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Abstract

®

CrossMark

Laser-wakefield accelerators (LWFAs) were proposed more than three decades ago, and while
they promise to deliver compact, high energy particle accelerators, they will also provide
the scientific community with novel light sources. In a LWFA, where an intense laser pulse

focused onto a plasma forms an electromagnetic wave in its wake, electrons can be trapped and
are now routinely accelerated to GeV energies. From terahertz radiation to gamma-rays, this
article reviews light sources from relativistic electrons produced by LWFAs, and discusses their
potential applications. Betatron motion, Compton scattering and undulators respectively produce
x-rays or gamma-rays by oscillating relativistic electrons in the wakefield behind the laser pulse,

a counter-propagating laser field, or a magnetic undulator. Other LWFA-based light sources
include bremsstrahlung and terahertz radiation. We first evaluate the performance of each of
these light sources, and compare them with more conventional approaches, including radio
frequency accelerators or other laser-driven sources. We have then identified applications, which
we discuss in details, in a broad range of fields: medical and biological applications, military,
defense and industrial applications, and condensed matter and high energy density science.

Keywords: laser wakefield accelerator, x-rays, gamma-rays, THz radiation, applications

(Some figures may appear in colour only in the online journal)

1. Introduction

Modern particle accelerators use radio-frequency (RF)
waves travelling in metal cavities to accelerate particles.
These waves have a longitudinal electric field which prop-
agates near the speed of light, ¢, allowing relativistic par-
ticles (v~c) to remain in the accelerating phase of the
field. Ionisation of the walls at high voltages means they
cannot support electric field gradients greater than
~100 MVm™!, though the operating limit is usually more
like ~10 MVm™!. This limits the highest energies achiev-
able through cost, as each GeV of energy requires ~100 m
of acceleration length.

0741-3335/16/103001+35$33.00

One important offshoot of particle acceleration in synchro-
trons was the use of the radiation generated by the acceler-
ating particles for molecular crystallography, fluorescence
studies, chemical analysis, medical imaging, and many other
applications [1, 2]. A synchrotron producing x-rays requires
more modest particle energies of a few GeV, but this still
means national laboratory scale facilities, which limits access.
For example, the Diamond light source in the UK cost around
£300 million to construct. Another source of x-rays for sci-
ence is the free-electron laser. In this scheme, a high energy
electron bunch is propagated through an undulator—a peri-
odic magnetic field structure—so that radiation is produced
by the bunch in the forward direction. The effective ‘lasing

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of the five principal LWFA-driven light sources described in this paper. Betatron radiation is produced by

electrons accelerated and wiggled by the longitudinal and transverse wakefields at the back of the laser pulse. Compton scattered light is
emitted when LWFA electrons are wiggled by a transverse laser field, either reflected from a plasma mirror or from a secondary pulse.
Bremsstrahlung is produced when relativistic electrons interact with a high-Z, solid material and THz/optical transition radiation is emitted
when the LWFA electrons traverse the plasma/vacuum or vacuum/solid interface with a dielectric constant discontinuity. Undulator and
FEL radiation is produced when LWFA electrons are wiggled by external magnetic field, like in a synchrotron or FEL.

medium’ in this case is the electron bunch, which interacts
with the electromagnetic wave such that the resulting radia-
tion is amplified over the propagation length. The free-elec-
tron laser LCLS at the SLAC national accelerator laboratory
in the USA [3], the European XFEL at DESY in Germany, and
SACLA at Spring-8 in Japan are examples of such facilities.
If the limiting factor on the scale of the accelerator is ionis-
ation of the material, then an attractive alternative is to use a
plasma. A plasma can support arbitrarily high electric fields,
limited only by the obtainable charge density (and eventually,
quantum limits). Longitudinal electric fields moving at the
speed of light are supported in the form of electron plasma
waves with relativistic phase velocity. Generating these rela-
tivistic phase velocity plasma waves requires a relativistic
particle beam, including photons in the form of intense laser
pulses. Current ultra-high-power laser systems capable of
driving such waves are typically Ti:sapphire based technolo-
gies with central wavelength 0.8 pm. The maximum electric
field possible is therefore limited to Epx < 1 TVm~! because
there is a maximum plasma density that the light can prop-
agate in. However, this is already 10000x greater than the
highest field of RF-based cavities, and therefore would allow
substantial miniaturization of the accelerator; potentially a km
scale facility may be realized on the m scale and as a con-
sequence, the access of universities, research establishments
and less developed nations to advanced photon sources may

be increased dramatically. The ~few GeV sources needed
for x-ray production realistically need only centimeters of
acceleration length, with the main bulk of the accelerator then
being the laser itself rather than the accelerator.

In this review paper, we discuss the basic principles and
properties of light sources from electrons accelerated in laser-
driven plasmas, and we present their current and potential
applications in medicine, industry and defense, and high energy
density science. In section 2, we briefly outline the physics of
laser wakefield acceleration (we also refer the reader to a recent
review paper on this subject [4]), and describe five different
sources from laser wakefield accelerators: betatron radiation,
Compton scattering, undulator and free electron laser radia-
tion, bremsstrahlung, and optical transition/terahertz radiation.
While the objective of this paper is not to present a detailed
theoretical study of such light sources (for this we refer the
reader to recent reviews [5]), we give sufficient background in
order to understand their current performances and possibili-
ties for applications. The sources, described in more details
in section 2, are illustrated in figure 1. The name ‘beta-
tron radiation’ or ‘betatron x-rays’ has been adopted by the
laser-plasma community to describe the radiation emitted by
electrons performing betatron oscillations in the plasma wake-
fields, and hence in this paper we use the term in this context.

In section 3 we review applications relevant to medicine,
such as diagnostic radiology through imaging, radiotherapy
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and nuclear medicine. Then, in section 4 we present applica-
tions for the industry and defense sectors, such as gamma-ray
radiography, backscattered x-ray or gamma-ray inspection,
isotope-specific detection, nuclear waste treatment and pho-
tofission, detection of explosives and drugs, and semicon-
ductor imaging. In section 5, we highlight applications for
high energy density (HED) science, a growing field studying
conditions found in extreme environments, such as fusion
plasmas or planetary and solar interiors [6]. In particular,
we discuss electron-ion equilibration mechanisms in these
environments, shock physics, and opacity in hot, dense plas-
mas. Consequently, we present a few diagnostics techniques
where light sources based on laser-plasma accelerators could
offer a real alternative to conventional technology.

2. Current performances of Laser wakefield
accelerator-based light sources

2.1. Laser wakefield accelerators

Laser plasma wakefield acceleration (LWFA) is a method
of generating a plasma wave with relativistic phase velocity
using an ultrashort pulse. It was first proposed in 1979 in a
paper by Tajima and Dawson [7]. The rate of progress towards
experimental demonstration of the various schemes has been
determined by technological constraints. The coupling of
laser momentum to the plasma is mediated by the pondero-
motive quasi-force Fp, which arises due to the second-order
motion of electrons in the intensity gradients of the light pulse

and can be expressed as Fp o< —V~, where v = 1/,/1 — E—z is

the electron relativistic factor [4]. To gain a reasonable elec-
trostatic potential in the wake ¢ ~ ®p on the order of the
ponderomotive potential, the electron motion must be relativ-
istic, which requires the product of intensity with wavelength
squared to be I\2> 10" Wem =2 ym? The gradient of the
laser pulse must also be relatively short for the ponderomotive
force to be significant in the longitudinal direction, with scale
length ~c/wy, where w, = +/n.e*/mej is the plasma frequency
for a plasma of electron density n,. Nd:Glass and CO, lasers
in the early 1990s could achieve the necessary intensities, but
were long pulses and were therefore not capable of coupling
to the plasma efficiently.

The advent of chirped pulse amplification [8] allowed sig-
nificantly shorter (ps), more powerful (P > TW) laser pulses to
be produced. These pulses could have I\? >> 10'® Wem =2 pum?
if focused to a small spot, but for the longer interaction lengths
required for wakefield acceleration, the laser experienced
strong non-linear optical self-focusing. This meant that for
such lasers, the duration must be relatively long, 7> l/wy,
for densities where self-focusing of the pulse could overcome
diffraction. For efficient wakefield generation, the duration of
the laser pulse should ideally be less than the plasma period
2mc/wy, which for atmospheric density hydrogen plasma is of
order 10-100 fs. In early experiments, such lasers were not
available, but electrons were still accelerated by self-modu-
lated LWFA [9-12]. If a pulse longer than 27c/wy, is used, but

having sufficiently high intensity, relativistic self-phase mod-
ulation of the pulse can result [13]. Frequency shifts induced
by a seed plasma wave results in a variation in group velocity
along the pulse, causing modulation of the pulse envelope at
the plasma period, which increases the ponderomotive force
and thereby reinforces the original perturbation.

The self-modulated laser wakefield accelerator (SM-LWFA)
[10, 14-17] occurs when the pulse is of sufficient power that
non-linear optical effects dominate the pulse propagation, but
the pulse is very long compared with 1/wp. The result is that
the pulse is longitudinally and transversely modulated into a
train of pulses which then drive a wake through the pondero-
motive force. The advantage over the beatwave scheme is that
resonance is enforced by the self-modulation. This can result
in large amplitude wave growth [9, 18], and beyond the wave-
breaking limit, self-trapping of electrons from the background
plasma. The first experimental evidence for electron trapping
and acceleration to 44 MeV in a SM-LWFA was reported by
Modena et al [11]. Other experiments subsequently reported
self-trapping in a SM-LWFA [12, 19, 20].

A related mechanism to SM-LWFA is ‘direct laser accel-
eration’ [21-24], which occurs when the pulse is long but suf-
ficiently intense to generate a channel void of electrons with
strong radial fields. When electrons experience the combina-
tion of channel and laser fields, coupled oscillator behaviour
results, with characteristic chaotic orbits and large forward
directed energies achievable. This can be a source of very
large currents of electrons and potentially a high flux x-ray
source [25]. In the case of self-modulated LWFA, because of
the long duration, the electrons interact with both laser and
plasma fields in a similar manner, leading to chaotic orbits
and therefore exponential particle energy distributions result.

An important milestone in experimental LWFA studies
was the first observations of self-trapped quasi-monoener-
getic beams of electrons [26-29]. Previous experiments on
laser wakefield acceleration had reported electron beams with
a maxwellian electron spectrum, which was the result of per-
forming the experiments at necessarily high densities. Due
to the slower group velocity of the laser, the electrons even-
tually outrun the pulse and gain a large spread in energy as
they reach the decelerating part of the potential. The advent
of <50 fs, >10 TW lasers allowed the pulse to be focused
to a larger spot, but still with I\>>> 10'®* Wem=2 ym?. This
allowed self-trapping to occur at a lower density than previ-
ously, so that the dephasing limit was not exceeded and mono-
energetic electron beams could be extracted [30]. However, to
obtain a single monoenergetic spike the laser intensity should
be sufficient that only a single wave period trails the pulse, due
to high amplitude wave oscillations in three-dimensions [31].

Following experimental results generating ~100 MeV
electrons, LWFAs demonstrated a rapid increase in maximum
energy, with the GeV threshold being quickly reached
[32-36]. Electrons approaching 5 GeV have been recently
been measured [37]. Since such energies are already compa-
rable to those in 3rd generation synchrotron facilities, the use
of wakefield accelerators for photon light source applications
is a near-term prospect.
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Figure 2. Illustration of laser wakefield acceleration in the bubble
regime: isosurface plots calculated from the 3D particle in cell
code OSIRIS 2.0, in a box moving at the speed of light, taken after
0.84 mm propagation. It models the propagation of a gaussian laser
pulse with pulse duration 29 fs FWHM, beam waist wy = 10 pm,
and normalized vector potential of ay = 4 in a Helium plasma with
a fully ionized electron density of 0.005n,.. Side panels display
slices through the center of the box. The isosurfaces correspond to:
blue, 10% and green, 2% of minimum and red, 25% and orange,
50% of maximum current.

2.1.1. Scalings for maximum energy gain and accelerator
length. The longitudinal electric field of a wakefield can be
used to accelerate electrons or positrons, but there are physi-
cal limitations to the maximum energy that can be achieved.
Deriving simple scalings for both the maximum energy gain
and the accelerator length can provide important guidelines
to be able to understand potential limitations and to advance
laser-plasma based accelerator designs.

A wakefield in a uniform plasma of electron number den-
sity n, has a phase velocity v, dictated (to first order) by the
group velocity v, of the driver laser pulse, with central wave-
length Ay. This is because a laser pulse exerts a time averaged
force on the plasma electrons, known as the ponderomotive
force, that is proportional to the gradient of the laser envelope.
The strength of the laser field £ is characterized by the work
done by this field over a wavelength relative to the electron
rest mass energy, ap = eE\o/(2mm,c?). Perturbed plasma elec-

trons will oscillate at a frequency wp, = e’n./meeq due to the
electric field resulting from the charge separation relative to
the ion background. In the 1D linear regime, the group veloc-
ity is vy = /1 — ne/n., where n. = 4r’m.c2eple®\] is the
electron number density for which the light is no longer able
to propagate in the plasma. Note that in 3D nonlinear regime,
the laser group velocity is not easily defined. For a sufficiently
low density plasma, a relativistic particle initiated in an accel-
erating phase of the electric field will gain energy as it stays in
phase with the wave for long distances.

A relativistic particle with v>~c¢ will eventually outrun
the accelerating phase of the plasma wave, which in the

linear regime has a phase velocity equal to vy < c. As a con-
sequence, there is a maximum energy that can be extracted
from the wakefield for a given laser wavelength and plasma
density. This phenomenon is known as dephasing. It can be
shown that in the 1D linear regime, this maximum energy
is Emax =~ (n/no)mec? [4, 7]. The distance over which this
dephasing occurs is Laeph ~ (:/1)A\p/2 o (nc/n.)*'?. In the 3D
nonlinear regime [38—40], it has been shown that the trans-
verse size of the structure is dictated by self-focusing of the
laser pulse and scales as 1/w),. This means that to go to lower
plasma density to achieve higher energy electrons, as these
scalings suggest, the laser pulse energy must also increase.
This a technical challenge, since generating high energy,
ultrashort pulses is limited by optical component damage
thresholds. Under these conditions and at higher intensities,
the wake field shape resembles that of a spherical ‘bubble’ of
radius r, >~ 2./agc/w, and this regime is consequently often
referred to as the ‘bubble regime’ of LWFA [38]. An illustra-
tion of a typical laser wakefield accelerator in this regime is
shown in figure 2.

To find scalings for the accelerator length and maximum
energy achievable, let us assume that the wake, regardless of
the details of the plasma wakefield structure, has a potential
@&, 7), where § = z — vyt is the wake phase coordinate trave-
ling with velocity v, (this implies a non-evolving wakefield).
Then, in the rest frame (denoted by primed quantities) of the
wakefield, the potential will be ¢’ = Yo(@ — veA;) = 7,0 in
the Lorenz gauge, where +, is the Lorentz factor associated
with the boost. We assume that the difference ¢ — v, is pro-
portional to the plasma density so that ~, = \/nnc/n., where
1 is some constant (for linear dispersion this is exact, with
n = 1). The maximum energy gain of the particle in this frame
is AT' = eA¢’, where A¢' is the difference between the max-
imum and minimum wake potential.

We can transform the energy gained by an electron in this
static potential back to the laboratory frame using the trans-
form AT = ~,(AT' + vAp’) = 27,AT’, where we have used
the limit 7,A¢>> 1 so that Ap’c ~ AT'. Hence, the energy
gain in the laboratory frame is AT = 27}2)eA¢, or

AT~ cl(ﬂ)mec% (1)

Ne
where G = 2n(eAd/mc?) is a scaling factor that depends on
the geometry and amplitude of the wakefield. Since by dimen-
sional analysis the longitudinal electric field has a magnitude
of order Ey = mcwy/e, the length over which this acceleration
occurs is

3/2
Lgeph = Cz(ﬁ) Ao. 2
e
where C, = G/2ma and the electric field averaged between
the maximum and minimum potentials is (E,) = k.
Determining the exact values of the scaling constants for 3D
nonlinear plasma waves requires numerical simulation. Note
that since a non-evolving wakefield has been assumed,
these strictly only apply for uniform plasma density and a
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non-evolving laser pulse and under different conditions, dif-
ferent scalings will apply.

In [40], the 3D scalings were studied using a mixture of
analysis and large scale numerical simulations. These result in

AE~ %(ﬁ)mecz, 3)
3 \n,
2 7 . 3/2
Laeph Jao (”_) No. )
37 \n,

These scalings are in agreement with experimental results [41, 42].

2.1.2. Injection into the wakefield. One very important con-
sideration in LWFAs is the process for injecting the electrons
into the correct phase of the wake to be accelerated. Electrons
can be injected externally, but obtaining a sufficiently short
duration electron bunch is nontrivial. The electron bunch
to be injected should ideally be temporally short compared
with 1/wp, so that the electrons experience similar magnitude
electric field, and therefore uniform acceleration, although it
has been suggested that the wakefield can naturally bunch
an electron beam [43]. When the wakefield amplitude is suf-
ficiently large that the oscillating electron velocities in the
plasma fluid oscillation exceed the phase velocity of the
wave, they will be self-trapped under certain conditions
[30, 44-47]. This generally requires I\> > 10'® Wem =2 pm?.
The self-injection of electrons can be increased in effective-
ness by having a non-static bubble [48] or a thermal plasma
[49]. Other methods are using a second laser to perturb elec-
tron orbits and allow them to cross the separatrix (between
trapped and untrapped orbits) in the phase space diagram. For
example, all optical injection [29, 50-54], demonstrates the
most control of the phase space distribution [55-57], while
the use of density transitions [58], has demonstrated out-
standing stability in experiments [59-63].

One notable mechanism is the use of ionization of inner
shell electrons near the peak of the laser intensity to per-
turb electron orbits from the fluid motion [34, 64—70]. This
requires adding a small amount of higher-Z gas to the gas used
for acceleration. This technique has shown great stability in
gas cells [71], but also has a great outlook for control of the
electron bunch phase space distribution, since the ionization
process can be decoupled from the drive laser pulse by the
introduction of a second laser pulse [67] and would be very
useful for plasma based light sources.

2.2. Betatron x-ray radiation

Simultaneous to laser wakefield acceleration, electrons can
also undergo transverse oscillations if they are trapped away
from the laser and plasma wave longitudinal axis. This motion
of relativistic electrons, called betatron oscillations, produces,
as in a synchrotron, a collimated beam of broadband x-rays
with a great potential for applications. The first observation
of betatron radiation was reported in a beam-driven wake at
SLAC [72], where 28.5 GeV electrons wiggled in a 1.4 m
Lithium plasma to produce ~10° photons around 14.5 keV,

which was followed by its characterization in a laser-driven
wake [73], where ~10® photons were produced in the 1-10
keV energy range. The research on betatron x-ray source char-
acterization and development in LWFAs has been very prolific
over the past decade, and there are several excellent theor-
etical and experimental reviews of betatron x-ray radiation in
the literature [5, 74]. Here we describe some of the most rel-
evant properties of the source for applications.

2.2.1. Theory. In the blowout regime, the equation of motion
for an electron performing betatron oscillations while being
accelerated by the longitudinal fields of the wake can be
described by simplified expressions assuming a spherical
ion cavity [75, 76]. In this structure, the electric field in the
direction of propagation is given by E, = mewf,g /2e, where
§ = 7 — vgt, which has a maximum amplitude at the edge of the
bubble at r, = 2 /agc/wy of |E,|, = Jaomecwple, is zero at
the center of the bubble where £ = 0 and therefore the average
field strength is (E;) = |E.|,,,, = (Jao/2)m.cwyl/e. The trans-
verse electric fields are E, = mewf,x/4e and E, = mewf,y/4e

max

and the magnetic field is only azimuthal, given by the comp-
onents B, = mewf,y/4e and B, = —mew§x/4e. Since the comp-
onents of the force are F, = —eE,, F, = —e(E, — v.B,) and
F, = —e(E, + v;B,), and taking v, = c, the force on an electron
within the bubble can be written in the compact form

dp 1
L —mew?

a2 ©)

where § = (x,y,§) = ¥ — v,tZ are the coordinates comoving
with the bubble at velocity v,. As shown in [75], because the
longitudinal momentum is slowly varying (the equation of

motion can be integrated to obtain p, =~ fylz)aomec(l — §z/rl2,),

for v, ~ ¢), the transverse equations of motion can be treated
as a slowly varying oscillator, with betatron frequency

wp = wp//2p,, and WKB solutions:

o= o funtone] ©)

From the position and momentum of the electron, it is pos-
sible to calculate the intensity emitted by the particle per unit
frequency dw and solid angle d €2, derived by Jackson [77] as:

d2r _ ew?
dQdw 47c

% T W
f ﬁx(ﬁxﬂ)e‘w(’*T)dt‘, )

where 7 is the vector corresponding to the direction of
observation and 3= v/c the normalized electron veloc-
ity. Equation (7) can be simplified if the electrons undergo
very strong oscillations, similarly to a synchrotron wiggler.
It means that the wiggler parameter, ag = ~kgrg [74] is larger
than unity. Here, y is the electron relativistic factor, r3 the
oscillation radius, and ks = k,/(27)""2 This asymptotic limit
describes the spectrum emitted by an electron, as observed
at an angle # from the plane in which the particle oscillates
[74, 77]:
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Table 1. Betatron x-ray source and corresponding laser and plasma parameters obtained at a number of facilities worldwide.

Energy at
Pulse Pulse Spot size Electron intensity
Laser facility energy (J)  duration (fs) (um) aop density (cm™3)  Photons peak (keV) Year
Salle Jaune 1 30 18 1.2 8 x 108 108 2 2004 [73]
Astra-Gemini 10-15 45-55 20 2.5-35 310 x 10'8 10° 33 2014 [94]
Hercules 2.3 32 1.2 4.7 422 % 10'8 10%-108 10 2010 [89]
T-REX 1.3 24 28 1 4-10 x 10'8 NA 2012 [80]
Callisto 4-8 60 12 2 5% 1018 108 8 2013 [84]
Texas Petawatt 170 150 60 2 2 % 107 10%-10° 25 2013 [36]
ALLS 2.5 30 24 1.2 5.4 % 1018 3.6 x 107 2-3 2013 [90]
JETI 0.73 27 12 1.9 2-20 x 10'8 3% 108 6 2013 [91, 95]
Lund 0.65 40 19.7 1.6 8-15 x 10'8 10° 2 2013 [96]
XLII 0.3 80 4 1.2 2% 10" 2 x 108 <0.5 2013 [303]
ATLAS 1.6 28 22 2.1 811 x 10'8 1.6 x 107 49 2013 [98]
Vulcan 280 7000 3.2-53 9-29 0.1-1.4 x102° 5% 108 18 2013 [25]
« 1024 L > |
g — —— |
B |
S~
%)
S
T 1022
o }(\ |
S [ ]
g ' |
E 3
=] 1020 L —— Hercules — Kneip 2010
N E —— Salle Jaune — Rousse 2004
‘0_4 [ —— Astra—Gemini — Cole 2015
. —— ALLS - Fourmaux 2011
=4 — Callisto — Albert 2013
175) —— Texas Petawatt — Wang 2013
g 1018 —— JETI - Schnell 2012
i ; T-REX — Thorn 2010
° [ ’—_\\ —— Vulcan PW — Kneip 2008
= — Lund - Ju 2012
= XLII - Chen 2012
Astra—Gemini — Cipiccia 2011
1016 L

i f
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100 1000

Photon energy [keV]

Figure 3. Peak brightness of betatron x-ray sources produced at the facilities listed in table 1. The publications of Rousse [73], Kneip
2010 [89], Kneip 2008 [25], Ju [96], Cipiccia [92], Schnell [91], Wenz [98] and Chen [303] directly provide this quantity, which is
reported on the figure. We estimated the peak brightness based on the source parameters given in the other references: Cole [94] gives the
average brightness and flux, Foumaux [90] the number of photons per unit solid angle and spectral bandwidth, Plateau/Thorn [80, 99] and
Albert [84] the total number of photons, the divergence, spectrum and upper source size limit, Wang [36] the total number of photons, the
divergence and spectrum (we assumed a micron-scale source size). The lower brightness quoted by Kneip et al 2008 [25] is due to the fact
that the betatron x-rays where produced with longer (ps) petawatt-class laser pulses. The experiment of Chen [303] was performed using
cluster argon targets of higher densities, in the self-modulated wakefield acceleration regime. The experiments of Plateau [80, 99] and
Schnell [91] used betatron radiation as a diagnostic of the electron beam properties and were not specifically optimizing the source yield.

dZI 2¢2 292
7% [ ] ®

K2 + /771(2
1Qdw © 1+ 20 2138 T 206

where K>3 and K3 are modified Bessel functions. Here,
&= %(1 + 720%)*'2, where the critical frequency w. >~ 3azy*ws
and wg = wp/(27)""? is the betatron frequency. For § = 0, the
function §2K%/3(§) peaks at £~ 1/2 (w~0.5w,) [74]. The

spectrum, integrated over the full spatial extent of the betatron
beam, is also derived from equation (7):

2 00
L=y R ©)
dw c w Y
where Ks/3 is another modified Bessel function. Equation (8)
peaks at w~ 0.45w,. for # = 0 while equation (9) peaks at
w~0.3w,.

The calculation of betatron radiation spectra or beam pro-
files has been widely used in conjunction with single electron
models to explain the shape of the beam profile [78] or the
radiation spectrum [79, 80]. Several analytical studies of the
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radiation emitted by electrons oscillating in an ion channel
have been benchmarked against particle in cell (PIC) simula-
tions [81-83]. However, the above methods assume electron
trajectories with specific initial conditions (injection radius
or angular momentum) without taking into account the full
description of the interaction itself. Scaling laws using elec-
tron trajectories calculated in a Lorentz boosted frame with
simplified fields attempting to remove this assumption are also
in reasonable agreement with experiments [46]. Additionally,
betatron oscillations do not occur in a unique plane [84], and
electrons trajectories can be influenced by the presence of the
laser field in the wake [82, 85], especially after they dephase.
PIC simulations can now be post-processed to track electron
trajectories and calculate their radiated spectrum and power
for very accurate results [86—88].

2.2.2. Experimental source properties. Early observation
of betatron radiation was in a beam-driven plasma wakefield
accelerator [72]. Some work has been done in the direct laser
acceleration regime with a picosecond laser system [25],
where conversion efficiencies (from electrons to x-rays) of up
to 5% and x-rays up to 50 keV have been reported, but data are
still lacking in this regime.

Following its first observation in a laser-driven wake [73],
most of the experimental work on betatron radiation has
been done in the blowout regime of LWFA for laser ener-
gies between 1-10 J and pulse durations of typically less than
100 fs. Betatron x-ray properties, produced at a number of
facilities worldwide [36, 73, 80, 84, 89-91], are described
in table 1, along with the laser and plasma parameters used
in the experiments. Figure 3 summarizes the peak brightness
of these sources and figure 4 shows some of its most notable
features. In this regime, the highest betatron energies to date
from the blowout regime (peaking at ~20 keV) have been
reported from 2 GeV electron beams accelerated at the Texas
Petawatt Laser [36]. Betatron spectra peaked at 150 keV pro-
duced by 700 MeV electron beams have been reported in a
slightly different regime at the Astra-Gemini laser facility
[92]. These higher than usual photon energies are reported as
being due to the fact that electron oscillation amplitudes are
resonantly enhanced by their interaction with the back of the
laser pulse [85].

Although a direct measurement of the source duration has
yet to be done, PIC simulations suggest that it is on the order
of or less than the laser pulse width, and the ultrafast nature of
the source was demonstrated by detecting nonthermal melting
in InSb [93].

2.2.3. Betatron as a diagnostic for LWFA electrons. For the
past ten years, betatron radiation has been used as a com-
pelling diagnostic of LWFAs, because the x-rays produced
directly depend on the electron trajectories. While the elec-
tron energy can be measured with a magnetic spectrometer,
and the electron plasma density with interferometry, there
is no direct technique to measure the oscillation radii of the
electron trajectories. All the following methods consistently
agree with oscillation radii of 0.5-5 pm. The spectrum of the

source, measured with filters and crystal spectrometers [79],
or with single photon counting techniques [80, 95] is a good
indicator of the electron injection radius rj into the wake. In
this case, the radiation spectrum is calculated from electron
trajectories using equation (5), where n, and  are known,
and where ry is left as a free parameter until the calculated
spectrum matches the measured spectrum. The beam profile,
usually measured on large indirect detection CCD cameras or
image plates, has been used to retrieve the injection radius,
but also the initial angular momentum [78, 100], the aniso-
tropy of the oscillations [84, 101], or the nature (transverse or
longitudinal) of electron self-injection into the LWFA [102].
The x-ray source size has been directly measured with Fresnel
diffraction techniques [89, 103, 104]. A clean edge (preferen-
tially an opaque, cleaved diffraction crystal) is placed in half
of the beam, close (a few 10cm) to the source, and its shadow
is cast on a detector further downstream (a few meters) to
ensure a good resolution. The profile of this shadow is fitted
with Fresnel diffraction integrals to retrieve the only unknown
parameter, the source size. A similar imaging technique can
be used to estimate the longitudinal extent of the source [105],
typically a few 100 microns for TW laser systems.

2.2.4. Source control and comparison with conventional
synchrotrons. Although betatron x-ray radiation has tremen-
dous potential for applications, some of which have begun, it
still needs to be improved. The source needs to be better con-
trolled and tuned, produce more photons and be more repro-
ducible from shot to shot to be routinely used for applications.
Its poor reproducibility is due to the highly nonlinear nature
of the blowout regime of laser-wakefield acceleration and its
sensitivity to nonideal laser beam and plasma density profiles
[106]. In current blowout LWFA experiments, electron beam
spectra typically have less than 10% energy spread and fluc-
tuations between 1-10 MeV per shot. Several methods to con-
trol the stability and injection of electron beams have been
proposed and some of them demonstrated experimentally.
These include colliding-pulse injection [29, 50], density gra-
dient injection [59, 61], inner-shell ionization-induced trap-
ping [65, 66, 69], cold injection [55], and transverse control of
self-injection using counter-propagating lasers [56] or exter-
nal magnetic fields [57]. For the case of colliding-pulse injec-
tion, it yields more controllable and tunable betatron radiation
[107]. Betatron radiation should be produced and observed in
these experimental conditions to understand if the methods to
control the injection and stability of the electron beams have
an effect on the output reproducibility. Eventually, most of the
betatron source parameters should be controlled with careful
laser settings. The polarization can be controlled by tailoring
the laser intensity profile and pulse front tilt [91, 108], and the
spectrum by tailoring the laser wavefront with coma [109].

2.3. Compton scattering

2.3.1. Principle of inverse Compton scattering with laser
wakefield accelerators. Inverse Compton scattering [110]
is a process whereby a laser photon scatters off a relativistic
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Figure 4. Notable features of betatron x-ray radiation. (a) Experimental synchrotron-like x-ray spectrum with 5.6 keV critical energy
(from Fourmaux et al [90]), (b) beam profile for photon energies >2 keV (from Ta Phuoc et al [78]), (c¢) radiographic image of a resolution
target, demonstrating the micrometer size of the source (from Kneip ez al [89]), and (d) pulse duration calculated from a PIC simulation

(from Ta Phuoc et al [93]).

electron to have its energy upshifted. In the literature several
experiments are referred to as Thomson scattering, which is
the classical limit where the wavelength is much greater than
the Compton wavelength (\. = h/mc = 2.426 x 10712 m for
the electron, where 4 is the Planck constant). While a number
of experiments described in this review have been realized in
the Compton and Thomson regimes (photon energies respec-
tively above and below 511 keV), we will only use ‘Compton
scattering’ throughout the rest of the manuscript. In their rest
frame, electrons see the Doppler upshifted electromagnetic
field from the laser, and scatter the light in a classic dipole
radiation pattern. A second upshift arises when returning to
the lab frame. From energy-momentum conservation, one
can derive the relativistic Doppler shifted energy of Compton
scattered x-rays:

B 27%(1 — cos ¢) E
T 14207 + a2 12+ 2yko

ph> (10)

where « is the electron relativistic factor, ¢ is the angle
between the incident laser and electron beams, kg = 27/ is
the laser wavenumber, ¢ the laser normalized vector poten-
tial, and E, is the laser photon energy. The electron recoil,
27k A., can be neglected for modest LWFA energies and laser
intensities. If the scattering laser vector potential is such that

ap < 1, Compton scattering emission is mostly fundamental
(in the case of a head-on collision, ¢ = 180°, the scattered
energy observed on-axis roughly scales as 472Eph). At higher
laser intensity ap > 1, the Lorentz force due to the magnetic
field begins to become significant, the electron motion is more
complex, and the radiation spectrum will contain higher har-
monics of the laser frequency. Compton scattering sources are
very attractive because one can obtain high-energy (beyond
100 keV) scattered photons with relatively modest electron
beam energies, when compared to betatron x-ray radiation
produced in the same regime [89, 111].

An important feature of Compton scattering sources
is that the Compton scattering cross-section is very small
(0 = 6.65 x 107% cm~?), so a high density of electrons and
photons (and thus very high-quality beams) are required at the
interaction point. In the case where the laser focal spot and elec-
tron bunch focus have similar size, wy, the number of x-rays
produced can be approximated by N, = (alwwg)NLNe, where
Ny and N, are respectively the number of laser photons and the
number of electrons in the bunch. As the electron beam focal
spot size scales as 1/, the x-ray yield varies as v2. Among
LWFA-driven light sources, betatron radiation provides the
highest brightness in the 10-100 keV range, but Compton scat-
tering sources become a more efficient option at higher energies.
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Figure 5. Peak brightness of Compton scattering x-ray sources produced at the facilities listed in table 2. Here LWFA electrons oscillate
in the electrical field of a laser pulse to emit high photon energy x-rays or gamma-rays. The experiments of Ta Phuoc [111] and Tsai [122]
were performed using a foil acting as a plasma mirror to reflect the laser pulse onto the accelerated electrons. In the experiments of Chen
[97], Powers [123], Khrennikov [125], Sarri [126] and Schwoerer [121] the electrons oscillate in a second laser pulse, which counter

propagates with respect to the LWFA driver.

Table 2. Compton scattering x-ray source and corresponding laser and plasma parameters obtained at a number of facilities worldwide.

Pulse Spot Electron
Pulse energy  duration size ao,1, density Photons  X-ray

Laser facility E\, E,(J) 7, 7 (fs)  (um) aoa (cm™) /shot energy (keV)  Year

Salle Jaune (LOA) 1 35 17 1.2 10" 108 50-200 2012 [111]
DIOCLES (U. Nebraska) 1.9, 0.5 35,90 20,22 19,04 10" 107 70-9000 2013 [97, 123, 124]
ATLAS (MPQ) 1.2,0.3 28,28 13,25 44,09 5% 109 NA 5-42 2015 [125]

JETI (Jena) 0.333,0.037 85,85 ~3.3 3,08 6 x 1019 3% 104 042 2006 [121]

UT3 (UT Austin) 0.8 30 12 1.6 1422 %109 2x107 75200 2015 [122]
Astra-Gemini (RAL) 18, 18 42,42 27,NA 54,2 32 % 1018 107 6000-18 000 2014 [126]

Note: Quantities E|, 73, wo, 1,do, 1 and E», T, W, 2,dp, » are for the main laser and scattering laser pulse, respectively. For experiments using a foil, only values
for the drive laser are given. Most of these sources can operate at a 10 Hz repetition rate at best.

The advent of high intensity laser systems rapidly
prompted many theoretical studies of Compton scattering
in the nonlinear regime [112-117], but not necessarily from
LWFA electron beams. In the first theoretical Compton-
LWFA source study, simulations (using 3D Compton scat-
tering codes for the radiation and PIC codes for the electron
beam phase space) predicted that with 300 MeV, nC electron
beams with a 5% energy spread, 107 x-ray photons per pulse
could be produced, with energies up to 1 MeV [118]. In this
scheme, nonlinear spectral broadening of the scattered x-ray
can be reduced by chirping the scattering laser pulse, which
yields a significant increase in source brightness [119]. More
recent simulations predict, for a 100 pC, 200 MeV electron
beam, 10'! photons in a broad spectrum peaking at 10 MeV,

with approximately 2% conversion efficiency of laser energy
into gamma rays, in a beam collimated to less than 10 mrad
divergence [120].

2.3.2. Compton scattering experiments with laser wakefield
accelerators. Producing Compton scattering x-ray and
gamma-ray sources from LWFA electrons is extremely
challenging because it requires the synchronization of elec-
tron and laser beams to within a few femtoseconds and a
few microns. Figure 5 and table 2 summarize the proper-
ties of LWFA-driven Compton light sources at various laser
facilities. Some of their notable features are also illustrated
in figure 6. The first experimental demonstration was done
with a 10 TW laser and a 180° geometry, which produced
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Figure 6. Notable features of Compton scattering light sources from LWFA. (a): narrow band spectrum obtained from quasi-monoenergetic
electron beams, from Powers et al [123]. (b): collimated, hard (>100 keV) x-rays, from Ta Phuoc et al [111]. c: 442 on-axis scaling of the
x-ray energy with the electron relativistic factor ~, from Khrennikov ef al [125].

Maxwellian electron distributions with temperatures around
6 MeV and scattered photons with detectable energies up
to 2 keV [121]. The first Compton scattering experiment
producing hard x-rays (up to 300 keV) was done with a
single laser pulse and a foil placed at the exit of the LWFA
to reflect the laser back onto the ~100 MeV electrons via
a plasma mirror effect [111]. This scheme produced 10%
photons per pulse, and more recent studies have demon-
strated the tunablility (75-200 keV) of this method, as well
as a quasi-monoenergetic (50%) spectrum [122]. The main
drawback remains the laser-to-x-ray photon conversion effi-
ciency, on the order of 1072,

Technological difficulties were recently overcome to pro-
duce gamma-ray photons between 1-4 MeV with two laser

10

beams overlapping at 170° [97]. Here,~300 MeV electrons
were produced by a 1.9 J, 35 fs pulse focused onto a 2mm
gas target (1 x 10" cm ™3, with 99% He and 1% N,), and a
portion of the main beam was split to be focused onto the
electrons at intensities around 10'7 W cm™2. The 442 scal-
ing law of this source was subsequently demonstrated by
the same group at x-ray energies between 100 keV and 1
MeV [123], as well as 9—15 MeV gamma-rays (3x 10° pho-
tons/shot) with a scattering laser doubled in frequency by a
KDP crystal [124]. Tunable (5-42 keV), quasi-monochro-
matic and reproducible x-rays have also been reported from
a more modest laser system (60 TW), with the presence
of spectral nonlinear features [125]. At present, the high-
est photon energy obtained from a LWFA Compton source is
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Table 3. Recent Compton scattering x-ray and v-ray sources with RF accelerator technology.

Electron Laser Photon Spectral
energy energy energy bandwidth Flux
Facility Accelerator (MeV) Laser [€)] (MeV) (%) (photons s~1) Year
HinS Storage ring 1200 FEL 0.15 1-158 1-10% 108 1996 [131]
PLEIADES S-band Linac 54-57 Ti:ALO; 04 0.04-0.08 ~few% 108 20002004 [132]
(LLNL)
T-REX (LLNL)  S-band Linac 120 Nd: YAG 0.15 0.075-0.9 ~10% 106 2005-2008 [133]
NewSUBARU  Storage Ring 1000 Nd:YVO, CW 6.6-17.6 17% 103 2003 [134]
(Japan)
THOM-X Storage Ring 50-70  Fiber—FB 25x 10°¢ 0.05-0.09 NA NA In construction [135]
PHOENIX Superconducting 22.5 Ti: ALO; 0.1 0.08-0.013  4.5% 10° 2013 [136]
linac
ELI-NP S/C-band linac ~ 19.5 Ti: ALO; 0.3 6.6-17.6 0.5% >5 % 108 In construction [129]
-OR

Note: FB = Fabry—Perot cavity. CW = Continuous Wave. OR = Optical Recirculator.

18 MeV (approximately 107 photons with energies exceeding
6 MeV per shot), form the 18 J, 40 fs Astra-Gemini laser
facility [126].

2.3.3. Comparison with Compton scattering from RF
accelerators. The development of Compton scattering x-ray
and gamma-ray sources with conventional accelerators is also
a very active field of research. Characteristics of some of these
current sources are described in table 3. The first Compton
machine producing gamma-rays was demonstrated at SLAC
in the late 60s [127], and the first source specifically con-
ceived for applications of Compton-scattered gamma-rays
was built in Italy in the late 70s [128]. Several sources have
been built by utilizing free-electron laser (FEL) radiation from
an electron bunch and by interacting it with the next electron
bunch in a storage ring, but conventional optical lasers offer
much better beam quality. Similarly, sources rely on many dif-
ferent accelerator technologies: Linac, energy recovery linac,
or storage rings. Currently, the narrower bandwidth of Comp-
ton sources from RF accelerators makes them more desir-
able for precision nuclear physics applications. A Compton
source with photon energies up to 19.5 MeV and a spectral
bandwidth better than 0.5% is currently being constructed in
Europe specifically for nuclear physics [129]. Although the
precision of a LWFA-driven Compton scattering source is not
yet at the level of RF accelerator sources, several projects in
the US, which are showing very promising results, are specifi-
cally targeting nuclear forensics applications at LBNL [130]
and the University of Nebraska [123].

2.3.4. Radiation reaction. When a charged particle emits
radiation, that radiation carries momentum and therefore this
momentum must be accounted for. This is true whether the
physical model being considered is a classical or quantum
one. The loss of momentum by an emitting particle is known
as radiation reaction, and as suggested by equation (10), it
can play a role in the photon energy of Compton scattering
sources. We may assume that however difficult it may be to
perform the calculation, radiation reaction is self-consistently
contained within the framework of quantum electrodynamics.

1

However, in classical dynamics, the force equation must be
modified to include the effect of the radiation. The problem
cannot be solved by simply taking the classical limit of the
quantum equations in a straightforward way [137].

The radiation-reaction force was first formulated nonrela-
tivistically by Lorentz, relativistically by Abraham and then
self consistently by Dirac. The resulting equation has been a
source of much controversy because it is a third-order differ-
ential equation that allows, for example, for self-accelerating
solutions that do not conserve energy. Many authors have
offered modified solutions [138]. These are generally identi-
cal to first order in the expansion proposed by Landau and
Lifshitz [139],

d

e L
L
—V" f_F V,

dr me

e

[na"fo 2vav“F”“’], (11)

mC

where v* is the four-velocity, 7 proper time, F®’ is the
electromagnetic field tensor, 1y = e2/6megm.c’ and n** is the
Minkowski metric tensor with trace —2. Quantum radiation
reaction is essentially the overall recoil experienced by an
electron undergoing multiple simultaneous incoherent photon
emission events [140].

The importance of radiation reaction in general can be
determined from the relative magnitude of the radiation force
in equation (11) as

¥ =%y 27 ,
3¢

12)

where r, is the classical electron radius, w is the inverse time
scale over which the particle is accelerated and ag = eA/m,c.
Quantum radiation reaction is important when the parameter
X > 1, where

(ot
X=——

cE; (13)

[141], which corresponds to an electric field that is large com-
pared with mf/e)\c.

Radiation reaction is intrinsically linked to light sources;
radiation damping is well known in storage rings and
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Figure 7. Illustration of undulator radiation as a function of the wiggler strength. For K < 1, a relativistic electron oscillating through

the wiggler emits at the fundamental wavelength (A = \¢/27?). As K increases beyond unity, higher order harmonics are emitted, with

the fundamental redshifting to longer wavelengths, until they ultimately merge into a continuous broadband spectrum. (a) On axis photon
energy spectrum d’//dwd € as a function of inverse undulator wavelength relative to 2y2/\g and wiggler parameter K for an electron
traversing a 3 period magnetic undulator with Lorentz factor ~. ((b)—(d)) The same data for 3 different values of K. Calculated using RDTX

[154].

synchrotrons. The inverse Compton energy loss in a single
electron interaction with a single photon is similarly well
known.

In laser-plasma interactions radiation reaction can be sig-
nificant because w is large, ay is large and + is large. The most
significant manifestation of radiation reaction is in nonlinear
inverse Compton scattering where the field strength in the rest
frame of the electron is maximized and the acceleration time-
scale minimized. Under these conditions, where a relativistic
electron collides head on with an intense (ap > 1) laser field,
the quantum parameter, y, can be written as [141]

X = woYodo- (14)

2
e

Therefore by controlling the values of ay and -, different
regimes can be explored. In the classical radiation reaction,
calculations have shown that significant energy losses due to
radiation reaction can be achieved with the highest intensity
lasers colliding with electron beams accelerated to ~100 MeV
energies [120, 142]. For GeV energy beams, quantum radia-
tion reaction [140, 143-149] starts to dominate, and genera-
tion of electron-positron pairs starts to ensue as y approaches
1 through the multiphoton Breit-Wheeler effect [141, 150].
This is where the energetic inverse Compton scattered pho-
tons absorb a large number of laser photons and decay into an
electron positron pair. This process was first observed on the
SLAC facility [151]. Experimental verifications of nonlinear
QED predictions will be likely to be undertaken simultane-
ously with laser wakefield driven inverse Compton schemes.
In addition, understanding of quantum effects may allow
new sources for applications, such as the demonstration of a
quasi-monochromatic very bright source of photons from an
ultrarelativistic electron beam colliding with a thermonuclear
plasma due to kinematic pileup [152].

12

2.4. Undulator and XFEL radiation

Since x-ray free electron lasers (XFEL) became available to
users [3], they have revolutionized many scientific fields by
allowing the observation of ultrafast and ultra small phenom-
ena. However such facilities require kilometer-long accelera-
tors to operate. LWFAs now produce electron energies [37]
comparable to what is needed for an XFEL, and are being
considered as a desirable approach to produce XFELs with a
compact footprint. A lot of progress has been made to produce
LWFA beams with small emittances and large peak current,
however the large electron energy spread (a few %) severely
hinders the prospect of a LWFA-based XFEL. This can be
understood by looking a the basic principles of a XFEL [153].
When an electron passes through a periodic undulator with a
magnetic field By and period equal to Ay, then it emits radia-
tion in the forward direction at the wavelength:

5]

where Ky = 0.934B (Tesla)\g (cm) is the undulator strength,
and v the electron relativistic factor. As the undulator
strength increases beyond unity, harmonics of the fundamen-
tal radiation are emitted, as illustrated in figure 7. A plane
electromagnetic wave with wavelength A can thus exchange
energy with the electron beam. Depending on their phase
with respect to the wave, electrons either gain or lose energy,
leading the electron beam to be microbunched with A period-
icity and to consequently emit coherent radiation. When the
wave gains energy, XFEL amplification occurs until satur-
ation is reached. From equation (15), a spread in electron
beam energy means a spread in A, which prevents micro-
bunching and thus XFEL gain. In a high gain FEL, the Pierce
parameter [153]

KZ
+ K
2

Ao

)\_

= 27 (15)
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1/3
= ]
limits the acceptable electron beam energy spread o,
to o,/y< p. Here, I is the electron beam peak current,
I~ 17 kKA the Alfvén current, o, the rms beam size and
[JJ] = Jo(Y) — Ji(Y) the field coupling. Jy and J; are Bessel
functions and Y = K?/(4 + 2K ?).

Because current LWFA electron beam properties do not
satisfy the requirements for an XFEL, several undulator
schemes have been numerically investigated to overcome the
large energy spread of LWFA beams. A detailed discussion on
this subject is presented in Reference [5]. A transverse field
variation into the FEL undulator reduces the effect of beam
energy spread and jitter, and this method shows that it can
produce soft x-rays from 1 GeV electron beams with a 1%
rms energy spread, for a 5 m long undulator with a periodicity
of 1cm [155]. In this scheme, the electron beam energy and
the undulator parameter are given a transverse linear depend-
ence so that every electron satisfies the resonance condition
(equation (15)). Another concept has shown that FEL gain
can be obtained for EUV rays with an electron beam energy
spread of 1% rms and a bunch charge of 5 pC by using a large
undulator strength >1 and bunch decompression [156]. The
electron energy considered was 300 MeV and the FEL wave-
length was calculated to A = 134 nm. A chicane can also be
used as a bunch stretcher [157], which reduces the gain length
for an XFEL operating with an energy spread on the order
of the Pierce parameter. Space-charge effects due to the high
peak beam currents (10-100 kA) of LWFAs are a problem
as well. Solutions include the generation of electron beams
with a negative energy chirp (the energy in the front of the
beam is lower than at the tail) or the use of a tapered (variable
period) undulator [158]. Thomson scattering was proposed as
a method for conditioning FEL electron beams [159]. In this
case, Thomson scattering of an intense focused laser pulse
produces a correlation between the energy loss by an electron
and its transverse location in the laser field.

Unfortunately, experiments have not yet demonstrated an
XFEL driven by LWFA electron beams. So far, only undula-
tor radiation has been produced, with 55-75 MeV, 1% energy
spread electron beams in the visible wavelengths [160], and
with 200 MeV electron beams in the soft x-ray range, down
to a few nm [161]. Although there are still many experimental
and technological challenges to overcome, several institu-
tions worldwide are actively pursuing the design of LFWA
XFELs at the SOLEIL synchrotron [162], at LBNL [163] and
at SACLA.

22
Tooy

2.5. Bremsstrahlung

2.5.1. Theory. As hot electrons propagate through a target,
collisions with the background particles, in particular ions,
generate high energy radiation emission by bremsstrahlung.
Bremsstrahlung generally means radiation emission by a
deflection in particle momentum over a short period of time,
with a characteristic flat spectrum for a single deflection for
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frequencies short compared with the inverse collision time
and exponentially falling off for higher frequencies.

When considering Coulomb collisions, the differential
radiation cross section is [77]:

&y _ dl(w, Q) dog
dwdQ dw dQ

where d/(w, Q)/dw is the spectral energy emitted per unit
frequency interval for a collision with momentum transfer

Q = /Ap? and oy is the Rutherford scattering cross section.
When integrated over all possible momentum trans-
fers (equivalent to different impact parameters) this can be
Qmax

expressed as
2
JailGz)
ﬁ Qmin

where Qnax and Qniy are the maximum and minimum momen-
tum transfers in a collision. For an electron traveling with
velocity fc in a field of ions with density n;, the spectrum of
photons emitted per unit time is therefore:

2 2
dp = E2211,-62 ¢ lln
mec? ) B

dw 3

Bethe and Heitler [164] first calculated an expression for
the radiation cross section for non relativistic quantum emis-
sion, and an ultra relativistic E > hw cross section can also be
found under the Born approximation.

The angular distribution of the bremsstrahlung is a dipole
field in the plane of the collision for a non relativistic col-
lision, and for a relativistic collision is peaked in the direction
of motion. An angular distribution that is consistent with both
the relativistic and non relativistic cases is

(2 N
20)

This is the radiated power in bremsstrahlung photons per
unit photon energy per unit solid angle for a single elec-
tron propagating through a homogenous plasma of ion den-
sity n;. Screening can also be an important effect in some
materials; atomic electrons shield the nuclei and modify
the collision.

) (17)

2

2,2
ax EZ_e( 18)

dw 3 ¢ \mu?

Qm ax
Qmin

(19)

cos?f —1
2 2
~v*(1 — Bcos H)

@p__1dpf3 1
dEAQ A dw| 167 ¥2(1 — Bcos 6)?

2.5.2. Bremsstrahlung produced by LWFA electrons. LWFA
electrons have been employed to produce gamma-rays by
passing through high-Z material converters. This technique
has distinct advantages over direct laser irradiation of solid tar-
gets. One of the first experiments reporting on the generation
of bremsstrahlung gamma rays from a LWFA was conducted
at the Rutherford Appleton Laboratory in the self-modulated
regime [165]. Picosecond laser pulses were focused to intensi-
ties ~5 x 10! W cm™2 either directly onto a tantalum target
or onto a gas jet to accelerate electrons that subsequently col-
lided with the solid target. The main observation was that in
the LWFA-driven case, the source is more collimated (5°) than
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in the direct drive case (>45°). Similar experiments were later
reproduced with a femtosecond laser system [166]. Electron
beams (20-200 MeV), with Maxwellian temperatures around
40 MeV, interacting with a tantalum converter, were used
to produce gamma-rays with a small source size (320 pm)
and low divergence (a few degrees). The source duration is
expected to be on the order of the laser pulse duration (30 fs),
and the photon dose is on the order of 1 Gy a few centimeters
from the source. As a comparison, tumors are typically treated
with photon doses on the order of 10’s of Gy.

The source size can be further reduced to 30 pum with
proper optimization of the electron beam parameters [167].
Approximately 10® photons were generated in the 817 MeV
gamma-ray region by 10-45 MeV LWFA electron beams
produced with a 10 TW laser system and crossing a 2mm
tantalum slab [168]. The yield of gamma-rays produced by
LWEFA electrons from a similar laser system exceeds the yield
of gamma-rays from direct irradiation of solid targets by two
orders of magnitude [169]. Progress made on LWFA electron
beams now permits the production of tunable gamma-ray
sources based on bremsstrahlung. A ~15 pC, 220 MeV, quasi-
monoenergetic electron beam can produce 10° photons around
10 MeV [170]. A 300 pC, 1 GeV, electron beam traversing a
I mm tungsten target would produce 6 x 10'! photons/shot,
with 0.1% of these having an energy greater than 15 MeV.

2.6. THz and coherent transition radiation

Transition radiation occurs when electrons traverse a medium
with a discontinuity in dielectric properties. It means that the
electrical fields are different in the two media: these must reor-
ganize and this discrepancy is released as transition radiation.
The radiation is coherent if the electron bunch is shorter than
the emission wavelength, in which case the intensity of the radi-
ation scales quadratically (as opposed to linearly for incoherent
radiation) with the electron bunch charge. In a LWFA, coherent
transition radiation (CTR) is generated by the electron beam
induced polarization currents at the boundary of the plasma/vac-
uum interface (typically in the THz regime, with submillimeter
wavelengths), before the bunch can spread and lengthen [171].
In the limit of a semi-infinite plasma, with dielectric constant
e=1-— wg /w?, the energy of CTR scales as W oc N 2(u x 6)*,
where N is the electron bunch charge, u the electron energy, and
6 the opening angle collecting the radiation.

CTR in the terahertz region from a LWFA was observed
for the first time in 2003 in the self-modulated regime, with
electron spectra of temperatures equal to 4.6 MeV [172]. Here
coherent radiation in the 0.3-3 THz range was generated, with
0.3 pJ per pulse within a 100 mrad angle. Since then, CTR
has been mainly used as a diagnostic for LWFA electrons. Of
particular interest we note the electron bunch duration and
longitudinal profile, which have been measured with various
techniques. Examples include phase retrieval of CTR spec-
tra [173], single-shot THz time-domain interferometry [174],
electro-optic sampling, where the THz field induces a change
in birefringence in an electro-optic (EO) crystal [175-177]
and single-shot 2D spatial THz imaging [178].
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Measurements of submicron structures in the electron
beam can only be made if the radiation is in the visible
domain. In LWFAs, optical CTR can be obtained by placing
a radiator (typically a thin foil with solid density) in the path
of the electron beam. Optical CTR is produced at the bound-
ary of the foil. Very fine structures, attributed to microbunch-
ing of the beam, have been measured with optical CTR in the
400-1000nm range [179], and bunches as short as 1.8 fs rms
with a few kilo amperes of peak power have been reported by
using controlled optical injection [29, 180]. Optical CTR has
also shown that the energy spread at a given slice (in the lon-
gitudinal coordinate of the bunch) can be significantly smaller
(below the percent level) than the energy spread of the full
electron beam [181].

3. Medical and biological applications

One potential application for the high energy photons gener-
ated by laser wakefield accelerators is in medicine and biol-
ogy. Radiation use in medicine in general is divided into two
main areas; diagnostic radiology and radiotherapy. Diagnostic
radiology is the use of radiation to enable determination of
physiology and body function and for the diagnosis of disease.
Radiotherapy is the use of high energy radiation for treating
cancer. Both of these areas may use energetic photon sources
to achieve these goals, for example x-rays for imaging or
directly applied for radiation therapy, but also the use of -
rays for production of radioisotopes.

The most common radiation source for diagnostic radiology
is x-rays, which are used extensively in the medical fields. The
first use of x-ray radiation for imaging was Wilhelm Roentgen’s
absorption image of his wife’s hand in 1895. Following this dis-
covery, x-ray imaging was adopted for medical use incredibly
rapidly, with real-time x-ray imaging using scintillating screens
being available within years of the discovery. The invention of
computed tomography (CT) scanning techniques in the 1970s
has given doctors an extraordinary ability to look noninvasively
into a patients body and to study form and function in detail.
CT works by constructing a 3D map from a large number of
2D images. CT machines are used extensively, with 150 scans
per 1000 people on average according to the Organisation for
Economic Co-operation and Development, but at the cost of
significant dose to patients [182].

In x-ray absorption radiography, the standard technique
in diagnostic radiology, dense structures such as bone can be
easily distinguished from soft tissues through the difference
in x-ray absorption. Sometimes a contrast agent, such as a
barium meal for the gastrointestinal system, may be used to
increase attenuation of x-rays since the absorption of x-rays
in soft tissues can be marginal for lower energy x-rays. The
attenuation of the transmitted photon number can be expressed
as N = Nyexp[—(u/p)px], where p/p is the mass attenuation
coefficient for material of density p. As shown in table 4,
lower energy x-rays are effectively attenuated by the body,
which contributes to absorbed dose in the body with no imag-
ing benefits. At around the K-« energy of tungsten, approxi-
mately 60 keV, there is generally good contrast. However,
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Table 4. Table of mass attenuation coefficients and relative attenuation through 2 cm of medically relevant materials for 10 keV, 60 keV

and 200 keV x-rays (data from [183]).

wlp (em?g~ Yy plp (em?g~Yy  plp(ecm’g™")  N/Ny (2cm) NI/Ny (2cm) N/Ny (2cm)
Material @ 10 keV @ 60 keV @ 200 keV @ 10keV (%) @ 60keV (%) @ 200 keV (%)
Adipose tissue 3.3 0.20 0.14 0.2 69 78
Soft tissue 5.4 0.20 0.14 1073 65 74
Bone 29 0.31 0.13 0 34 63
Lead 130 5.0 1.0 0 0 1078

clearly for all energies absorption differences between e.g.
soft tissue and adipose tissue are very small. X-ray tubes for
absorption radiography can be produced relatively cheaply (of
order $1000-$100 000) and efficiently by using an electron
beam accelerated across a 10-300kV potential colliding with
a high-Z metal anode, such as tungsten. When the electron
impacts it produces a characteristic spectrum that is a com-
bination of bremsstrahlung and K-« / K-3 components. High
resolution can be achieved by using a sub-mm scale anode in
an x-ray tube, a technology known as ¢/CT. The one limitation
in this technology is that to generate a small source size for
high resolution imaging, the x-ray flux is limited by melting
of the anode if the current is too high [94].

Recent developments in x-ray imaging include detector
improvements in resolution and sensitivity, energy resolu-
tion and monochromatic imaging and fast scanning tech-
niques [184]. An important recent development has been
that of x-ray phase contrast imaging [185], which has
become a new tool for potential diagnosis in medicine.
This involves imaging the interference pattern occurring
between x-rays that have accumulated different phase when
passing through phase gradients in material and is much
more sensitive than absorption imaging. For small phase
gradients, the angle Af that an x-ray propagating in the z
direction is deflected by due to a phase gradient in the x
direction is [185]

A2 [ on,
- _dZ?
2w Ox

AO~ —

where ) is the x-ray wavelength and r, is the classical electron
radius. Interfaces between tissues are highlighted in particular,
since these correspond to stronger phase gradients. This can
be very beneficial in imaging of tumors situated within tissue
with similar absorption properties. Phase contrast imaging has
the additional benefit that harder x-rays may be used such that
with the resulting lower absorption, less dose is delivered to
a patient.

Phase contrast imaging can also be performed with
broadband x-rays [186—190], since only the spatial coher-
ence of the x-rays is important for forming the first peak
of the interference pattern that highlights the edge. One
way of achieving spatial coherence without complex x-ray
optics is by allowing a point x-ray source to diffract suf-
ficiently at a distance away. This is known as propagation
based imaging.
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Table 5. Typical ranges of energies used for various procedures.

Type Energy range (keV)
Mammography 17-25

Angiography 33 keV (lodine K edge)
Radiography 40-60

CT 60-70

Note: Adapted from [184].
3.1. Diagnostic radiology using LWFA x-ray sources

LWFA x-ray sources have some potential for medical appli-
cations. Since LWFA betatron x-rays naturally emanate from
a small source inside the plasma wakefield (with sources
reported as small as 100nm [80]), are bright, high energy
and have a degree of tunability, the LWFA source is suitable
for single shot, lensless phase contrast imaging. Typical peak
energies generated by current LWFA experiments, table 1,
are already close to the ranges needed for various radio-
graphic procedures, as highlighted in table 5. LWFA sources
generate x-rays with a critical energy that is to some degree
tunable and there is also potential to develop more mono-
chromatic and significantly higher energy x-ray sources.
Moreover, properties such as the short pulse duration could
potentially lead to new concepts for advanced imaging in
the future. However, it remains to be seen if the cost of such
a system would be competitive with mature medical x-ray
technologies.

Phase contrast imaging with the LWFA betatron source has
typically been propagation based imaging. This technique has
been used in LWFA experiments for imaging biological sam-
ples. Some examples of phase contrast images of biological
objects acquired with betatron x-ray radiation are shown in
figure 8. Figure 8(A) shows a typical set-up for x-ray phase
contrast imaging experiments. (B) and (C) show phase con-
trast images of insects [191, 192] and (D) shows absorption
images of bone samples [94]. Studies have demonstrated soft
tissue phase contrast imaging [193] and extraction of quanti-
tive information by phase retrieval has also been performed
[98]. An inverse Compton source using a conventional accel-
erator has been used for biological imaging [194] and such
monoenergetic and potentially high energy x-ray sources are
of great potential benefit [195] since they can be tuned to max-
imize contrast at an absorption edge, for example. LWFA ena-
bled inverse Compton imaging is expected to be demonstrated
in the near future.
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Figure 8. X-ray phase contrast imaging with betatron radiation. (A) Typical experimental setup, from Wenz et al [98]. (B) Single shot
phase contrast image of the head of a damselfly recorded using a betatron source with a critical energy E. = 10 keV. From Kneip et al
[192]. (C) Single shot phase contrast image of a bee recorded using a betatron source with a critical energy E. = 12 keV and source size
of 1.7 ym. From Fourmaux et al [191]. (D) Human trabecular hip bone sample imaged with a betatron source at three different critical
energies, and corresponding transmission curve through 3 mm of bone sample, from Cole et al [94].

3.2. Nuclear medicine

Nuclear medicine is a branch of radiology in which radioiso-
topes are used for either treatment (such as by implantation
of a radioactive isotope inside cancerous tissue to destroy
the cancer) or diagnosis, as in positron emission tomography
(PET), for example. PET is a technique where a 3, radioiso-
tope is attached to a molecule, such as glucose. On annihila-
tion of the emitted positron, two antiparallel gamma rays are
generated that are detected and used to pinpoint where the
radioisotope is concentrated, in a tumor for example. One of
the most widely used procedures using a radioisotope is sin-
gle photon emission computed tomography (SPECT), which
is when a ~-ray emitting source, an isomeric state, is used in
a similar way to PET, but with lower spatial resolution. The
main advantage of SPECT is its low cost due to the availabil-
ity and long life of the radioisotopes. A particularly impor-
tant isomer is the technetium isomer Tc-99m that is used in
over 80% of procedures. The short-lived technetium isomer
is ‘milked’ from a Molybdenum-99 source. The Mo-99 is
generally acquired by extraction from the spent fuel of a
nuclear reactor. Finding alternative sources to nuclear reac-
tors is desirable, as there have been worries about shortages
of these vital radioisotopes [196].
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Laser plasma interactions may be a source of important
radionuclides in the future [197]. One way of generating
isotopes is through photo-nuclear reactions, i.e. a nuclear
reaction that causes transmutation or fission to new radio-
isotopes triggered by an energetic gamma ray. For exam-
ple, 6-7%, depending on the photon energy [198], of U-235
photofissions will generate the Mo-99 isotope needed for
SPECT through the reaction

v +23 U =% Mo +3-X Sn + Xn.

An inverse Compton source could be used to produce
a tunable, monochromatic source for photofission medical
isotope production [199, 200]. The use of laser wakefield
accelerators to generate high energy gamma rays through
bremsstrahlung has been demonstrated and used for pho-
tofission of natural Uranium [201] and for activation by
(n,~y) reactions [201-203]. In these studies, laser wakefield
accelerated electrons of energies from 25 MeV up to 500 MeV
interacted with a high-Z target to generate bremsstrahlung
photons with energies in a broad spectrum up to the elec-
tron energy, as in section 2.5. The yields were measured
using high purity Ge detectors and scintillators. Photofission
yields of up 10° per shot were demonstrated [201].
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Figure 9. Gamma ray radiographs of a test object recorded with two different sources. (a) Photo of a 20 mm diameter tungsten object,
(b) a schematic A—A’ cut, and (c) the resulting radiograph with a LWFA driven bremsstrahlung gamma-ray source. From Ben-Ismail et al
[167] (d) CAD section view of another similar, 20 mm diameter test object, and radiography images, obtained with bremsstrahlung from
direct laser-solid interaction through (e) 66 g cm™2, (f) 102g cm 2, and (g) 85 g cm ™~ areal densities. From Courtois ez al [211].

3.3. Biomedical applications of THz radiation

THz radiation can also be used for biomedical applications,
by making use of the low frequency modes of biologi-
cally relevant molecules. In particular, water has a strong
absorption peak for THz radiation and therefore THz can
be used for identifying tumors in epithelial tissue by differ-
ences in water content, for example [204]. THz radiation is
non ionizing and can penetrate deeper than optical radia-
tion because of reduced scattering. Imaging and computed
tomographic imaging [205] with THz radiation are other
biomedically relevant applications. Preliminary imaging
measurements have been performed using the THz emitted
when a LWFA electron bunch emerges from the plasma-
vacuum interface [178].

4. Military, defense and industrial applications

4.1. High resolution gamma-ray radiography

Gamma-ray radiography is widely used for non destructive
evaluation [206] in a number of applications such as the
inspection of cargo containers or welded structures (pipes,
vessels, tanks) produced by large industries. Compton scatter-
ing and bremsstrahlung from LWFAs present several advan-
tages that are desired for this application: high energy photons
(MeV) to penetrate dense objects, a low dose for safety, and a
small source size (a few pm) for good spatial resolution.

17

Short pulse laser/solid interactions can directly produce
gamma-rays suitable for radiography. High intensity laser
pulses (>10' W cm~?2) are absorbed into hot electrons with a
temperature on the order of the ponderomotive potential [207].
These hot electrons, observed in early experiments [208, 209],
can produce copious amounts of gamma-rays with solid, high-Z
targets such as gold or tungsten [210, 211]. At intensities of
10" W cm~2, 10* photons/eV/Sr have been reported, and were
used to radiograph a high area density object (up to 85g cm™)
[211]. The drawback is the rather large source size, about
400 pm, which limits the spatial resolution.

A better resolution can be achieved with bremsstrahlung
produced by the interaction of LWFA electrons (in the self-
modulated [165] and blowout [166] regime) with a solid tar-
get. The resolution in the first blowout regime experiment
was 320 pm [166], which was well improved to 30 um with
optimization of the electron beam parameters [167, 212]. The
results of some of these gamma-ray imaging experiments are
presented in figure 9.

Compton scattered x-rays and gamma-rays are also con-
sidered as a promising source for this application. Gamma ray
photons with energies up to 10 MeV and a spectral bandwidth
of 10% have been measured for potential radiography applica-
tions [213]. In this experiment, using a driver for the electron
beam and a scattering beam, the x-ray source size was meas-
ured to be 5 pum using a cross-correlation technique in which
the scattering pulse is scanned. In addition, the narrow diver-
gence of the beam is well suited for long standoff imaging.
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A USB flash drive was radiographed with a 1.5 pum, 100 keV
Compton scattering x-ray source [111], with observation of
very small features.

4.2. Backscattered x-ray and gamma-ray inspection

Backscattered x-rays and gamma-rays are a tool for the long-
range identification of concealed objects. They are also useful
for the detection of explosive devices and land mines [214].
For homeland security inspection, a few requirements are nec-
essary, and have to allow detection from long distances (more
than several meters), which is not possible with standard x-ray
tubes since the backscattered signal is very weak. LWFA-
driven sources deliver a low dose of bright x-rays and gamma-
rays within a sub-picosecond pulse that can be backscattered
by an object of interest. The relation between the scattered
x-ray energy E’ and the incident x-ray energy E, is given by:

B E,
N E(1 — cos@), 2D
Eo

where Ey = 0.511 MeV is the electron rest energy and 0 the
angle between the incident and scattered beam. The energy of
the scattered radiation depends on the angle of observation,
and the amount depends on the electron density and thickness
of the material under investigation. This technique is typically
more sensitive to x-ray energies of a few 100 keV, and it is
commonly used to measure spectra from MeV-class sources
[215]. Another method directly employs the LWFA electron
beams to generate backscattered x-rays by the sample itself
[216].

Several experiments have attempted to use laser-produced
x-ray sources for this application, with relatively good suc-
cess. A 1.2 TW Ti:sapphire laser was focused onto a 0.5 mm
Al foil to produce bremsstrahlung x-rays that were used to
detect acrylic, copper and lead blocks inside an aluminum
container [217]. In this experiment, the energy of the back-
scattered x-rays was within 70-200 keV and the object was
placed about 1 m from the source. The authors estimated that
a 3 mrad beam containing 10° photons/pulse in this energy
range would be sufficient to detect an object at a distance of
10 m with this technique.

4.3. Isotope-specific detection with nuclear resonance
fluorescence

Being able to detect specific isotopes with a minimal dose of
radiation is of importance for homeland security, stockpile
stewardship, or nuclear waste assay. Isotopes, which have
the same number of electrons and protons, but differ by their
number of neutrons, have exactly the same chemical signa-
tures. For example, uranium has two well known isotopes
(*33U and 2°U) with very different usage and reactivity in a
number of applications. Isotopes have distinct nuclear energy
levels that can be used to specifically detect them, and that
induce nuclear resonance fluorescence (NRF) [218], a process
illustrated in figure 10(d). Here, an incident gamma-ray pho-
ton (typically > 0.5 MeV), is absorbed by the nucleus of a
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specific isotope. When this isotope relaxes back to equilibrium,
it isotropically reemits photons at a slightly lower energy (due
to recoil). For example, the absorption energy of 'Li is 0.477
629 MeV and the corresponding NRF line emission energy is
0.477 595 MeV. In principle, NRF lines are characterized by
a very strong cross section and a narrow linewidth. Several
approaches to calculate the NRF cross sections exist in the
literature, and include different broadening mechanisms. For
example, Metzger [219] includes thermal broadening and the
effective NRF absorption near the resonant energy Ey is:
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w E — Er )\’
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o(E) = oy A P[ ( A )] (22)
Here, I is the total width of the excited state and
N 24 +1
=|— , 23
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where J; and J are the total angular momenta of the excited
state and the ground state, respectively, and A, the corresp-
onding wavelength of the resonant energy. The actual NRF
absorption lines are much wider than their natural linewidths
because of Doppler-broadening. If for a nucleus at rest the
NRF radiation has the energy E, then the energy E’ for a
nucleus moving towards the source with a certain velocity v
is going to be shifted according to E' ~ E(1 + v/c), where ¢
is the speed of light. If the velocities of the nuclei are distrib-
uted according to a Maxwellian distribution function, then the
Doppler width of the NRF line is:
)1/2
(24)

where M the mass of the nucleus, k the Boltzmann constant,
and T the effective temperature of the material. This model
is valid as long as I' + A > 2kTp where Tp is the Debye
temperature. Because in most cases I' < 1 eV, the total width
is just determined by the thermal motion of the atoms and for
the majority of gamma-ray transitions A/T" > 100. Despite
Doppler-broadening, the NRF lines exhibit a relative energy
width of AE/E ~ 1079, which is well below the energy reso-
lution of standard germanium-based detectors. Therefore it
is desirable to use a gamma-ray source with a narrow energy
linewidth to efficiently excite and detect NRF lines. One
could argue that the best solution is to excite the NRF line of
a given isotope with the same isotope as the source of excit-
ing radiation. However, recoil energy losses upon emission
and absorption prevent us from doing this. Indeed, the recoil
yields a shift toward lower energies and the line emitted is
off resonance by:

2kTess
Mc?

& = B

AEg = E2IMc? (25)

In the case of "Li, which has an NRF line at 0.478 MeV and a
nucleus of atomic weight 7, AEg ~ 35 eV. It is larger than the
natural linewidth and than the Doppler width at room temper-
ature (~1.33eV).

Based on these theoretical considerations, narrow
bandwidth gamma-ray sources offer the best alternative to
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Figure 10. Illustration of nuclear processes that could be triggered by LWFA-driven x-ray and gamma ray sources. ((a)—(c)): NEEC. In

(a), x-ray photons knock electrons out of inner atomic shells, and the nucleus remains in the metastable isomeric state. (b) electrons from
the plasma are captured in the inner-shell vacancies, their excess energy excites the nucleus to a higher, less stable, energy state. (c) the
nucleus relaxes to its ground state, releasing photons in a cascade. (d): NRF. An incident gamma-ray excites a nucleus from the ground state
(angular momentum Jy) to the excited state (angular momentum J;). I is the partial width for the direct gamma-ray transition to the ground
state. The nucleus relaxes back to the ground state by emitting a photon of characteristic energy. () photofission. An incident gamma-ray is
absorbed by a high-Z nucleus, which breaks into two smaller nuclei and releases neutrons.

efficiently excite and detect NRF transitions. NRF detec-
tion has been demonstrated with broadband bremsstrahlung
sources [220, 221], but the best prospect for this applica-
tion appears to be Compton scattering sources, which can
be tunable and spectrally narrow if well designed. Several
Compton x-ray and gamma-ray sources with rf accelera-
tor technology have been used to perform NRF detection
in Japan [222], Duke University [223], and Lawrence
Livermore National Laboratory [133, 215]. In principle,
the electron beam parameters (emittance, energy spread)
are easier to control in a rf accelerator. New projects are
investigating LWFA-driven Compton scattering sources
as a driver for, among other applications, NRF detection.
Recent work that has begun at the Lawrence Berkeley
National Laboratory shows that with appropriate phasing
of the injection of the electron beam and plasma lensing
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and guiding, bandwidths on the order of 1% are realistic
[130, 224].

4.4. Nuclear waste treatment and photo transmutation

Gamma-rays from LWFA electrons (bremsstrahlung or
Compton scattering) can induce nuclear reactions through trans-
mutation, which can be applied to nuclear waste disposal and
active interrogation. Transmutation is the changing of a nucleus.
Artificially, this is triggered by particles (electrons, protons, neu-
trons), which we will not discuss here, or by gamma rays.

The byproducts of nuclear power plants are long-lived
radioactive isotopes. Examples include '*I (Tj, = 1.57 x 10/
years), °Tc (Tj, = 2.1 x 10° years) and '%°Sn (T}, = 2.3 x 10°
years). Long-term storage and disposal of these isotopes is a
real problem, since they need to be buried deep underground.
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One solution is to transmute them into smaller, short-lived
isotopes with gamma-rays from high intensity lasers [225].

Photofission reactions produce prompt and delayed fis-
sion gamma-rays and neutrons and can be used as an active
interrogation tool [226]. An illustrative example is shown
in figure 10(e). The photon yield needs to be large enough
to produce signals, but below the photoneutron threshold to
reduce dose and background. It is not trivial, because pho-
tofission cross sections are smaller than neutron cross sec-
tions, and neutrons are better shielded with low Z material
while gamma-rays are better shielded with high Z material.
Photofission of *U has actually been demonstrated with
direct laser-driven bremsstrahlung sources, for laser intensi-
ties on target of about 102 W cm ™2 [227], as well as with
LWFA-driven bremsstrahlung [201]. However, bremsstrahl-
ung sources, whether they are produced by electrons from
a conventional accelerator or from a LWFA, are impractical
for this application because of their large spectral width. For
photofission of 233U, approximately 10° photons are needed
within a 10% bandwidth, and the photon energy has to be
larger than ~5 MeV [224]. Currently, the best performance
of a LWFA-driven Compton scattering source is 10°~107 pho-
tons within a 10% bandwidth at 13 MeV [213], which makes
this application within reach.

4.5. Energy storage: nuclear excitation by electron capture

As opposed to isotopes having a different number of neu-
trons, a nuclear isomer refers to different states of a nucleus,
but with the same number of neutrons and protons [228,
229]. Typical half-lives of nuclear excited states are on the
order of 1 picosecond, whereas some isomeric states last
several hours. They can be forced to relax back to equilib-
rium with different excitation processes that involve x-rays.
For example, the interaction of x-rays with one of the iso-
meric states of molybdenum, SmMo, forces the nucleus to
relax back to its ground state via two different mechanisms.
93mMo, initially at a 2.5 MeV excitation energy, can be fur-
ther excited with 4.85 keV radiation before decaying back to
a ground state. This direct photoexcitation process is rather
inefficient and requires the x-rays to be resonantly tuned
(within a few eV) to the nuclear resonance. However there
is a concurrent, more efficient process enabling the same
energy release from the isomer. In this case, called nuclear
excitation by electron capture, or NEEC (figures 10(a)—(c)),
the interaction of the x-rays with the target produces plasmas
with temperatures approaching a few 100eV if the intensity
is sufficient [230]. A free electron from the plasma is cap-
tured into one of the inner-shells of the Mo atom, which in
turn excites the nucleus from its initial isomeric state. This
mechanism is obviously less sensitive to the resonance con-
dition, and is six orders of magnitude more efficient than
direct photoexcitation [231].

At present, only an XFEL like LCLS produces x-ray inten-
sities sufficient to enable NEEC. Nuclear isomers are of inter-
est for a number of applications in nuclear medicine [199],
where they can be used for therapeutic (endo-radiotherapy)

20

or diagnostic (nuclear imaging) purposes. For example, with
93mMo, a 1 MeV photon is emitted in the decay cascade from
the triggering level to the ground state, and it can potentially
be detected by modern imaging systems or target a specific
tumor. As for energy storage, the excess isomer energy that
can be released through the interaction with the XFEL opens
the way toward a clean, controlled nuclear energy source.
Given the kilometer-size and availability of XFELs world-
wide, it seems unlikely that this will be a practical energy-
storage device, unless compact LWFA-driven XFELs can be
demonstrated.

4.6. Detection of explosives and drugs with THz spectroscopy

Other dangerous materials, such as explosives and drugs of
similar density and composition, are not easily identified with
x-rays and gamma-rays. The prospect of coherent, LWFA-
driven THz sources opens numerous possibilities in this
domain [232]. Several materials have characteristic spectral
features around a few THz, which are attributed to intra- or
intermolecular vibrational modes. As a result, THz spectr-
oscopy can provide chemical and structural information. In
addition, THz radiation is easily transmitted through paper,
cardboard and plastic, which makes this technique very useful
to detect drugs or explosives in a mail package. Many drugs
have been investigated with THz time-domain spectroscopy.
Examples include cocaine, ecstasy, amphetamine, and opi-
ates, which all have clear spectral distinction over 0.2-2.5 THz
frequencies, which is typically the range of LWFA-driven
THz sources [172].

Because of the low photon energy of THz radiation in
comparison with x-rays, full body millimeter and THz wave
scanners are now used at airports to detect metallic objects
concealed behind paper or clothing. The typical frequency of
these devices is around 100 GHz [233]. Since the radiation is
transmitted by antennas that rotate around the body, the small
source size of LWFA-driven THz sources would probably be
impractical for this application.

4.7 Properties of semiconductors investigated with THz
radiation

Although not directly used in industry or security applica-
tions, some noteworthy properties of semiconductors are
investigated with THz radiation. The few examples we
describe in this section could potentially be investigated with
LWFA-driven THz sources. In general, THz spectroscopy is a
remarkable tool for probing low-energy excitations in semi-
conductors with ultrafast temporal resolution [234]. In semi-
conductors, the dynamics of free carriers is characterized by
several parameters: the conductivity (frequency dependent),
the plasma frequency wp, and the carrier damping rate I (the
inverse of the carrier collision time). I' and wj, typically have
THz frequencies. Ultrafast THz Time-domain spectroscopy
has been used to measure the complex conductivity of doped
silicon from low frequencies to frequencies higher than the
plasma frequency and the carrier damping rate [235].
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The absorption spectrum of a bulk semiconductor sub-
jected to a strong electrical field develops an exponential
tail below the band gap and oscillations above it, which is
known as the Franz—Keldysh effect [236, 237]. It can modify
the band structure of the semiconductor at equilibrium. This
effect has been observed by applying a strong THz field to a
GaAs sample and by probing it with femtosecond white light
[237]. In this experiment, the single-cycle THz pulses, with
energies of 2 ©J and field strengths exceeding 100kV cm™!,
were generated by optical rectification in LiNbO3, and the
probe beam was obtained by focusing a femtosecond laser
pulse onto a thick sapphire plate. The THz pulse energies
reported here are consistent with those measured in LWFA-
driven THz sources [172]. In another experiment, THz pulses
were used to observe stimulated THz emission from inter-
nal transitions of excitons in a Cu20 semiconductor [238].
Broadband THz pulses, also produced by optical rectifica-
tion, monitored the electromagnetic response of the sample
after photo excitation.

5. Condensed matter and high energy density
science

Transient phenomena are found in many states of matter and
can only be investigated with pump-probe techniques, where
radiation excites a sample of interest to a particular state,
while another beam probes its evolution thereafter. In this sec-
tion, we address some physics related to three distinct states:

21

condensed matter (low temperatures), plasma (high temper-
atures), and warm dense matter (medium temperatures).
These states of matter are illustrated in figure 11, where we
have indicated the conditions of relevant physical phenomena
and experiments.

The field of high energy density (HED) science [6] is rela-
tively young. One of its grand challenges is to understand the
relationships between temperature, pressure, and density in
extreme environments. For example, it studies fundamental
questions regarding the evolution of the Sun, the formation of
Jupiter, how to harness the power of stars to provide a limit-
less source of energy, or the mechanisms of stellar explosions.
Scientists are now able to recreate in the laboratory HED con-
ditions that were thought to be attainable only in the interiors
of stars and planets. Although we know that lasers can be used
to drive matter to extreme states of temperature and pressure,
it is usually difficult to probe these laser-driven HED plasmas
because most of the time they are in a non-equilibrium state
and transient in nature.

Techniques that use external sources of particles and pho-
tons to probe these environments are advantageous because
scientists can directly measure the effects that their interac-
tion with an HED plasma creates. Unlike visible light, x-ray
photons can pass through dense plasmas, and absorption of
the x-rays can be directly measured, via spectroscopy or imag-
ing. In this context, x-rays are one of the most versatile tools
physicists can use to probe HED plasmas. Because of their
remarkable spectral, spatial and temporal properties, light
sources from LWFAs could have a tremendous potential for
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applications in HED science. Here we review some solid state
and HED physics problems where LWFA light sources could
have a big impact, and then discuss whether it would be an
advantage to use them for specific experimental techniques.

5.1 Condensed matter physics

In condensed matter physics, scientists are interested by how
atoms rearrange during phase transitions between differ-
ent states (amorphous, liquid or crystalline). For most pro-
cesses governed by atomic motion, the timescale of interest
corresponds to one vibrational period, about 100 fs, which
is why LWFA-driven light sources can be potentially attrac-
tive for probing such a state of matter. For a very compre-
hensive review on this topic, which goes beyond the scope
of this paper, and on the type of sources that are commonly
used for applications, we refer the reader to another review
paper [241]. Structural changes in materials have been widely
investigated with femtosecond crystallography [242-244] and
usually require bright, monochromatic x-ray sources such as
XFELs or line emission. More recent examples include the
amorphous to crystalline phase transition in carbon [245]
driven by XFEL pulses, the lattice dynamics of materials in
which superconductivity is transiently induced by THz radia-
tion [246], changes in long-range order during ultrafast melt-
ing in a perovskite manganite [247], or the spin dynamics in
iron complexes [248].

5.2. Laser-driven shocks

Laser driven shocks are a reliable tool to compress mat-
erials, and their uniformity, steadiness and preheating can
be well controlled [249, 250]. Pressures up to five terapas-
cals, corresponding to conditions found at the interior of
Jupiter, can be attained with ramp compression on lasers
like the National Ignition Facility (NIF) [251]. Shocks
are important in fusion energy research. For example, in
the indirect-drive approach to inertial confinement fusion
(ICF), the implosion is accomplished by compressing the
fuel and capsule by a series of shocks [240]. The velocity
of shocks in HED matter is currently measured with VISAR
[252], however it is a surface diagnostic that does not pro-
vide detailed information about the shock front structure.
High-energy x-ray backlighting and radiography have both
undergone significant development in the past decade, and
are now used to observe shocks in laser-driven HED experi-
ments [253-255]. The spatial resolution of these diagnostics
continues to be refined, and they can now address small-
scale structure in HED plasmas. However, the temporal res-
olution of these measurements still needs to be improved.
Third-generation synchrotron light sources have recently
been used to provide single-shot, x-ray phase-contrast
imaging of dynamic shocks; however, they are limited to
temporal resolutions of ~100 ps [256]. Femtosecond x-ray
phase contrast imaging of shocks is now done at the Linac
Coherent Light Source (LCLS) [257], but this capability
cannot be replicated at other HED science facilities such as

22

the National Ignition Facility (NIF) or OMEGA. Both beta-
tron radiation and Compton scattering from LWFAs could
provide a remarkable alternative to this problem.

5.8. Electron-ion thermalization in warm dense matter

When matter is driven off equilibrium by intense radiation,
energy is first coupled to the electrons, and then the ions.
This thermalization process between electrons and ions varies
depending on the driver, but it happens within a few picosec-
onds or less. There are three types of driver that can produce
warm dense matter states: nanosecond (ns) optical lasers,
femtosecond (fs) optical lasers, and x-ray free electron lasers.

High energy, ns laser pulses drive matter to both high pres-
sure and high temperature states, and subsequent electron-ion
thermalization is observed. To obtain such conditions, long
ns pulses are used, with large focal spot diameters (typi-
cally more than 100 pm to avoid edge effects), and intensi-
ties around 10'* W ¢cm~2. The typical target is composed of
an ablator of plastic (a few microns of CH) followed by the
material under study and a tamped layer (also CH or diamond)
used to maintain the material at high density. The shock is
first launched in the ablator to then propagate in the material
under study. When it reaches the material-CH interface, the
impedance mismatch can induce a shock transmitted in the
CH and a reflected shock returning in the material, which lies
in a reshocked state until the return of the unloading wave.

Optical, fs laser pulses deposit their energy faster than the
electron-phonon coupling timescale (<1 ps). For semi-con-
ductors such as SiO,, the laser photon energy (1.5eV for a
800nm titanium:sapphire laser) is smaller than the bandgap.
Consequently, the sample is transparent at low intensity (below
1013 W cm™?), but at intensities sufficient to induce nonlinear
effects, absorption occurs through multiphoton ionization. In
turn, the excited valence electrons interact with the ionized
sample to bring it to temperatures of a few eV. This process is
known as non-thermal melting, because the electronic struc-
ture is lost before heating and melting of the sample. It was
observed for the first time at a picosecond scale on germa-
nium [258]. The sample was irradiated with a 100 fs laser near
10"* W cm~2 and probed with diffraction, using an 8 keV laser-
driven copper K-a x-ray source. Non thermal melting was
later observed with 100 fs resolution on InSb [259], where a
silicon K-« (1.8 keV) source was used. The same experiment
was replicated with betatron radiation [93] to demonstrate the
ultrafast nature of the source, but the technique was not shown
to be superior than with K-« radiation.

Finally, XFEL fs x-ray pulses also drive matter to high
temperatures in a unique way [230, 260-263]. The short
XFEL pulse (<100 fs) deposits its energy into the sample
before hydrodynamic expansion can occur, but because of
the much higher photon energies involved, XFEL light is pri-
marily absorbed through photoionization of the atom’s inner
shells. The absorption depth (typically on the order of a few
microns for mid-Z materials and for photon energies available
at LCLS), permits isochoric heating of larger volumes than
with optical radiation. Within a few femtoseconds, the core
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holes of the inner shells are refilled by electron transitions
from the outer shells, through fluorescence or Auger decay. In
the latter case, electrons with energies of a few hundred eV are
emitted. Within a picosecond, the free electrons heat the lat-
tice through phonon-electron coupling, leading to the produc-
tion of warm dense matter. Local thermodynamic equilibrium
(LTE) is achieved ~1 ps after irradiation, when electrons and
ions have thermalized.

To study these electron-ion equilibration processes in
warm dense matter, scientists use x-ray absorption spectr-
oscopy techniques, such as x-ray absorption near edge struc-
ture (XANES), and extended x-ray absorption fine structure
(EXAFS) [264, 265]. EXAFS has been developed on the
OMEGA laser to diagnose iron up to 560 GPa [266], and
XANES at LULI-2000 to diagnose Mott nonmetal trans-
itions [267] and the electronic structure of highly compressed
Al [268]. XANES has also been used on table-top systems
to characterize the phase transitions of Al up to a few eV
[269,270]. Models still need improvements in order to describe
in detail the changes in the XANES spectra, mainly because the
time resolution of these experiments was intrinsically limited
by the x-ray probe duration. Ultrafast x-ray absorption experi-
ments done at the Advanced Light Source synchrotron radia-
tion facility have unraveled the electronic structure of warm
dense copper and silicon dioxide [271, 272], but they required
specific techniques to reduce the synchrotron pulse duration
that are not practical or efficient. XANES experiments using
the XFEL beam as a probe for shocked compressed matter
were performed at LCLS-MEC near the Molybdenum LIII
edge (2.520 keV) [273], and the iron K-edge [274]. However,
the stochastic nature of the LCLS SASE FEL spectrum makes
this type of measurement extremely challenging, and since
LCLS is used as a probe, it cannot be used as the pump, even
in the two-color scheme, where pulses cannot be separated by
more than 150 fs.

5.4. Opacity in hot dense plasmas

Opacity is the rate at which radiation is absorbed by matter.
The structure and evolution of the Sun and stars depend on
opacity, making it a cornerstone in HED physics. Although
opacity has been studied for many decades [275-281], it is
still among the most important issues in HED science because
it affects nearly every HED experiment involving radiation.
Although experiments can now recreate conditions that are
similar in density and temperature to the conditions in the
Sun’s interior, they usually do not directly measure opacity
over a broad x-ray energy range. They either measure the
emission properties of the heated plasma and assume that
emissivity and opacity are in equilibrium [282], or use non-
tunable x-ray lasers [283]. Recent seminal experiments at
Sandia’s Z machine [239] measured the iron opacity at solar
interior conditions higher than predicted at energies around 1
keV, which could explain discrepancies between solar models
and helioseismic observations. This experiment used a broad-
band x-ray source that is sufficiently bright to overcome the
thermal emission of the plasma itself. However, the rapid rate
of ionization predicted by numerical modeling means that
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ideally the x-ray source for an opacity experiment should be a
few tens of femtoseconds in duration to provide time-resolved
information [284]. Once again, betatron x-ray radiation would
be an ideal source for this application.

5.5. Experimental techniques enabled by LWFA-driven
sources

We have discussed some physics where we believe LWFA
light sources could have a significant impact. In the inter-
est of applications, in this section we review whether LWFA
light sources can be competitive for specific experimental
techniques, or if progress needs to be achieved. Most of these
applications require more photons than LWFA sources can
presently provide, but we present some prospects on develop-
ing LWFA-driven light sources for three different techniques:
imaging, absorption, and diffraction/scattering, which are
illustrated in figure 12.

5.5.1. Radiography and x-ray phase contrast imaging. Beta-
tron radiation and Compton scattering sources from LWFAs
have both been used in proof-of-principle experiments for
static x-ray phase contrast imaging (XPCI) of insects [191,
192], x-ray radiography of bone structure [94], and gamma-
ray radiography of micro-chips [111].

The critical aspect of radiographing laser-driven shocks
in HED or ICF relevant conditions (10>'-10%° cm—3 elec-
tron densities) is to have (i) high energy photons to penetrate
dense plasmas, and (ii) enough photons to overcome the self
emission of the plasma itself. At the NIF, 2D radiographic
imaging of imploding capsules [255] is achieved with mid-Z
backlighters (such as zinc or germanium). About 32 kJ or
laser light is focused onto a foil, and typically conversion
efficiencies on the order of 1% are obtained [286], which
corresponds to 10'3-~10'* photons/eV/Sr at 10 keV. The peak
brightness of LWFA driven betatron and Compton sources is
6 orders of magnitude higher than conventional backlighters
because of their shorter duration (femtosecond versus nano-
second). The current flux (photons/eV/Sr) of the source is
sufficient to perform static single shot x-ray phase contrast
imaging experiments, as suggested by recent experiments
[94, 98, 191, 192]. Since the peak flux (photons/eV/s/Sr) of
conventional and LWFA-driven backlighters are similar, the
latter become a better option to look at transient (<1 ps)
phenomena.

XPCI, atopic we described in more details in arecent review
paper [287], and also explained in section 3, records the modi-
fications of the phase of an x-ray beam as it passes through a
material, as opposed to its amplitude recorded with conven-
tional x-ray radiography techniques. It means that it is more
sensitive to small density variations, and offers better contrast
than conventional radiography. Although it is more desirable
to have a monochromatic source for XPCI, the betatron source
(in the blowout regime) is sufficiently small (a few microns)
for this method. For a source size of 2 ym and a critical energy
of 8 keV, the transverse coherence length of betatron radiation
was measured to be 3 ym, 5Scm away from the source, which
is sufficient to observe Fresnel diffraction fringes [89]. XPCI
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Table 6. Recent HED science XANES and EXAFS experiments and their photometrics.

Experiment Edge Photon Energy (keV) Resolution (ps) Photons

Saes 2003 [264] Ru, L3, L2 2.841, 2.851 100 10%/0.1% BW
Ping 2013 [266] Fe, K 7.1 120 10''/eV/Sr
Levy 2012 [267] Al K 1.56 35 107/eV/Sr
Cho 2011 [271] Cu, L3, 0.932 2 10*ev!
Harmand 2015 [274] Fe, K 7.1 <1 1012 ev-!

appears to be a promising technique to radiograph implosion
plasmas in ICF experiments [288], in order to obtain electron
density information at the interfaces of materials such as DT
ice/shell of a capsule. The requirement is to have a source suf-
ficiently small (<10 pm) to achieve good contrast.
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5.5.2. X-ray absorption

spectroscopy. A typical absorp-

tion spectrum of a material exhibits sharp edges, followed by
EXAFS oscillations that are generally separated by a few eV
and extend up to ~200eV after the edge. Ideally, a XANES
or EXAFS experiment should have a spectral resolution better
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Table 7. Summary of experimental x-ray and gamma-ray sources performance, with best achievements to date.

Betatron Compton Bremsstrahlung FEL/Undulator
Energy range (eV) 103-10° 103-107 103108 170
Bandwidth (%) 100 50 100 22
Number of Photons 10° 107108 108 7% 10*
Brightness 10%# 102! 1017 — 102! 107
Photons eV~ 10%-10° 10%-10° 10*-10° 3 % 104
Photons/eV/Sr 2 % 10° 10°-10° 10%-10* 10'°
Source size (pm) 1.8 1.5 320 270
Duration (fs) <30 <30 <30 <30
Collimation (mrad, fwhm) 2.5 10 50 0.18
Repetition rate (Hz) 10 10 10 10

Note: These numbers are not necessarily reflective of the scaling laws, as each source was produced under different experimental conditions (laser
parameters, electron density and energy). We refer to section 2 for a detailed description of the theoretical and experimental properties of each source.

than 2eV. In general, the oscillation amplitude of the EXAFS
signal is on the order of a few % of the total absorption sig-
nal (the edge step). Ideally, the random statistical noise,
SN = I/W , where Npy, is the number of x-ray photons in
the energy band of interest, should be 1/1000 of the EXAFS
signal. This means that the condition Np, > 10® eV ~! must be
fulfilled to realize an EXAFS experiment with good statistics.
Table 6 confirms these needs and reviews photon requirements
for recent XANES and EXAFS time resolved experiments.
Currently, state-of-the-art betatron radiation sources produce
on the order of 10® photons (in the full spectrum), and num-
bers of 10°-10° photons eV~! have been reported around the
1.56 keV Al K-edge [79] and measured with a crystal focusing
x-ray spectrometer. In view of table 6 requirements, they are
marginally competitive to execute EXAFS or XANES experi-
ments, and should benefit from increased repetition rate laser
systems. In addition to the quality of the x-ray source, instru-
mentation techniques (focusing, spectroscopy) will need to be
specifically adapted for betatron x-ray radiation in order to
achieve good spectral resolution. Recent experiments com-
posed of Kirkpatrick—Baez (KB) mirrors and a flat KAP crys-
tal (for betatron focusing and dispersion) have demonstrated
the detection of about 10 x-ray photons within a 24eV win-
dow [289], which can be improved for practical applications.
A gold-coated toroidal mirror with a grazing incidence angle
of 2 degrees (70% reflectivity at 1.5 keV) and an acceptance
angle of 20 mrad would, in principle, allow for about 10* pho-
tons eV ! near the Al K-edge to be refocused onto the target.
This does not include filters that have to be placed in the beam
path, or the efficiency of the (crystal or grating) spectrometer
used thereafter, which is typically a few percent.

Other features of absorption spectra that are of interest
for HED science conditions are electronic shell absorption
lines, which constitutes a first step toward benchmarking
opacity models. The ionization state of a hot (>100eV)
plasma can be determined by measuring its emission spec-
trum [230]. However, this technique does not provide time-
resolved information on the ionization state as the electron
and ion temperatures evolve. It could be achieved by look-
ing at the transmission of betatron x-rays through the sample
at different delays between the pump and the probe and at

energies corresponding to a given electronic shell absorption
lines. Since the plasma can reach very high temperatures,
self emission can also be a problem for the measurement.
In recent experiments, K shell emission from a 100eV alu-
minum plasma produced 10°~107 photons/eV/Sr around 1.5
keV, which is slightly below the yield of current betatron
x-ray sources at this energy. Once again, although the current
source performance makes this application within reach, pro-
gress needs to be made on the instrumentation. Recent work
shows that betatron x-rays can be focused with Kirkpatrick—
Baez (KB) mirrors down to a 50 pum size onto an aluminum
sample [289]. The configuration of this particular experiment
would require several hundreds of shots to observe meaning-
ful K-shell absorption features.

5.5.3. X-ray diffraction and scattering. X-ray Thomson scat-
tering is a widely used technique in HED experiments to mea-
sure the temperature, density and ionization states of a plasma
[285, 290]. In x-ray Thomson scattering, a bright x-ray radia-
tion with incident vector kg irradiates a plasma and gets scat-
tered (vector l?s) at an angle 6 with respect to Eo. The angle 6
determines the type of information that can be extracted. For
example, the backscattered spectrum accesses the non-collec-
tive Compton scattering regime, while the forward scattered
spectrum is sensitive to collective plasmon oscillations. For
dense plasmas encountered in astrophysical or ICF condi-
tions (102'-10%¢ cm™3 electron densities), probes with ener-
gies above 10 keV are needed. Because the scattering cross
section (6.65 x 1072 c¢m?) is very small, a high number of
photons is required. A minimum of 10'? photons at the sample
is typical, which is at least 4 orders of magnitude above what
betatron or Compton scattered x-rays from LWFAs can pro-
duce now. Additionally, a narrow bandwidth source is desired
to be able to observe sharp features in the scattered spectrum.
With this in mind, future LWFA-driven XFELs could be
employed for this type of application.

X-ray diffraction is used in HED experiments because
it can yield data on a crystal strain as a function of applied
pressure (either static or laser-driven). The material strength
properties can be deduced from these measurements. The
challenging aspect of such experiments is to obtain sufficiently
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Figure 13. Peak brightness of betatron, Compton and bremsstrahlung radiation from LWFA compared to other types of sources in the
same energy range. Sources included in this plot are: The APS synchrotron U30 undulator for harmonics 1, 3 and 5 (Argonne National
Laboratory, USA), the ALS synchrotron (Lawrence Berkeley National Laboratory, USA), the Spring8 synchrotron (RIKEN, Japan), x-ray
tubes (Copper and Molybdenum K ), the LCLS free electron laser (SLAC, USA), and high harmonics generation from laser-produced

plasmas.

bright x-ray backlighters with energies above 25 keV to study
high Z materials. White light (or Laue) x-ray diffraction uses
a broadband x-ray source because the Bragg condition can be
satisfied in multiple crystallographic planes in a single shot.
Each plane results in a characteristic Laue spot, giving rise
to a complex diffraction pattern. For dynamic compression
experiments an implosion capsule x-ray source is typically
used [291, 292], as well as layers of high Z-materials irradi-
ated at intensities up to 10'> W cm~2 [293]. In these experi-
ments at least 10! photons/eV/Sr is required. This number is
also 3—4 orders of magnitude higher than the current perfor-
mance of betatron x-ray sources.

6. Conclusion and outlook

In this paper, we have discussed potential applications of
light sources driven by laser-wakefield accelerators. We pre-
sented five sources: betatron x-ray radiation, Compton scat-
tering radiation, bremsstrahlung, undulator radiation, and THz
radiation. We have seen that they can enable significant appli-
cations in medicine, industry and defense, and high energy
density science.

In this section, we summarize the performances of the
sources, and their application space. A recent review paper pre-
sents a table of the relevant theoretical scaling parameters for
betatron, Compton and undulator radiation, which is very use-
ful to design an experiment for an application with particular
requirements [5]. Here, in table 7 we list the actual source
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parameters that have been experimentally reported (with best
outcome for each source). We refer the reader to section 2 for
a description of each experiment and for theoretical properties
and scaling laws of each source. Figure 13 shows the peak
brightness of betatron, Compton and bremsstrahlung radiation
from LWFA, and compares it with other conventional sources
in the same energy range. In table 8, we report all the appli-
cations listed in this paper, and indicate the most appropri-
ate source for each. Betatron x-ray radiation, the most mature
source, is emitted by electrons accelerated and wiggled by
the wakefield, and is very similar to synchrotron radiation,
with the following features: a broadband continuous spectrum
(1-100 keV), a narrow divergence, a small source size (pm),
a short pulse duration (fs) and a perfect synchronization with
the laser that produces it.

Applications that have already been demonstrated include
x-ray phase contrast imaging of biological objects [94, 98,
191, 192] or HED plasmas, and time-resolved x-ray absorp-
tion spectroscopy. These should likely become routine appli-
cations for this source in a near future, where it can be coupled
to high power and free electron lasers capable of driving mat-
ter to extreme states. Other techniques, such as scattering or
diffraction in HED plasmas, will require at least 3 orders of
magnitude more photons. Compton scattering is produced
when relativistic LWFA electrons are wiggled in the field of a
second laser pulse and emit Doppler-upshifted radiation. This
mechanism possesses the same features as betatron radiation
but, despite a small cross section, will be more efficient to
produce photons beyond 100 keV. The highest photon energy
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Table 8. Summary table for applications of light sources driven by laser wakefield accelerators.

Betatron Compton Bremsstrahlung FEL/Undulator  THz
Diagnostic Demonstrated Possible Less precise than Compton and  Possible if No
radiology [94, 98, 191, 192] Betatron (larger spectral width source is
and source size) demonstrated
Nuclear medicine ~ No Possible Possible No No
Biomedical/THz No No No No Possible
Gamma-ray No Demonstrated [111] Demonstrated [166] No No
radiography
Backscattered Possible Possible Less precise than Compton and  Possible if No
inspection Betatron (larger spectral width)  source is
demonstrated
NRF No Possible, but need Likely impractical due to No No
spectral width <10% 100% spectral width and low
LWFA beam integrated charge
Photofission No Possible Demonstrated [201] No No
NEEC No No No Unlikely inthe ~ No
near future
Explosives and No No No No Possible
drugs detection
THz No No No No Possible
semiconductors
study
XPCI/Radiography Demonstrated® Possible Possible Possible if
of HED plasmas source is
demonstrated
XANES/EXAFS Demonstrated® Possible No Too narrow No
spectral width
Opacity Possible, source yield ~ Possible, source yield ~ Possible, source yield needs to Limited No
needs to be < plasma needs to be < plasma be < plasma emission bandwidth
emission emission
X-ray diffraction/  3—4 orders of 3—4 orders of Not likely to be more efficient No No

scattering of HED  magnitude more magnitude more than K, and direct laser-driven
plasmas photons needed photons needed bremsstrahlung
# Not yet published.

Note: For each application discussed in this paper, we indicate whether the five LWFA light sources are a suitable choice. Demonstrated means that
experiments have been performed, possible means that the current performance of the source allows for proof-of-principle demonstration. When needed,
comments indicate what needs to be done in order to make the application possible, or if intrinsic properties of a given source are a disadvantage for the

application.

reported to date in a LWFA-driven experiment is 18 MeV
[126]. It is also easier to tune than betatron radiation and can
have a narrower bandwidth (provided the electron energy
spread is small and the source operates in the linear regime
where the scattering laser has a normalized vector potential
ap < 1). Hence, applications are naturally more geared toward
gamma-ray radiography, photofission, and possibly nuclear
resonance fluorescence. These have yet to be demonstrated.

For even higher photon energies, beyond 100 MeV, gen-
eration by bremsstrahlung becomes attractive. It is produced
when LWFA electrons are converted to high energy photons in
a high-Z material. Its source size (typically ~100 pm) is not
yet as small as for Compton scattering (potentially ~1 pm),
and thus improvements can be made (as discussed, 30 um is
reachable with current LWFA electron beams). This source
has a sufficient number of photons to perform high resolution
gamma-ray radiography [166], trigger giant dipole resonances
[168], and photofission in natural uranium [201].

An x-ray free electron laser based on LWFA has not yet
been demonstrated, due to the stringent requirements on
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electron beam quality (emittance and energy spread) to
achieve this. As of today, there has only been one demon-
stration of undulator radiation (with a conventional magnetic
undulator) from a LWFA beam in the soft x-ray regime [161].
More details are given in [5] on various schemes, scalings and
designs. Projects are underway [162, 163], and if success-
ful, this will be quite revolutionary, as the applications could
be identical to a linac-based XFEL, but with a much more
compact footprint. For example, the science realized during
the first five years of operations at LCLS spans the domains
of atomic, molecular, and optical physics; condensed matter
physics; matter in extreme conditions; chemistry and soft mat-
ter, and biology [294]. Highlights include the first realization
of an inner shell atomic x-ray laser [295], studies of protein
structures [296, 297], lattice dynamics in compressed matter
[298], surface bond breaking [299], and some of the hottest
solid density plasmas created in the laboratory [230].

In a very different spectral range (about 5 orders of mag-
nitude smaller in photon energy than x-rays), THz radiation
from laser-wakefield accelerators has been demonstrated with
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sufficient energy per pulse [172] for possible applications in
biomedical imaging, drug and explosives detection via spectr-
oscopy, and ultrafast semiconductor studies. Currently, it is
mostly used as a diagnostic of LWFA electron beams.

For cost and convenience, LWFA driven sources become
especially attractive for short wavelengths. The construction
cost of a large scale facility such as the APS synchrotron in
the US ($470 millions), the LCLS XFEL in the US ($380 mil-
lions, with $300 millions saved by using the last kilometer
of the existing linear accelerator), and the ELI-NP Compton
gamma-ray source in Romania (~$300 millions) are prohibi-
tive for universities or small laboratories. These facilities are
accessible by users through regular calls for proposals, but
the demand is usually very high. In comparison, a table-top
setup for a betatron or Compton scattering source (including
a 200 TW commercial laser) costs on the order of $10 mil-
lions. X-ray tubes, used for medical or industrial imaging,
although much cheaper (up to $50 K for a ceramic tube), are
not competitive for time-resolved studies. For longer wave-
length sources such as THz radiation, LWFA sources may not
be competitive. For example, a millimeter wave scanner used
at airports costs about $180 K. Most THz sources are already
driven by visible or near infrared lasers, and the advent of THz
quantum cascade lasers [300] have made THz sources a com-
mercial, portable product.

In summary, we have given a comprehensive review of
practical applications of light sources driven by laser-wake-
field accelerators and discussed their feasibility, whether in
the near future or with significant improvements. Most of the
applications we have identified have to be demonstrated, which
we believe may be possible within 5 years for nuclear medi-
cine, biomedical imaging (THz), backscattered inspection,
photofission and opacity measurements in high energy den-
sity plasmas. Other applications, such as diffraction and scat-
tering of HED plasmas, require a larger number of photons.
As we discussed elsewhere [287], one current limit of such
sources (compared to conventional accelerator technology) is
their lower average flux, and their lack of reproducibility from
shot to shot. These achievements, along with overcoming tech-
nological difficulties, should be made possible in the future
thanks to developments in high repetition rate laser, diagnostic
and target technology, to the emergence of new, petawatt-class
short pulse laser facilities around the world [301] and higher
repetition rate fiber laser technology [302].
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