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ABSTRACT

Laser-plasma-based accelerators are now able to provide the scientific community with novel high-energy light sources that are essential to
study high-energy density matter, inertial confinement fusion, astrophysical systems, and fundamental plasma physics. Due to the transient
and high-density properties of these systems, it is essential to develop light sources that are in the hard x-ray energy range (0.01–1MeV) and
directional and have high yield, low divergence, and short duration (ps and sub-ps). In this work, we show that by using a Laser plasma accel-
erator, it is possible to generate a broadband (0.01–1MeV) hard x-ray source that satisfies the previous requirements. A series of experiments
were conducted on the Titan laser at the Lawrence Livermore National Laboratory where a 10 nC electron beam in the 10–380MeV energy
range was generated through a laser plasma accelerator. The electrons generate x-rays via their betatron motion (few-30 keV) and hard
x-rays through inverse Compton scattering (10–250 keV) and/or Bremsstrahlung (up to 1MeV). Due to its unique characteristics, this source
can be an important tool for many applications in large-scale international laser facilities.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091798

I. INTRODUCTION

X-ray beams in the keV to MeV energy range are essential to
study high energy density (HED) matter and to improve the under-
standing of inertial confinement fusion,1 astrophysical systems,2 and
fundamental plasma physics. HED experiments produce highly tran-
sient matter under extreme states of temperatures and pressures that
are often probed using either broadband Bremsstrahlung x-rays3–7 or
narrow band x-ray line radiation8–13 emitted by a hot plasma created
by an auxiliary laser pulse. These sources are quasi-isotropic; therefore,
most of the x-ray photons are not intercepted by the target and they
often lack the spatial resolution to resolvelm size features. A repro-
ducible, directional, and easily deployable x-ray source in the
10 keV–1MeV energy range with a high-spatial resolution is desirable

for HED science applications. X-rays sources based on laser plasma
accelerators (LPA) are attractive for this purpose; they are highly direc-
tional and can resolvelm size features.14–17 Great effort has been put
in developing such sources using fs long laser pulses, but these sources
cannot yet meet the needs of many single-shot HED experiments. The
physics of x-ray emission from laser wakefield acceleration in the pico-
second, kilojoule-class regime is largely unexplored and has the poten-
tial to satisfy the HEDS (High Energy Density Science) source needs.
A LPA driven by such laser pulses can generate highly relativistic, low-
divergence electron beams18–21 with 10’s of nC s of charge. This repre-
sents a two order of magnitude increase in charge when compared to
LPA’s driven by fs laser pulses. The peak electron beam current in this
work is �15 kA, which is approximately what is reached in LPAs
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driven by fs laser pulses. Although we reach the same current value as
LPA’s driven by fs laser pulses, there are applications that will directly
benefit from the higher electron beam charge produced by LPAs
driven by ps laser pulses, such as electron beam imaging of HED con-
ditions22 and generation of high yield x-rays sources. Hence, these
LPA electrons can generate high-energy, high-yield, low-divergence,
broadband x-rays with tens oflm s spatial resolution using three dif-
ferent processes: Betatron radiation,16 Inverse Compton scattering
(ICS) radiation,23–25 and Bremsstrahlung radiation.17 In this paper,
we compare and review the x-ray beam characteristics and explore
the optimization of these three mechanisms. We show that each one
of these processes has different energy spectra, sources sizes, and
divergences that can be controlled by carefully tuning the LPA and
choosing the targets. We show that we produced a high-energy x-ray
source with an unmatched combination of photon flux and source
size that in the future can be coupled to HED facilities and enable
unique HED science applications, such as imaging of double shell
implosions,26 precision MeV-radiography,3,4 or phase contrast imag-
ing of laser-driven shocks at high energy.27–30 Despite the fact that
current LPA x-ray sources driven by fs lasers have very high brilliances
(three orders of magnitude higher that the ones present here), they do
not have the necessary photon yields to address these applications. The
sources presented here have a one order of magnitude lower brilliance
but produce one to two orders of magnitude more photons while
maintaining the necessary spatial and temporal resolution that is ideal
for the above-mentioned applications. When a high-intensity (>1018

W/cm2) laser pulse with a 1 ps duration such that its length
(�300lm) is larger than the plasma period (�30lm for a 1018 cm�3

electron density) is focused onto an underdense target, it can generate
plasma waves through Raman Forward Scattering (RFS).18 The back-
ground plasma electrons that have the correct momentum and phase
will “surf” this wave and gain energy up to hundreds of MeV.
Moreover, the long laser pulse will overlap many plasma periods as
well as the accelerating electrons, further accelerating the electrons
through direct laser acceleration (DLA).31–34 During this process, due
to the transverse restoring forces inside the plasma waves, the electrons
undergo transverse oscillations emitting x-ray betatron radiation.16 It
has been shown that betatron radiation driven by ps, kJ-class lasers can
generate a high-yield x-ray source with photon energies up to a few
tens of keV.19 To increase the yield of the high energy photons
(>50 keV), we explored the ICS mechanism. In this case, as the laser
beam exits the underdense target, it collides with a plasma mirror
(PM),35 which reflects the laser beam backward onto the high-energy
electron beam and generates a bright x-ray beam via ICS. This configu-
ration has been shown to work operating in the blowout LPA regime
driven by fs lasers,36,37 but not in the LPA regime driven by ps lasers.
The ps regime will benefit from a 1–2 orders of magnitude increase in
electron beam charge and a longer interaction time with the laser
pulse. Combining these two effects, we observe a three order of magni-
tude increase in the photon yield when compared to the LPA regime
driven by fs lasers. To further increase the yield of high-energy x-rays
(>250keV), the plasma mirror is replaced with a high-Z foil, changing
the dominant mechanism for x-ray production to bremsstrahlung
radiation from the relativistic electrons colliding with the foil.20 This
paper is organized as follows. In Sec. II, a brief background of x-ray
generation by LPA is given. In Sec. III, the experimental setup is
described. The experimental results for the electron and x-rays are pre-
sented in Sec. IV. The conclusions are presented in Sec. V.

II. BACKGROUND: LPA AS AN X-RAY SOURCE
A. Betatron radiation

Betatron radiation has mainly been studied using Joule-class,
sub-100-fs duration laser beams15 or highly relativistic electron
beams.38 A recent study19 explores the possibility of using kiloJoule-
class, ps-duration laser pulses to drive a hybrid-LPA to increase the
number of generated photons. It was shown that at a photon energy of
6.5 keV, a photon yield of 1.45� 1012 photon/keV/Sr was measured,
representing a three order of magnitude increase compared to the best
results using fs, J-class lasers.15

Here, a high-intensity (>1� 1019 W/cm2) laser pulse with a
pulse duration, sp, much larger than the plasma period, kp/c (c is the
speed of light), propagates through an underdense plasma and gener-
ates plasma waves through the Raman Forward Scattering (RFS) and
self-modulation (SM) instabilities18 of the laser pulse (Fig. 1 - front
part of the accelerator). Once the plasma waves are driven to wave-
breaking limits,39 they can trap the background electrons and acceler-
ate them to hundreds of MeV energies through the associated
longitudinal fields. These waves also have associated transverse fields
that will lead to betatron-like oscillations of the trapped off-axis elec-
trons, causing them to radiate x-rays photons in the forward direction
(Fig. 1). Furthermore, the electrons undergoing betatron oscillations in
the polarization plane of the laser will feel the electric field of the laser.
Since the laser pulse overlaps many plasma wavelengths (30 plasma
periods for a plasma density of 1� 1019 cm�3 and a laser pulse dura-
tion of 1 ps) and therefore the accelerating electrons, there is a signifi-
cant contribution from DLA to the energy gained by the electrons40

that further increases the x-ray energies and yield. Thus, the LPA is
operating in a hybrid regime, where both laser wakefield acceleration
and DLA contribute to the energy gained by the electrons. A recent
publication40 shows that the electrons accelerated in the front part of
an LPA driven by a ps laser pulse with a normalized laser vector
potential, a0 ¼ 3, (with a0 ¼ 8.5� 10�10k[lm]I1/2[W/cm2] and k is

FIG. 1. Schematic of the generation of betatron radiation from an LPA driven by a
100 J, 1 ps laser. The laser is represented in red, and the electron plasma density
in blue. The electrons will execute betatron motion in the front region of the LPA,
where the dominant acceleration mechanism in wakefield as well as at the back of
the pulse, where the dominant acceleration mechanism is DLA emitting x-ray
radiation.
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the laser wavelength) are mainly accelerated by the wakefield longitu-
dinal electric field (Fig. 1). At the back of the laser pulse, due to the for-
mation of an electron cavitation region caused by the radially moving
ions, the plasma waves are weak, and the electrons are mainly acceler-
ated by DLA (Fig. 1). Nevertheless, the electrons in both regions will
undergo transverse betatron oscillations emitting synchrotron radia-
tion driven by these acceleration mechanisms. The intensity distribu-
tion dI per unit photon energy, dE, and solid angle, dX of the emitted
synchrotron radiation can be approximated by40

d2I
dEdX

/ A
E
Ec

� �2

K2=3
2 E=Ec½ �; (1)

where A is the spectral amplitude, E is the photon energy, K2=3 is the
modified Bessel function, and Ec / c2nerb is the critical energy of the
betatron spectrum. Here, c is the electron relativistic factor, ne is
the plasma density, and rb is the radius of oscillation of the electron.
The divergence of the x-ray beam can be approximated by
h / rb

ffiffiffiffiffiffiffiffiffi
ne=c

p
and the total number of photons can be approximated

by Nc / NeNbrb
ffiffiffiffiffiffiffi
cne
p

, where Ne is the total number of electrons and
Nb is the number of betatron periods. When driving an LPA with a ps,
kJ-class laser,19 the electron beam charge is increased by two orders of
magnitude, contributing to an increase in the number of emitted
photons.

B. Bremsstrahlung radiation

Bremsstrahlung radiation from an LPA was first demonstrated
by colliding an electron beam driven by a 80 J, 1 ps duration laser
beam, into a 1.75mm-thick tantalum foil41 (Fig. 2).

This scheme has two main advantages when compared to the
classic laser-solid bremsstrahlung sources: the electron beam has a low
divergence (mrad), which reduces the divergence of the bremsstrah-
lung emission, and the electron beam can reach higher energies
(MeV-GeV) thus generating higher-energy bremsstrahlung photons.
In this approach, the laser beam and the electron exit the LPA and col-
lide with a high-Z material, generating a bright x-ray beam (Fig. 2). A
high-Z material is used to increase the Bremsstrahlung conversion effi-
ciency due to the high-charge nuclei. As the electrons pass near the

nucleus of the material, they are slowed down as their path is deflected.
Due to energy conservation, the lost energy is emitted as a high-energy
photon (Fig. 2). Typically, bremsstrahlung spectra can be approxi-
mated by

d2I
dEdX

/ Be�E=ET ; (2)

where B is the peak spectral amplitude, ET is the temperature of the
exponentially decaying Bremsstrahlung spectrum, and E is the photon
energy. The maximum energy of the Bremsstrahlung spectrum
matches the maximum energy of the electron beam, since if the elec-
tron comes to a total stop, it will transfer all of its energy into a photon.
With fs laser pulses, this scheme has produced directional, broadband
hard x-ray sources with fs time resolution and tens of microns spatial
resolution.17 However, the photon yield for single-shot HEDS applica-
tions is still too low, due to the low charge electron beams (hundreds
of pC s). In recent work,20 the electron beam charge has been
increased to tens of nC by driving an LPA with a ps, kJ-class laser,
which increases the x-ray yield by two orders of magnitude.

C. Inverse Compton scattering radiation

ICS sources based on LPA have been developed using fs long
laser pulses mainly using two schemes: a PM or a secondary counter-
propagating laser pulse.42 In the PM scheme, as the laser beam exits
the LPA, it collides with a low-Z material foil placed at the exit of the
LPA. This collision creates a plasma mirror,36 which reflects the laser
beam backward onto the high-energy electron beam and generates a
bright x-ray beam via ICS (Fig. 3). This method offers an exceptionally
compact, self-aligned, inexpensive, simple way to convert even the
smallest LPAs into robust ICS sources. The other approach is to use a
secondary laser beam that counter-propagates with the electron beam.
Both of these schemes have a number of advantages when compared
to classical ICS schemes (where the electron beam is produced by a
Linac),38 such as: a small facility size (small room), pulse duration on
the order of the laser pulse duration (fs to ps), jitter-free

FIG. 2. Schematic of the generation of bremsstrahlung radiation driven by an elec-
tron beam from an LPA.

FIG. 3. Schematic of the generation of ICS radiation driven by an electron beam
from an LPA.
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synchronization between the x-ray probe and the laser pump pulses,
controllable bandwidth with tunable photon energy, micron-scale
source size, and small mrad divergences.

Great effort has been put in developing ICS sources using fs-long
laser pulses, but the physics of x-ray emission from LPA in the pico-
second, kilojoule-class regime is largely unexplored. Using a ps-kJ class
laser and the PM scheme, we show a three orders of magnitude
increase in the photon yield, achieving for the first time the necessary
yield to start addressing HED applications. This configuration has
been shown to work operating in the blowout LPA regime (fs laser
pulse length, 1/2 plasma period)36 but never in the hybrid-LPA regime
driven by ps, kJ lasers. In this regime, it will benefit from the two
orders of magnitude increased electron beam charge and the longer
interaction time with a ps laser pulse. ICS occurs when an electron col-
lides with a photon and transfers part of its energy to the recoiled pho-
ton. This occurs when the electron energy is much larger than the
photon energy in the rest frame and the electron experiences a negligi-
ble recoil. When the laser a0 is much larger than one, the electron can
absorb several photons, and this process is referred to as nonlinear
ICS. When the laser a0 is smaller than one, the electron only absorbs a
single photon and this process is referred to as linear ICS. In this
paper, we are operating in the linear ICS regime since the counter-
propagating laser has an a0 of one. Considering a head-on collision
between an electron and a photon, the photon energy of the scattered
photon is given by two successive Doppler shifts: first from the lab
frame to the electron frame and then back to lab frame. Thus, the
maximum scattered photon energy is given by 4c2EL,

23 where EL is the
photon energy. In this geometry the x-ray pulse duration is given by se

þ sL/4c
2,43 where se is the electron beam duration and sL is the laser

pulse duration. Since c is relatively high in the hybrid LPA, the ICS x-
ray beam duration is primarily determined by the electron beam dura-
tion. The number of scattered photons per laser period and per elec-
tron can be approximated by 1.53� 10�2 a20 and the x-ray beam
divergence by a0/c.

15 In our hybrid-LPA, where we generate an expo-
nentially decaying electron energy spectrum, the ICS spectrum can be
approximated by a similar energy distribution given by

d2I
dEdX

/
X

Cie
�E=ETi ; (3)

where Ci is peak spectral density and ETi is the temperature of the
exponentially decaying spectrum. As it is shown in Sec. IV,21 the final
spectrum can be approximated by a sum of several exponential func-
tions with different temperatures.

III. EXPERIMENTAL SETUP

In this paper, we will report on three different experiments that
used small variations of the setup presented in Fig. 4. Specific details of
each setup can be found in Ref. 19 for the betatron radiation experi-
ment, Ref. 20 for the bremsstrahlung experiment and Ref. 21 for the
ICS experiment. The experiments have been performed at the Jupiter
Laser Facility at the Lawrence Livermore National Laboratory.

The laser beam was produced by a Nd:glass chirped pulse ampli-
fication laser system with an energy of 120 J (on target), an average
pulse duration of 1 ps (FWHM), and a central wavelength of 1053nm.
The main beam was focused with a f/10 off-axis parabola (OAP),
100lm to 1mm inside a 3 or 4-mm wide column of gas created by a

FIG. 4. Experimental setup at the Jupiter Laser Facility using the Titan Laser. The Titan laser (red beam) is focused by an OAP into a 3–4mm supersonic gas jet. The probe
beam (green beam) crosses the plasma generated by the main beam and goes into a folded interferometer. An example interferogram is shown next to the interferometer. The
electrons are dispersed by a permanent magnet centered on the laser axis and recorded into an image plate IP1. A foil placed at a distance d from the nozzle exit is used to
produce x-rays either through ICS or bremsstrahlung. To produce and characterize betatron radiation, the foil is removed. A lead wall with an opening after the gas jet blocks
the background noise generated inside the chamber. At the exit of the vacuum chamber, the x-rays (brown line) go through an Aluminum and Mylar filter. After exiting the vac-
uum chamber, the x-rays propagate through the filter wheel and stacked image plate spectrometer or through a 36 step wedge filters onto the IP3. We show configurations to
measure (a) the betatron radiation, (b) the laser bremsstrahlung radiation, (c) the electron bremsstrahlung radiation, and (d) the ICS radiation.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 083110 (2019); doi: 10.1063/1.5091798 26, 083110-4

Published under license by AIP Publishing

 27 July 2023 08:47:43

https://scitation.org/journal/php


supersonic nozzle.44,45 The gas composition for each shot could be var-
ied from pure He to He/N2 mixtures containing between 1% and
100% N2 (by partial pressure) to take advantage of ionization injec-
tion.46 The vacuum spot size w0 was 29lm measured with low laser
power at the 1/e2 intensity point. The peak intensity was 2� 1019

W/cm2 and the normalized vector potential a0 of the laser pulse was 3.
The 527-nm, 1 ps FHWM probe beam crossed the main beam trans-
versely and was timed to arrive just after the main beam exits the gas
jet into a folded interferometer47 used to measure the plasma electron
density profile, shape, and length. Interferometry measurements indi-
cate that the typical plasma electron density profile consisted of a
500–lm density up and down-ramp with a 2000 to 3000–lm plateau
(for the 3mm and 4mm nozzles, respectively) with a density ne
¼ 1–15� 1018 cm�3. The electrons accelerated in the gas jet (grey
beam) exit the gas jet and collide with a foil placed at a distance d after
the nozzle to generate an x-ray beam either through bremsstrahlung
or ICS. The betatron radiation is generated in the LPA, so in this case
no foil was placed at the exit of the gas jet. The electron beam is dis-
persed into an image plate (IP1) by a 1 T dipole magnet for the ICS
and bremsstrahlung experiments and by a 0.42 T dipole magnet for
the betatron radiation experiment, to characterize the electron beam
spectrum and charge. The x-rays pass through an opening in the lead
wall that blocks the background noise generated inside the vacuum
chamber and exits the chamber through an Aluminum and Mylar
window. Outside the chamber, three different diagnostics are used to
characterize the x-ray beam. For x-rays energies between 5 and
90 keV, a combination of a filter wheel and a stacked-image-plate
spectrometer48 is used and for energies of 80 to 800 keV a High-
Energy Differential-Filtering Photon Spectrometer49 is used. The low
energy x-rays cross through the filter wheel, consisting of 10 or 15
(two different filter wheels were used) concentric filter wedges
arranged as Ross-pairs (RRs), and are recorded by IP2. The remaining
x-ray signal continues into a stacked-image-plate spectrometer to
characterize photons with energies from 20 to 500 keV. The high-
energy photons (90–1000 keV) are measured with a High-Energy
Differential-Filtering Photon Spectrometer, which has an array of 36
different filters of Ta and Al with variable thickness, and are recorded
by IP3. The angle covered by any of the three diagnostics is �9 mrad,
smaller than the divergence of any of the x-ray sources and that of the
electron beam. The photon energy spectra presented in this paper are
analyzed using three different methods that were applied to each of
the three diagnostic when possible: Forward fit method (FF),19 which
fits a predetermined function to the transmission signal of the filters
that constitute the diagnostic; Ross pair (RP) analysis50 of the paired
materials; and Differential Averaged Transmission (DAT) analysis36

through the several filters. A final result for the energy spectrum
results from the combination of these three methods with the associ-
ated error bars.51 A detailed description of how these methods are
applied to these particular diagnostics has been recently published.51

IV. EXPERIMENTAL RESULTS
A. Electron beam characterization

Characterizing the electron beams from the LPA is extremely
important since it will dictate the characteristics of the later generated
x-ray beams. To characterize the electron beam energy spectrum,
divergence, shape, and charge, the foil after the nozzle was removed to
avoid beam distortions. Different nozzles were used in the three

experimental campaigns. For the betatron radiation campaign, a 3mm
nozzle was used and for the integrating current transformer (ICT) and
bremsstrahlung campaigns, a 4mm nozzle was used. A typical electron
energy spectrum is shown in Fig. 5 for an electron density of 5� 1018

cm�3 using a 4mmHe gas jet. The electron spectrummaximum ener-
gies varied from 200 to 380MeV, depending on the nozzle and plasma
density used.

The electron spectrum displays the typical exponentially decaying
energy distribution with a two-temperature distribution Ne / e�E=T1

þe�E=T2 , where T1 ranged from 7MeV to 18MeV and T2 from 20 to
50MeV, depending on the nozzle and plasma density used. The elec-
tron beam shape was measured without the electron spectrometer,
and an example is shown in the inset of Fig. 5. The electron beam
shows an ellipticity in the direction of the laser polarization with an
average FWHM divergence of 100� 646 10 mrad. This ellipticity has
been observed before and can be attributed to the residual transverse
momentum that the electrons gain at the moment of ionization and/
or to DLA.31,52,53 The divergence of the electron beam increased with
the plasma density, and for plasma densities larger than 2� 1019

cm�3, it loses the beam-like shape with divergences too large to be
measured by our diagnostics. The total charge of the electron beam is
measured with an integrating current transformer (ICT) placed 50 cm
after the nozzle and without the electron spectrometer. The average
total charge varied from 4 to 11 nC per shot for electron energies
above 10MeV, depending on the plasma density and nozzle length.

B. Betatron source characterization

The betatron radiation was produced and measured using the
experimental configuration shown in Fig. 4(a) and using a 3mm noz-
zle.19 To characterize the x-ray spectrum for photon energies
<30 keV, we utilize the signal record on IP2 after the photons pass
through the filter-wheel composed of 15 filters. The signal was ana-
lyzed using the methods in Ref. 51 where the fitting function used is
given by Eq. (1). In addition, some of the filters are organized as Ross
Pairs providing a direct measurement of the x-ray photon yield at a
specific energy band. The measured critical energies (Ec) ranged from

FIG. 5. Typical measured electron beam spectrum (black curve) for a plasma den-
sity of 5� 1018 cm�3 in He 4mm gas jet. The blue line represents the background
noise level on IP1. The inset shows a typical electron beam shape without the dis-
persion magnet where the black lines represent the contour of the encircled energy
for 25%, 50%, and 75% from smaller to larger radius, respectively.
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10 to 40 keV depending on the plasma densities 0.5–1.5� 1019 cm�3

and the laser a0 ¼ 1.4–3.0. Figure 6 shows an example of a measured
experimental x-ray spectrum with a critical energy of 10 keV (red
curve).

Using the Ross-pair differential signal, we measured an x-ray
photon yield of 0.3–1.45� 109 photons/eV/Sr at 6.56 0.5 keV for an
a0 of 1.44 and 3, respectively. To quantify the x-ray spectrum at pho-
ton energies between 10 and 500 keV, we use the stacked image plate
spectrometer. Applying the same analysis fitting method revealed that
the signal was too noisy to fit a single betatron function. We assumed
that this noise was caused by the lower energy (<500 keV) electrons
being strongly deflected by the magnet and colliding into the walls of
the target chamber, generating an extra bremsstrahlung x-ray signal.
Therefore, in addition to the betatron fitting function, we added an
additional bremsstrahlung function given by Eq. (2). During the fitting
process, the betatron Ec was set to the value given by the filter wheel
(10 keV) and the best fit is obtained for an ET¼ 200 keV. This showed
that the bremsstrahlung signal dominated the x-ray spectrum for ener-
gies above 40 keV as seen in Fig. 6 (black curve). The x-ray beam shape
was recoded on IP2 by removing the filter wheel (inset in Fig. 6), and
the divergence was calculated by fitting the signal to a 2D Gaussian
function that reveled divergencies of 100–200 mrad depending on the
plasma density and laser a0 used. To measure the source size, a sharp,
stainless-steel edge was place 22 cm after the nozzle and the filter wheel
removed, casting a clear shadow on IP2. The measured 1/e2 source
diameter had an upper bound of 35lm s.

C. Electron bremsstrahlung source characterization

The electron bremsstrahlung radiation was produced and mea-
sured using the experimental configuration shown in Fig. 4(c) using a
4mm nozzle. The electrons accelerated in the gas jet (grey beam) exit
the gas jet, collide with a metal foil placed 1.5 cm after the nozzle, and
generate an x-ray beam through bremsstrahlung. During this experi-
mental campaign, the plasma density was kept constant at a value of
5� 1018 cm�3 in order to have a low divergence electron beam as the
one shown in the inset of Fig. 5. Two foil materials were used:

Tungsten (W) with thicknesses of 0.5 or 1mm and Tantalum (Ta)
with a 1mm thickness. We expected to generate high-energy x-rays
with this configuration, so the High-Energy Differential-Filtering
Photon Spectrometer was used to characterize the x-ray energy spec-
tra. In this particular experimental configuration, there are three dis-
tinct physical mechanisms that contribute to the x-ray spectrum:
betatron radiation from the LPA, bremsstrahlung radiation from the
laser hitting the foil, and bremsstrahlung radiation from the electron
beam crossing the foil. Thus, to independently characterize each one
of these mechanisms, we adapted the experimental setup accordingly.

The bremsstrahlung radiation caused by the laser hitting the foil
is characterized by firing the laser without any gas and directly heating
the foil. No signal was recorded on IP2 since the laser intensity is four
orders of magnitude lower once it gets to the foil 1.9 cm away from
focus. To characterize the betatron radiation, the foil was removed and
a filter-wheel with 10 concentric filter wedges arranged as Ross-pairs
was used to record the signal. Here, the filter wheel diagnostic is used
since the expected x-ray energies are too low to be properly character-
ized by the High-Energy Differential-Filtering Photon Spectrometer.
Using the same fitting methods used in the Sec. IVB, a betatron spec-
trum with an Ec of 186 10 keV and an A¼ 5� 109 photons/keV/Sr is
obtained (Fig. 7). It is important to notice that in this case the betatron
mechanism was not optimized, hence the lower yield when compared
to the one generated by the betatron-only experiment (Fig. 6). In this
case, we used a lower plasma density to reduce the electron beam
divergence, thus reducing the divergence of the x-ray source. When
the foil is in place, the betatron radiation does not have enough high
energy photons to make it through, so the only mechanism that can
cross the foil and be detected by IP3 is the bremsstrahlung radiation
caused by the electrons crossing the foil. To analyze the data on IP3,51

we assumed the fitting function given by Eq. (2). Figure 7 shows the
obtained spectrum for a foil of 1mmW (blue curve and points), 1mm
Ta (green curve and points), and 0.5mmW (black curve and points).
Here, we can compare the effect of materials for a given thickness plus
the effect of thickness for a given material. The spectrum temperature
and amplitude is higher for the W foil (19786 534 keV) than for the
Ta foil (14206 300 keV). A small difference in amplitude and temper-
ature is to be expected because the bremsstrahlung cross section
directly depends on Z, and with such uncertainty in the measurement,

FIG. 6. Deduced x-ray spectra for the betatron signal (red) and Bremsstrahlung sig-
nal (black). The red circles represent the Ross-pair points and the triangles the
points from the DAT method. These spectra were obtained with a laser a0 ¼ 3 and
in a 3mm He gas jet with plasma density of 1� 1019 cm�3. The inset shows a par-
tial betatron beam shape recorded by IP2 on an equivalent shot.

FIG. 7. X-ray energy spectrum for the 1mm (blue) and 0.5 mm (black) W and
1mm (green) Ta foils, and the betatron radiation (red). The points represent the
measured yield using the DAT method.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 083110 (2019); doi: 10.1063/1.5091798 26, 083110-6

Published under license by AIP Publishing

 27 July 2023 08:47:43

https://scitation.org/journal/php


this difference cannot be measured experimentally. The bremsstrah-
lung produced with the 0.5mm W foil has a lower temperature spec-
trum than with the 1mm W foil. With the thinner foil, lower energy
electrons have a higher contribution to the spectrum lowering the
spectrum temperature. Also, the 0.5mm W foil has a higher yield for
the lower energy photons because these can make it out of the target
before being absorbed, unlike for the 1mmW foil. Experimental mea-
surements of source size and divergence were not possible, but Ref. 20
shows Monte-Carlo simulation results for these quantities using
GEANT 4. An x-ray source size of 0.95mm� 1.5mm was inferred
(which matches the size of the electron beam on the foil) as well as a
divergence of 12.4� (half angle at half-maximum).

D. Inverse Compton scattering source characterization

The ICS radiation was produced and measured using the experi-
mental configuration shown in Fig. 4(d) using a 4mm nozzle. As the
laser beam exits the underdense target, it collides with a 100lm
Polyethylene foil placed at the exit. The collision creates a plasma mir-
ror, which reflects the laser beam backward onto the high-energy elec-
tron beam and generates a bright x-ray beam via ICS. The plasma
density is kept constant at a value of 5� 1018 cm�3 in order to have a
low divergence electron beam (to increase the overlap of the laser and
electrons) as the one shown in the inset of Fig. 5. In the setup shown
in Fig. 4(d), the observed x-ray signal has contributions from four dif-
ferent mechanisms: betatron radiation from the LPA, bremsstrahlung
radiation from the electrons passing through the foil, bremsstrahlung
radiation from the laser colliding with the foil, and ICS of the electrons
colliding with the laser reflected by the foil. To isolate and characterize
the ICS contribution to the final spectrum, measurements of the con-
tribution of each of these mechanisms to the final signal were made by
changing the experimental setup as shown in Figs. 1(a)–1(d) [details
can be found in Ref. 21].

It was found that the betatron and the bremsstrahlung radiation
from the electrons passing through the foil was negligible to the final
x-ray signal.21 Figure 8 shows in black the x-ray spectrum of the
bremsstrahlung radiation generated by the laser colliding with the foil

[using the setup in Fig. 4(b)] and in blue the spectrum when all four
mechanisms are present [using the setup in Fig. 4(d)]. The spectrum
up to photon energies of 40 keV is measured using the filter wheel. For
higher photon energies, the bremsstrahlung spectrum is measured
using the stacked image plate spectrometer. In the case where all the
mechanisms are at play, the High-Energy Differential-Filtering
Photon Spectrometer was used since it was less sensitive to back-
ground noise generated by the electrons colliding with the chamber
walls. From Fig. 8, it is possible to see that at photon energies of
10 keV, the ICS contribution is on the order of the bremsstrahlung
radiation generated by the laser colliding with the foil but at 40 keV is
already an order of magnitude higher, indicating that the ICS mecha-
nism becomes the dominant process for photon energies higher than
10 keV. Using Eq. (3), it was found that the ICS spectrum was best fit-
ted with a sum of two exponential functions with ET1 ¼ 556 15 keV
for photon energies between 10 and 40 keV and with and ET2

¼ 1006 20 keV for photon energies between 80 and 250 keV. A total
number of 1011 photons per shot were generated representing an
improvement of three orders of magnitude when compared to the ICS
LPA results obtained in the blowout regime.36 To have an estimate of
the x-ray source size, a sharp Ta plate was placed just after the electron
beam spectrometer. The filter wheel was removed, and a sharp shadow
of the plate was cast onto IP2. Measuring the gradient of the edge
shadow, the source size was estimated to be 50lm (measured over
1/e2). The x-ray beam shape was also imaged at IP2, showing a diver-
gence of 100 mrad (measured over 1/e2) in the horizontal direction
(perpendicular to the laser polarization). The vertical divergence could
not be measured since the window at the chamber exit only had a
2.5 cm opening.

V. CONCLUSIONS

In this work, we explored x-ray sources from an LPA driven by a
ps, kJ-class laser. In a series of three experiments, we generated and
characterized x-rays from betatron radiation, electron bremsstrahlung
radiation and inverse Compton scattering. For the betatron radiation,
we have generated a broadband x-ray spectrum with a yield of 109

Photons/eV/Sr at a photon energy of 6.5 keV that is comparable to or
better than the bremsstrahlung emission produced from foils at the
same laser facility54,55 and to the flux of high-Z-plasma M-band emis-
sion successfully used for single-shot x-ray absorption near edge struc-
ture (XANES).56 This source has a divergence of 100 mrad and a
source size smaller than 35lm. This was the first experimental result
generating betatron radiation in such an LPA regime, demonstrating
the potential of these sources for undertaking future applications at
larger-scale laser facilities. Furthermore, future improvements to this
source can still be achieved and a possible route toward a higher yield
is to increase the interaction length by increasing the nozzle diameter
or by using a long gas cell. Bremsstrahlung radiation was generated by
colliding the high-charge electron from the LPA into a tungsten or
tantalum foil. We have demonstrated the production of hard x-rays
with temperatures from 0.8 to 2MeV and up to 109 Photons/keV/Sr,
which represents an improvement of at least two orders of magnitude
in the number of photons when compared to the LPA in the blowout
regime. According to Monte-Carlo simulations, the estimated x-ray
source size was 1� 1.5mm with a divergence of 12.4�. It was shown
that the photon distribution temperature and flux can be controlled by
changing the beam electron temperature or target thickness and

FIG. 8. X-ray energy spectra of the experimental configurations shown in Fig. 4(d)
(blue) and Fig. 1(b) (black). The black shaded region and black points (circles - RP,
triangles - DAT) show the measured x-ray spectrum for the laser bremsstrahlung
radiation. The blue shaded region and blue points (circles - RP, triangles - DAT)
show the measured x - ray spectrum when the betatron, bremsstrahlung, and ICS
mechanisms are present.
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material. This versatility can be particularly useful for opacity/radiog-
raphy measurements at HED facilities that can require photon ener-
gies up to a few MeV to study high-Z materials in HED conditions or
for imaging double-shell ignition targets. Further improvements to
this source are still possible, as it was found that the source size can be
approximated by the size of the electron beam hitting the foil. Thus,
the source size can be controlled by changing the distance from the
electron source to the converter foil or by reducing the size of the con-
verter foil (using high-Z thin wires).

ICS radiation was generated by an LPA using a ps, kJ-class laser
and a plasma mirror. Photon energies from 10 to 250 keV were gener-
ated with photon yields from 1010 to 109 photons/keV/Sr, respectively.
Integrating the energy spectrum, a total number of 1011 photons per
shot were generated, representing an improvement of three orders of
magnitude when compared to the best ICS-LPA results obtained in
the blowout regime.36 An estimated source size of 50lm and a diver-
gence of 100 mrad were measured. This source as the potential to be
very useful for HED since for the first time an ICS source based on
LPA reaches the necessary photon yields to radiograph high-areal den-
sity objects and matter under extreme conditions in a single shot. A
direct comparison of the photon energy spectra for each of these sour-
ces can be seen in Fig. 9. It is clear that each one of these mechanisms
dominates over the other for different photon energies. The betatron
radiation has a higher yield up to photon energies of 20 keV, followed
by ICS from 20 to 200 keV, and bremsstrahlung radiation for energies
higher than 200 keV.

Table I shows a summary of the characteristics of the sources
based on LPA driven by a ps, kJ-class laser. In conclusion, depending

on the application needs, one can elect which mechanism to use, sim-
ply by choosing the foil at the end of the gas jet. Future improvements
to these sources can be envisioned by scaling to higher laser energies
or by combining the ICS and bremsstrahlung mechanisms using a
plasma mirrors attached to a high-Z material.
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