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Abstract—We are developing an X-ray source for radiography
of high-energy density (HED) experiments by passing a picosec-
ond, relativistic laser beam through an underdense plasma to
generate a relativistic beam of electrons. These electrons, in turn,
generate bright, (10! photon/keV/sr), high energy (10 keV -
1 MeV) X-rays. Over the years, this X-ray platform has been
demonstrated on the Titan, Omega EP, and NIF-ARC lasers.
This paper gives the present state of the field and argues that
the platform has reached a level of maturity where the X-rays
produced using this novel platform have the potential to find
radiographic applications in a broad range of fields.

Index Terms—X-ray, High Energy Density Science (HEDS),
Self-Modulated Plasma Instability, NIF, OMEGA, Backlighter

I. INTRODUCTION

This platform uses an intense picosecond laser pulse propa-
gating into a gas jet where it excites a multiple period plasma
wave in a sub quarter-critical density plasma via the transverse
self-modulation instability that is followed by a partially
evacuated channel formed by relativistic self-focusing. We
have shown that this complex laser-plasma interaction can
produce an extremely high charge (10s - 100s nC) relativistic
electron beam accelerated by both the longitudinal electric
field of the wake and the tightly focused laser pulse as well
as the transverse electric field of the laser by a mechanism
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known as direct laser acceleration. We are exploring ways
of both increasing the yield as well as the maximum energy
of the X-ray photons by increasing the maximum electron
energy and the peak electron current. We have used these
high charge and energy electron beams to generate X-ray
radiation with photon energies exceeding several hundred keV
via betatron, inverse Compton scattering, and Bremsstrahlung
radiation mechanisms. Current work aims to extend the X-ray
energies beyond the MeV energy range and use this platform
for radiography of passive and active (HED) targets.

Brilliant, broadband X-ray sources are an important diag-
nostic tool which can be used for numerous applications.
For instance, a beam of few keV X-rays is sufficient to
obtain phase contrast images of small features of biological
samples [1] whereas tens of keV photons are preferential for
characterization of bone microstructures [2]. Higher energy
photons (several hundred keV) with a small source size are
preferred for diagnosing high-energy density experiments that
aim to replicate conditions that exist in the planetary interior in
the laboratory [3]. And finally, for radiography of highly com-
pressed capsules in inertial confinement fusion experiments,
X-rays with energies on the order of 1 MeV, are needed [4]-
[6]. In other words, the goal of this research is to perfect a
single platform capable of generating a hyperspectral X-ray
source that covers the entire spectral range from a few keV
to a few MeV based on a relativistic electron beam generated
by the passage of a picosecond (ps) laser beam through an
underdense plasma.
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II. PHYSICS OF A HYPER-SPECTRAL PHOTON SOURCE

There are numerous methods to produce X-rays, (>150eV
photons). Historically the most common method of producing
X-rays was by bombarding a high-Z target with a beam of sub
100 keV electrons to generate Bremsstrahlung radiation [7],
but today, X-rays are created from relativistic electron beams
using undulators and high-Z foils [8], [9]. Other examples
include betatron radiation produced by off-axis electrons in
both Laser- and Beam- driven Plasma Based Accelerators
(PBA) [10]-[12] and up-converting photon energy by colliding
a laser pulse with relativistic electrons, Inverse Compton
Scattering (ICS) [13]. These techniques all produce quasi-
directional X-ray sources which are all founded upon the
physical mechanism of synchrotron radiation emission.

The Hyper-Spectral photon source utilizes, betatron, Inverse
Compton Scattering (ICS), and Bremsstrahlung radiation from
laser-plasma produced relativistic electrons to generate a beam
of incoherent but quasi-directional high energy X-rays. This
platform has been proven at: the Jupiter Laser Facility, Titan
Laser; the Laboratory for Laser Energetics, OMEGA EP; and
the National Ignition Facility, Advanced Radiographic Capa-
bility Laser. An example of the platform layout at OMEGA
EP is shown in Fig. 1.

A. The Electron Source

Our hyperspectral X-ray source relies on producing a broad
energy spread electron beam by the interaction of a relativistic
ps 100 TW-class laser pulse through an underdense plasma.
The typical laser intensity is greater than 10" W/cm? and
plasma length and density of < 1 cm and > 10" cm™, re-
spectively. The main reason for choosing a ps-class, 1 pm laser
is that many HED science facilities typically have a multi TW,
few nanosecond class lasers as drivers and an accompanying
higher laser power, ps class laser as a probe. The interaction
of an intense ps laser pulse with an extended plasma is quite
complex. The laser intensity is sufficient such that the laser
pulse undergoes a longitudinal and transverse self-modulation
instability whereby the laser pulse is amplitude modulated

by the electron plasma wave which grows from collective
Thomson scattering acting as a noise source over many plasma
periods. In addition, if the laser power is above the relativistic
critical power for self-focusing, P. = 17(wp/wp)? GW,
where wy is the laser radial frequency and wy, is the plasma
frequency [14], the plasma electrons can be partially or fully
blown out as the laser intensity increases creating a plasma
electron density channel. For a plasma density n. of 10'®
cm? and a critical density of 10>' cm™, the critical power is
typically 17 TW, easily exceeded by the ps-class short pulse
lasers accompanying these HEDS facilities.

B. Electron Generation by Self-Modulation Instabilities &
Direct Laser Acceleration

When a laser pulse ag = 1 - 5, where ag is the normalized
vector potential, propagates through a n. > 10'® cm™ plasma,
the self-modulated instability [1] can modulates the envelope
of the laser pulse by the radial transportation of energy. This
self-modulated instability can be viewed in 1D as solely due to
Forward Stimulated Raman Scattering instability, which must
obey the energy and momentum conservation rules given by:

Ws = WLaser + MWpe (1)

ks = ELaser + mEpe (2)

where wy (ES) is the radial frequency (wave vector) of the
forward Raman scattered wave, wrgser (ELaseT) is the lasers
radial frequency (wave vector) of the drive laser, and w, (Epe)
is the plasma frequency (wave vector).

From these equations, one can infer that the beating of the
electric fields of the incident laser wave wr qsers /;Laser and
the scattered photons in the exact forward direction ws, ES
produces a periodic force on the plasma electrons and produces
density fluctuation at We» Epe. The density fluctuations scatter
more photons at wg, ks further reinforcing the beat pattern,
thus completing a feedback loop. Eventually, the envelope
of the incident laser pulse appears to be deeply amplitude
modulated at Epe. Since both the incident and the scattered
photons travel at almost c in the underdense plasma, the group
velocity of the amplitude modulated envelope also travels
near ¢ and, by causality, the phase velocity of the plasma
wave wype/kpe is also close to c¢. The potential of the growing
plasma wave can become large enough and finally trap some
of the plasma electrons and accelerate them to energies up to
475,1 = mec? where Y, = 5—;

Direct Laser Acceleration (DLA) is a second important
mechanism present in the SM-LWFA regime, occurring when
there is overlap between the incident laser pulse and the
plasma electrons [15]-[17]. Usually, this mechanism is ex-
plained, in the self-modulation regime, by the interaction of the
transverse fields of a long, modulated, laser pulse, with the off-
axis electrons’ betatron oscillations, providing an acceleration
force in the longitudinal direction. Recently, K. Miller has
provided theory and simulation insights into DLA [18], which
expand upon the experimental and simulation work done by J.



Shaw [19], demonstrating that by de-coupling the longitudinal
modes clarifies the contribution to the energy gain of electrons
from the transverse laser fields, longitudinal laser field versus
the longitudinal wakefield.

C. Mechanisms of X-ray generation

Fig. 2 shows a schematic of 3 mechanisms that lead to
the generation of directional, hyper-spectral X-rays. These are
betatron radiation, inverse Compton scattering and relativistic
bremsstrahlung. The reason why the radiation emitted by all
three mechanisms can be understood using classical electro-
dynamics is because the radiated power depends only on the
particle’s velocity and acceleration in electric and or magnetic
fields. We briefly explain these three mechanisms first.
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Fig. 2. X-ray Generation Methods: Betatron, Inverse Compton Scattering, &
Bremsstrahlung, as employed by the Hyper-Spectral 10 keV - 1 MeV Photon
Source.

o Betatron Radiation: is generated whenever the off axis

plasma electrons undergo periodic oscillations about the
axis of a transverse focusing electric field. This motion
is called betatron motion. The transverse electric field
in turn is associated with a column of plasma that is
either partially or completely void of plasma electrons
leaving behind an excess of plasma ions. For electron
energies in the 100 MeV range, the betatron oscillation
wavelength is on the order few mm. It is well known
that when a charged particle is bent (accelerated), in a
1x10" cm™ plasma ion column, it emits synchrotron
radiation. Conceptually, in betatron motion the velocity
of the electrons is zero at the top and bottom of their
trajectories but the acceleration is maximum, Fig. 2a. It
is therefore, at the turning points in their orbits, that the
electrons emit radiation most strongly, perpendicular to
the acceleration i.e., in the forward direction, and due to
the nature of their oscillations, emit radiation in the few
keV X-ray range [20].
The betatron radiation particle flux per unit energy per
solid angle is characterized by the Bessel function of the
2nd kind, Ko /3> where A is the normalization amplitude,
E is the energy range of the emitted photons, and
E. = hw, is the critical energy of the X-Ray spectrum,
where w. = 3y3¢/p [21].

dl A E, E,
JEda E(E) 2/3(E) 3)
o Inverse Compton Scattering: If a photon with energy

much less than that of the relativistic electron is
inelastically scattered, the scattered photon is frequency

upshifted by the double Doppler effect in a narrow
cone of angles in the forward direction, Fig 2b. In our
platform, this process can be used to extend the photon
energy far beyond that range of the betatron spectrum by
reflecting the portion of the incident laser transmitted by
the underdense plasma using a low-Z (plastic) material
just after the underdense plasma. The transmitted laser
light is intense enough to ionize the plastic and turn it into
a highly reflecting plasma mirror. Now the collision of
the reflected photons with the electrons emanating from
the plasma can generate a forward scattered ICS photon
beam wigh a maximum photon energy given by: Ercg
= 1+y§g2$a_§7;i(22)ko& E,p, where v is the relativistic
factor of the electron, ¢ is the laser photon angle, 6 is
the scattered X-ray angle, ag, is the normalized vector
potential of the laser, kg is radiation reaction, A. is the
Compton wavelength, and E),), is the laser photon energy.

In our experiments we find that the ICS process extends
the X-ray spectrum far beyond that produced by betatron
radiation and that the experimental X-ray spectra, can be
modeled as a sum of exponentials where C; is the peak
spectral density, and E', is the spectrum temperature [20]

dl —E/ET,
m X che g (4)

o Bremsstrahlung: If instead of using a low-Z foil to gener-
ate ICS photons one uses a high-Z foil, then the predom-
inant photon generation mechanism is Bremsstrahlung
radiation. For instance, using 100 ym to 2 mm high-Z
foils, such as Ta & W, electrons can efficiently generate
MeV X-rays because strong deflection by the atomic
nuclei of the high-Z foil, Fig. 2c. Where E is the photon
energy range, B is the peak spectral amplitude, and Ep
is the temperature of the Bremsstrahlung spectrum [20].

dl
——— o Be F/Er (5)
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III. REVIEW OF THE EXPERIMENTS FOR THE
DEVELOPMENT OF THE HYPER-SPECTRAL PHOTON
SOURCE

In Table I, we summarize the results obtained by the authors
in several experimental campaigns on Titan and Omega EP
lasers. The Titan laser results were with normalized laser
strengths ag = eF/mwgc of 2 — 3 whereas the Omega EP
experiments were done with ag = 1.6 — 6.7.

A. X-ray & Electron Performance Comparison

For X-ray generation, the platform utilizes the intrinsic (to
LWFA) betatron radiation process, which has a spectra as
described in Eq. 3, with the notable aspect that in the Self-
Modulated regime the high charge greatly increases X-ray
production [22] where ICS and Bremsstrahlung mechanisms
provide mechanisms to create a MeV X-ray sources, which
are required by HEDS and high-Z radiographs [23], [24]. It
is apparent from the work done by Albert, Lemos, Shaw, and
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SUMMARY OF X-RAY SOURCES PLATFORM DEVELOPMENTS AS INVESTIGATED BY ALBERT, LEMOS, KING, & SHAW AND COLLABORATORS.
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TABLE I




King that combining a high charge X-ray source with ICS
and Bremsstrahlung up-converters can boost the critical X-ray
energy from approximately 20 keV to 100s - 2000 keV [25]-
[28].

For example, Lemos (2018) Table I, demonstrated that
Tungsten 1 mm & 500 pym and Tantalum 1 mm converters
can combine with the betatron radiation source, E. ~ 18 keV
to create a broadband MeV source with critical energies 0.8,
14, & 1.8 MeV [25].

Source size and electron beam divergence are also important
quantities for backlighter performance, because in a hypo-
thetical experimental setup, where a gas jet is inserted to
radiograph a NIF or OMEGA fusion implosion, propagation
distance to a detector is large and the desired features to
radiograph are small. A low source size is required for high
spatial resolution and a low beam divergence is required to
maximize propagation distance to ensure that the bright source
illuminates the radiograph target and probes the region of
interest.

The articles by Albert, Lemos, King, and Shaw demon-
strate the development of this Hyper-Spectral photon source
platform. From a high level summary, this platform with
its three mechanisms for X-ray production: betatron, ICS,
and Bremsstrahlung increase the total flux from the X-ray
source and greatly increase the critical X-ray energy. At the
JLF, Lemos (2019) [24] demonstrated that the combination of
Bremsstrahlung converters greatly impacts the X-ray param-
eter space, which combined with the new results published
by Shaw, (2021) [29] may unveil another discovery by future
choices of acceleration length, plasma profile and density and
laser focusing geometry to greatly enhance X-ray intensity
and critical energy performance. Additionally, because this
source is based on a combination effect of laser acceleration
and electron converters, (ICS and Bremsstrahlung), there is
flexibility to tune this platform for desired applications, for
example, spatial resolution versus X-ray energy or X-ray
critical energy versus soft X-ray energy intensity [20].

IV. CONCLUSION

We have compared the results obtained on two different
laser facilities during the course of 6 campaigns that demon-
strate that ps, 100 TW class laser pulses propagating through
underdense plasmas are capable of producing 10s of nC,
ultrarelativistic electron beams. The highest charge of several
hundred nC was seen at OMEGA-EP. The electron beams
typically have a continuous energy spectra with a maximum
energy of between 100-200 MeV. A comparison with ex-
perimentally obtained and those observed in PIC simulations
suggest that a combination of physical mechanisms are re-
sponsible for producing these electrons [18], [30], [31]. These
include: both the longitudinal and transverse self-modulation
of the laser beam, which generates a relativistic plasma wave;
the interaction of the electrons with the transverse field of
the laser in the presence of the transverse field of the ions,
which leads to periodic oscillation of the electrons; and direct
energy gain by the electrons traveling synchronously with the

longitudinal field of the focused laser pulse. Where this latter
mechanism is a physical description of DLA.

We also have demonstrated that the so-called betatron
motion of the electrons in the transverse focusing field of
the ions produces oscillatory motion of the electrons about
the axis of symmetry that produces forward directed X-rays.
The maximum energy of the x-rays can be increased by
placing either a low-Z (plastic) or a high-Z foil immediately
after the plasma. In the low-Z foil case, a plasma mirror is
formed on the foil surface by the laser photons after exiting
from the gas jet plasma. Some of these photons are reflected
by the plasma mirror and collide with the electron beam
producing significantly higher energy forward directed photons
(X-rays). Finally, while a higher Z foil also produces ICS
radiation, some of it and much of the betatron radiation is
attenuated during the passage through the foil. On the other
hand, the electron beam, while it impacts the high-Z foil,
produces Bremsstrahlung radiation that extends both the yield
and maximum energy of the photons to MeV range, suitable
for radiographic application. With the inclusion of ICS and
Bremsstrahlung converters, there has been the demonstration
of exceptionally high temperature X-rays (MeV class) in
combination with ICS photons of 100 to 10° @ 10 - 250

—Ph— 1201, [28], [32].

A. Future Direction

Next steps for this work includes demonstrating ICS and
Bremsstrahlung converters on OMEGA EP, OMEGA, and
NIF-ARC, as well as the entire platform on the PETawatt
Aquitaine Laser at Laser MegaJoule. These demonstrations
will establish the feasibility and reliability of this platform.

The ultimate goal of the platform is to develop an X-ray
source capable of producing high-quality radiographs of High
Energy Density Science experiments. Applications include
radiographing: complex high-Z targets, such as Lead or Tung-
sten Image Quality Indicators [33]; laser-compressed targets
such as Silicon [34] or water [35], to demonstrate spatial-
temporal capabilities, and backlighting Inertial Confinement
Fusion implosions [4].
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