp ¼ 6c=!0. The

target was at a 30" angle with respect to the simulation box.
A Gaussian laser pulse with a0 ¼ 6 was launched in the x1
direction, linearly polarized in the x2 direction with a waist
of w0 ¼ 40c=!0, and a fifth-order polynomial temporal
shape with a duration of !0t0 ¼ 80.

Two particle species were used: onewith charge-to-mass
ratio q=m ¼ #jej=me initiated with a thermal momentum
of pth ¼ 0:01mec and one with q=m ¼ þjej=mp initiated

at rest, wheremp is the proton mass. Nine particles per cell
were used with a quadratic interpolation charge weighting
scheme. The domain was divided by 10 000 grid cells in x1
and by 4000 in x2, yielding cell sizes !x1 ¼ 0:1c=!p and
!x2 ¼ 0:2c=!p. The simulation was run for !0t ¼ 1000
in steps of !0!t ¼ 0:07. Compensated binomial smooth-
ing was applied to fields and currents on the grid.
The simulations indicate that the laser energy is ab-

sorbed into a near isotropic population of energetic
electrons that propagate through the target and into the
vacuum. Within the target volume, background electrons
cancel the fast current, but at the interfaces the hot electron
density exceeds the background cold electron density. This
leads to unneutralized currents in the sheaths at the edges
of the targets. A cold return current is drawn from electrons
in the higher density region; the net result being oppositely
directed currents along the surfaces of the target. The
oppositely directed current sheets result in a magnetic
field that is approximately a scale length ("pp) thickness
between them, expanding along the surface at the speed of
light (Fig. 5). The net result is a relativistically expanding
Debye sheath.
In this 2D geometry, the electric field is in the simulation

plane, normal to the target, and the magnetic field is normal
to the simulation plane. For the relativistic electrons mov-
ing in the plane of the simulation, these fields exert forces
with comparable strength. Hence, due to the geometry,
deflections to a probing electron beam normal to the target,
as in the experiment, would be expected to be primarily
due to the magnetic field. In addition, an electron traveling
from the laser focus along the target surface experiences

FIG. 3 (color online). (Column a) Measured radiographs taken
from laser shots with high contrast and 10 #m Al at delay
timings from 0 to þ1333 fs. (Columns b–d) Simulated radio-
graphs for each respective delay with defocusing with azimuthal
perturbation (b), focusing (c), and defocusing (d). (The color and
length scales are the same in each column). Measured radio-
graphs from low contrast, 13-#mMylar shots (e), and 10-#m Al
shots (f) at selected delays. Note that the electron beam profile is
elliptical before interacting with the target, and the simulated
profiles assume radial symmetry for simplicity.

(d)

(a)

(b)

(c)

FIG. 4 (color online). (a) Radiograph from Fig. 3(a) with
location of lineout. (b) Lineout plot with midpoint between
peak-to-valley indicated. (c) Radiograph with threshold set to
midpoint and a circle fit to curvature to determine feature
diameter. (d) Plot of measured feature size versus delay timing
taken from analysis of Fig. 3(a). The error bars represent the
variance in determining the diameter over multiple lineouts as
well as the timing uncertainty. The linear fit (solid line) indicates
that the velocity of the expanding feature is ð0:98& 0:08Þc.
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Size of feature vs time

Electron beam profile for 
varying probe delay

Simulation of expanding magnetic 
field on surface of metal

Electron beam probes magnetic field generated 
by ultrafast laser on metal foil surface

• HERCULES laser split into a LWFA driver to 
generate electrons and a tightly focused 
pump of a solid density Aluminum target 

• Strong (104 Tesla) magnetic field generated 
expanding at close to c  

• B generated by rapid expansion of current 
along surface of metal

Schumaker et al PRL 110, 015003 (2013) 



Collimated, High-Energy Positron Measurements

•  Overall positron yield:	 3x107  e+ 
•  Overall lepton yield: 	3x108  (secondary e-/e+) 
•  Positron density:  	 2x1014 cm-3 
•  Lepton density:	 	 2x1015 cm-3 
•  Intensity:	 	 	 1019 erg s-1 cm-2 
•  Divergence:	 	 	 3 mrad

5.3 mm Cu 6.4 mm Sn

2.8 mm Ta 4.2 mm Pb

Scaling with Z and d consistent with a two-step process (Bremsstrahlung + Bethe-Heitler)  

Positron  
Energy

γ-rays

Image Plates integrated over 10 shots

80 MeV

N α Z4N α d2

(ρd ≈ const.)

(c) (d)

(a)
(b)

G. Sarri et al., PRL 110 255002 (2013)
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(200 MeV, 60pC)
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0.8T 
  

Magnet 150 MeV
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NOISE

G. Sarri et al., Nature Comms (2015)
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Figure 7.6 Electron di↵raction pattern obtained from a single crystal gold
sample, using 5000 electron shots (10 s exposure time on a 12-bit CCD camera).

Di↵raction rings could be measured by accumulating 200 shots or more. In Ref. [133],

single shot di↵raction patterns have been recorded from a single gold crystal with

⇠ 105 electrons per bunch. The electron source described here has a similar charge

per shot. Having replaced the CCD camera with a more sensitive camera (an electron-

multiplying CCD, EMCCD, Andor Luca-R), we could obtain a single shot image of

gold di↵raction pattern as shown in Fig. 7.7(a).
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Figure 7.7 Single-crystal Au di↵raction patterns obtained on a 14-bit EMCCD
for (a) single-shot and (b) 10-shot.

For both cameras, a standard zoom lens was used to image the scintillator plate on

the CCD or EMCCD camera. Given the magnification of the imaging system with an

e↵ective aperture of 25 mm (measured), we calculate the solid angle to be 7⇥10�3 sr
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laser (10 mJ, 35 fs, 800 
nm, 0.5 kHz)
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(orifice dia. 100 µm)
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!
• Calculated normalized transverse 

emittance of 0.02 π mm mrad  
• Single shot diffraction pattern has been 

obtained in a proof-of-principle experiment 
to demonstrate the electron beam quality 
and charge 

• Solenoid magnet focuses the beam and also 
provides energy selection 

!

Single shot diffraction 
pattern from Au

Single-shot electron diffraction

���

���

���

���

5 mm

Figure 7.6 Electron di↵raction pattern obtained from a single crystal gold
sample, using 5000 electron shots (10 s exposure time on a 12-bit CCD camera).

Di↵raction rings could be measured by accumulating 200 shots or more. In Ref. [133],

single shot di↵raction patterns have been recorded from a single gold crystal with

⇠ 105 electrons per bunch. The electron source described here has a similar charge

per shot. Having replaced the CCD camera with a more sensitive camera (an electron-

multiplying CCD, EMCCD, Andor Luca-R), we could obtain a single shot image of

gold di↵raction pattern as shown in Fig. 7.7(a).
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10 s accumulation

LWFA at a kHz (λ3 laser, 1 TW)
Electron beam profile images (EMCCD) 

He et al., Nat. Commun. 6 7156 (2015).  

implementation of the algorithm within a practical time frame
using a standard personal computer. Typical optimization takes
only a few minutes (approximately 40 iterations) to reach con-
vergence (see Fig. 2i).

The second harmonic optimization19 generates a near-
diffraction-limited focal spot as shown in Fig. 3a for the far-
field laser intensity profile in vacuum. In Fig. 3a,b, we compare
the transverse intensity distribution within the focal region over
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Figure 2 | Optimization of the electron spatial profile. Electron beam profile image integrated over 50 shots (100 ms exposure time) with a deformable
mirror configuration (a) corrected for the best focal spot (BFS) and (b) 30 V on all actuators. (c–h) Single-shot electron beam profiles after genetic
algorithm optimization using different weighting parameters, n. (i) The convergence of the genetic algorithm with n¼ 8. The shaded grey area represents
the range of the ten best children in each iteration and the solid green curve is the average. (j) Comparison of the peak charge density in a single-shot
electron image. Error bars represent the root mean square shot-to-shot fluctuations; estimated charge per shot is displayed for every image. Contours
shown are for 20, 40, 60 mrad, centred on the beam centroid.
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Figure 3 | Laser intensity profile in the focal region and wavefront. Scan of laser focal intensity in vacuum with the deformable mirror optimized for
(a) second harmonic signal (highest intensity) and (b) electron beam in Fig. 2. (c) Relative wavefront change reconstructed from direct measurement
using a Shack–Hartmann wavefront sensor. Root-mean-square phase deviation in the aperture is 0.14 wave. The wavefront was reconstructed over a
slighly smaller aperture (2.26 mm diameter) than the full beam diameter on the sensor (2.7 mm 1/e2 width) to reduce errors in the peripheral area
(scale bar, 1 mm).
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implementation of the algorithm within a practical time frame
using a standard personal computer. Typical optimization takes
only a few minutes (approximately 40 iterations) to reach con-
vergence (see Fig. 2i).

The second harmonic optimization19 generates a near-
diffraction-limited focal spot as shown in Fig. 3a for the far-
field laser intensity profile in vacuum. In Fig. 3a,b, we compare
the transverse intensity distribution within the focal region over
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algorithm optimization using different weighting parameters, n. (i) The convergence of the genetic algorithm with n¼ 8. The shaded grey area represents
the range of the ten best children in each iteration and the solid green curve is the average. (j) Comparison of the peak charge density in a single-shot
electron image. Error bars represent the root mean square shot-to-shot fluctuations; estimated charge per shot is displayed for every image. Contours
shown are for 20, 40, 60 mrad, centred on the beam centroid.
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implementation of the algorithm within a practical time frame
using a standard personal computer. Typical optimization takes
only a few minutes (approximately 40 iterations) to reach con-
vergence (see Fig. 2i).

The second harmonic optimization19 generates a near-
diffraction-limited focal spot as shown in Fig. 3a for the far-
field laser intensity profile in vacuum. In Fig. 3a,b, we compare
the transverse intensity distribution within the focal region over
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mirror configuration (a) corrected for the best focal spot (BFS) and (b) 30 V on all actuators. (c–h) Single-shot electron beam profiles after genetic
algorithm optimization using different weighting parameters, n. (i) The convergence of the genetic algorithm with n¼ 8. The shaded grey area represents
the range of the ten best children in each iteration and the solid green curve is the average. (j) Comparison of the peak charge density in a single-shot
electron image. Error bars represent the root mean square shot-to-shot fluctuations; estimated charge per shot is displayed for every image. Contours
shown are for 20, 40, 60 mrad, centred on the beam centroid.
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(a) second harmonic signal (highest intensity) and (b) electron beam in Fig. 2. (c) Relative wavefront change reconstructed from direct measurement
using a Shack–Hartmann wavefront sensor. Root-mean-square phase deviation in the aperture is 0.14 wave. The wavefront was reconstructed over a
slighly smaller aperture (2.26 mm diameter) than the full beam diameter on the sensor (2.7 mm 1/e2 width) to reduce errors in the peripheral area
(scale bar, 1 mm).
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• Feedback-optimized electron beam with genetic 
algorithm 

• Plasma wave structure is reproducible (stable) 
• Laser phase manipulated to coherently control 

plasma dynamics 
• Order of magnitude improvement on peak charge 

and divergence of LWFA  
• Ultrafast electron diffraction possible



Strong field QED: An opportunity to push boundaries

• This may be important for the next generation of 
ultra powerful lasers 

• For 1022 Wcm-2        a0~100, particles accelerated 
to γ~a0 

• 4.5 GeV - γ ~ 104

�e =
||Fµ⌫p⌫ ||
mcEcr

�� =
||Fµ⌫~k⌫ ||
mcEcr

pµ

p'µ

kµ

kµ

p'µ

pµ

Figure 2: First order diagrams: an electron radiating a photon – synchrotron radiation (left)&
a photon producing an electron positron pair – muliphoton Breit-Wheeler pair production
(right).

muliphoton Breit-Wheeler pair production2. The double lines in figure 2 are
the basis dressed-states. These are energy eigenstates whose momenta evolve
according to the classical Lorentz force law with the local values of the classical
fields.

The weak field approximaiton allows us to calculate the rates of the proceses
in figure 2 in any convenient classical field configuration with f, g = 0. The rates
for constant crossed fields have revieved extensive treatment in the literature
[? ? ] and as such we will use these. The rate of production of synchrotron
photons by an electron with energy �mec

2 depends on the Lorentz invariant
parameter ⌘ and is given by

dN�

dt
=

p
3↵fc

�c

⌘

�
h(⌘) = ��(⌘) (1)

h(⌘) =

Z ⌘/2

0

d�
F (⌘,�)

�
(2)

Here �c is the Compton wavelength, the use of the symbol �� to represent the
rate will simplify the equations derived in section ??. F (⌘, chi) is the quantum-
corrected synchrotron spectrum (⌘3 is that for the emitting electron, � is that for
the emitted photon) and can be obtained from the classical synchrtron spectrum
by including electron-recoil during the emission [? ]. The rate is spin-averaged.
The instantaneous power radiated is P = (4⇡mec

2/3⌧c)↵f⌘
2g(⌘) = Pclassg(⌘).

Pclass is the classical synchrotron power and so g(⌘) is the quantum correction
to the radiated power. g(⌘) = (3

p
3/2⇡⌘2)

R
d�F (⌘,�)is plotted in figure 3(a).

2Two other first order processes exist: pair annihilation and photon absorption. The
cross secitons for these processes are small as the particles involved are highly relativistic.
In addition a second order process – Trident pair production – can play a role, but for high
intensity laser-plasma interaciotns is usually unimportant.

3Look-up tables for F (⌘, chi), as well as the other important functions controllign the QED
emission processes – g(⌘), h(⌘), T±(�) – are provided in the online supplementary material
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Photon emission by 
(dressed) electron

Decay of photon to 
(dressed) pair

� ⇠ 10�5�a0

Colliding laser-electron beam geometry 

(cf SLAC E144 collaboration - γ~105, a0 ~1)



LWFA driver pulse30 fs, ⨠1021 Wcm-2

Focusing 
paraboloid Supersonic gas jet

Relativistic e-, γ Focusing 
paraboloid 

Colliding an electron beam with a laser pulse

• At 0.5 GeV, 1021 Wcm-2…. 
• Multi photon Compton Scattering: Photon source 

with peak brightness comparable to 4th 
generation light source (1029 photons mm2 
mrad2 / 0.1%bandwidth) 

• At 5 GeV, 1022 Wcm-2…. 
• Transition to strong field QED regime: electron-

positron pair cascade 
• nonlinear / manybody QED

AGR Thomas et al. Phys. Rev. X (2012)

allowed changes to the radiation spectrum to be observ-
able. Figure 6 shows the spectral intensity of radiation
emitted under conditions identical to those of Fig. 3 except
that here the electron beam has zero momentum spread, as
in Table II B. The distribution has fine features that are
smoothed out when the electron beam has a momentum
spread, as would be expected. To see more clearly the
effect of momentum spread on the radiation distribution,
Figs. 7 and 8 show two-dimensional slices through the
radiation intensity distribution, in the planes parallel and
perpendicular to the laser polarization. In addition, the
spectral intensity has been converted into a photon distri-
bution per electron, !0d

2N=d!d!, which is more likely
to be the form of data obtained in an experiment (i.e., a
histogram of photon hits on an array of single-photon
counting detectors).

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

(a) and (c), radiation-reaction force is not included, and in
(b) and (d), radiation-reaction force is included. (a) and
(b) show the photon distribution in the plane perpendicular
to the laser polarization. (c) and (d) show the photon distri-
bution in the plane parallel to the laser polarization. The
angular distribution of photons shows pronounced differ-
ences with and without radiation-reaction forces, and the
energy distribution is also dramatically changed, in particu-
lar resulting in a large number of low-energy photons in the
damped case compared to no damping. Another feature is
slow oscillations in the spectral intensity with frequency and
energy. These oscillations may be due to the short truncated
electron bunch and laser pulse in the time domain, which
result in long wavelength oscillations in the frequency
domain.
When the electron bunch is given the momentum spread

of Table II A, the distinction between the cases with and
without radiation-reaction force becomes significantly
less. Figure 8 shows the photon distribution from this
interaction. There is little difference in the spectral inten-
sity distribution with and without radiation-reaction-force
effects, except that the overall magnitude is reduced, and
the peak energy is reduced. Differences in the angular
distribution are small, however, and are likely to be
much-smaller-than-expected shot-to-shot fluctuations in
electron-beam emittance. Coupling this observation to
the intrinsic difficulty of measuring high-energy photons
in a collimated beam, it appears to be unfeasible that
radiation-reaction effects will be discernible in experimen-
tal measurements in this configuration in the near term.

C. On the observation of radiation-reaction effects in
the electron phase-space distribution

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

(a) (b)

FIG. 6. The angularly resolved spectral intensity (d2I=d!d!)
due to a zero-emittance (Table II B) 500-electron bunch with
! ¼ 400 scattering from a laser pulse with a0 ¼ 50. The
radiation-reaction force is not included in (a) and is included
in (b). The contours are taken at identical spectral intensity levels
for both cases, normalized to the peak, which is 2:6872"
10#26 Js#1 at 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8.

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

FIG. 7. The photon distribution (normalized to the laser frequency !0d
2N=d!d!) per electron due to a 500-electron bunch with

! ¼ 400 and zero momentum spread (Table II B) scattering from a laser pulse with a0 ¼ 50. In (a) and (c), radiation-reaction
force is not included; in (b) and (d), radiation-reaction force is included. (a) and (b) show the photon distribution in the plane
perpendicular to the laser polarization; (c) and (d) show the photon distribution in the plane parallel to the laser polarization.
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Summary
• Laser Wakefield Acceleration capable of producing ~GeV electrons on a 

table-top with good transverse emittance 

• But - energy spread and shot-to-shot stability still poor comparable to 
current LINACS 

• Excellent timing stability and ultrashort duration allow range of pump-
probe experiments on a “tabletop” system 

• Experiments at high repetition rate demonstrate that poor stability is not 
inherent to plasma dynamics 

• Colliding laser - electron beam geometry at high intensity should allow us 
to access nonlinear QED physics not accessible on particle accelerators!


