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Abstract

®

CrossMark

An x-ray source generated by an electron beam produced using a Self-Modulated Laser

Wakefield Accelerator (SM-LWFA) is explored for use in high energy density science facilities.
By colliding the electron beam, with a maximum energy of 380 MeV, total charge of >10nC
and a divergence of 64 x 100 mrad, from a SM-LWFA driven by a 1 ps 120 J laser, into a high-Z
foil, an x/gamma-ray source was generated. A broadband bremsstrahlung energy spectrum with
temperatures ranging from 0.8 to 2 MeV was measured with an almost 2 orders of magnitude
flux increase when compared with other schemes using LWFA. GEANT4 simulations were done

to calculate the source size and divergence.

Keywords: bremsstrahlung, x-ray source, gamma-ray source, self-modulated laser wakefield

accelerator

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

1. Introduction

Matter can be driven to extreme states of temperature and
pressure in many subfields of physics such as astrophysics,
High Energy Density Science (HEDS) and inertial confinement
fusion (ICF). With the remarkable advances in material and
laser science, HEDS facilities can now start to access these
exotic physical conditions (albeit for a short duration) using
high-power lasers. HED plasmas are in a non-equilibrium,
transient state and can be extremely difficult to diagnose. To
diagnose such transient and extreme states of matter, a very
hard x-ray/gamma-ray source with a high-photon yield (> 10'°
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0741-3335/18,/054008+-08$33.00

photons), short pulse duration (fs—ps), broad-energy spectrum
(keV to MeV) and source sizes ranging from microns to tens of
microns is desirable. Within this context, bremsstrahlung-based
sources can be very attractive. They are being used for flash
radiography [1], to radiograph double-shell ignition targets [2],
to probe ICF implosion targets using Compton radiography [3],
and to produce high-resolution imaging in non-destructive
testing [4]. Many of the high power lasers used for HEDS
possess picosecond lasers that can be used to generate sec-
ondary sources, including bremsstrahlung.

Bremsstrahlung radiation is generated when an electron
passes in the vicinity of the nucleus of an atom. The Coulomb
force of the nucleus deflects the electrons, and due to energy
conservation, the lost ‘braking’ energy is emitted as a high-energy

© 2018 IOP Publishing Ltd  Printed in the UK
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photon. If the electron comes to a total stop, all its energy is
converted into the photon energy. Therefore, the maximum
energy of the hard x-ray beam will match the maximum electron
energy. A high-Z material is used because the higher-charge
nucleus increases the bremsstrahlung conversion efficiency.
Thicker materials (up to a limit where radiation would be reab-
sorbed) are also ideal to maximize the number of interactions
between the electrons and the nuclei. Bremsstrahlung sources are
usually generated in HEDS facilities by focusing a laser directly
onto a high-Z solid material, which produces a hot electron
population that in turn generates high-energy photons through
bremsstrahlung [5-10]. If the laser pulse is relativistic (ay > 1),
the plasma electrons are heated to very high temperature by a
variety of mechanisms. Here ay = eA/mc” is the normalized
vector potential of the laser pulse, where e is the electron charge,
A the laser vector potential, m the electron mass and c is the speed
of light. For instance, electrons can be accelerated by the pon-
deromotive j x B acceleration process in the forward direction
over a large range of angles and subsequently generate brems-
strahlung radiation that has a much larger source size (>200 ym)
and is almost isotropic (4) [11].

A recently proposed alternative to these bremsstrahlung
sources is to focus a high-intensity laser in a gas jet to produce an
electron beam through laser wakefield acceleration (LWFA) [12]
and then collide the electron beam with a high-Z solid target [4,
13-16]. This scheme has two main advantages: first, the electron
beam has a very low divergence, which reduces the divergence
of the subsequent bremsstrahlung emission; the electron beam
can reach much higher energies thereby generating higher energy
bremsstrahlung photons. It has been shown that such a gas jet
electron source-solid target x-ray converter configuration is more
efficient at producing bremsstrahlung emission [11, 13] than
directly focusing the laser on the solid material. For instance,
[13] shows an increase of ~6 times of the peak radiation dose
produced when using a gas jet. In a LWFA the laser can transfer
its energy into plasma waves that in turn accelerate the electrons
to relativistic energies with a reasonable yield with a very small
source size and divergence angle making this process very
attractive for bremsstrahlung generation. As a result, the gener-
ated hard x-ray source has a high yield, a source size on the order
of the electron beam size (few microns) and an angular spread of
a few degrees. The gas jet-solid target configuration has been
shown to produce directional electrons and therefore hard x-ray
beams when the LWFA is operated in the blowout regime [4,
15-21]. Although these sources have extremely good time (fs)
and spatial (tens of microns) resolution (tens of microns), the
photon yield is still low for HEDS due to the relatively low
charge electron beams (hundreds of pCs).

In this work, we adapt LWFA-based bremsstrahlung
sources to lasers available at HEDS facilities. We propose to
increase the charge of the electron beam by at least one order
of magnitude by using a Self-Modulated LWFA (SM-LWFA)
[22-24]. We show that by using a typical ps laser present at a
HEDS facility it is possible to access the SM-LWFA regime
and produce a high-energy, high-charge (several nC), low-
divergence electron beam that can be collided with a high-Z
foil to increase the yield of the hard x-rays that are generated.

This paper is organized as follows. In section 2, a brief
background of SM-LWFA is given. In section 3 the experimental
setup is described. The experimental results for the electron and
hard x-ray beams are presented and discussed in sections 4 and 5,
respectively. Section 6 states the conclusions.

2. Background—SM-LWFA as an electron source

To drive a SM-LWFA, a high-intensity laser pulse with a pulse
duration (1 ps, 300 pm) larger than the plasma period (~10 ym
for a 10" cm™> plasma density) is propagated through an
underdense plasma. It can generate plasma waves through
the Raman Forward Scattering (RFS) and SM instabilities of
the laser pulse [24]. Therefore, the index of refraction in the
plasma is no longer constant and will oscillate periodically at
the plasma wavelength, which modulates the laser pulse
envelope through the creation of Stokes and anti-Stokes side-
bands to the pump frequency. This modulated laser beam will
in turn resonantly amplify the plasma wave, which can reach
electrical fields of several GeVcm™'. These plasma waves
have an associated longitudinal and transverse field. The
background plasma electrons are heated by the process known
as stochastic heating [25], and some of these electrons become
energetic enough to be trapped by the plasma wave and
accelerated to several hundred MeV. The transverse field leads
to betatron-like oscillations of the off-axis electrons, which
causes them to radiate photons in the forward direction and
generate an x-ray beam [26]. Furthermore, since the laser pulse
will naturally overlap many plasma wavelengths and therefore
the accelerating electrons, there is a significant contribution
from direct laser acceleration (DLA) [27-30] to the energy
gained by the electrons [31]. In this work, the pulse duration
was on the order of 1 ps (300 um) and the plasma period was
~10 pm, thus the laser overlaps ~30 plasma periods.

3. Experimental setup

This experiment was performed at the Jupiter Laser Facility at
Lawrence Livermore National Laboratory. The laser beam
was produced by a Nd:glass chirped pulse amplification laser
system with an energy of 120J (on target), average pulse
duration of 0.7703ps (FWHM), central wavelength of
1053 nm, repetition rate of 30 min and an initial beam dia-
meter of 22 cm. Figure 1 shows a schematic of the exper-
imental setup and the diagnostics used in the experiment. The
main beam was focused with an f/10 off-axis parabola
100 pm inside a 4 mm wide column of Helium gas created by
a supersonic nozzle [32]. The vacuum spot size wy was 29 pm
1/ €% intensity point) measured with the laser operating at low
power. The peak intensity was 1.1 x 10" W cm™? giving an
ap of 3. A probe beam, with a central wavelength of 527 nm
and a pulse duration of 1 ps (FWHM), was used to probe the
plasma transversely. After crossing the plasma, the probe
beam entered a folded interferometer that generated both
interferometry, to measure the plasma electron density profile,
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Figure 1. Experimental setup for generating Bremsstrahlung radiation from relativistic electrons produced by SM-LWFA at the Jupiter Laser
Facility using the Titan Laser. The Titan laser (red beam) is focused by an OAP into a 4 mm supersonic gas jet. The probe beam (green)
crosses the plasma generated by the main beam and goes into a folded interferometer. An example of an interferogram is shown next to the
interferometer. The bright region in the center of the interferogram is due to the radiation produced by the rapidly accelerating electrons [33].
The electrons (gray line) collide with a foil (Ta or W) to generate the hard x-ray beam and are dispersed by the 1 T magnet centered on the
laser axis (12 cm from the source inside the target chamber) and recorded by an image plate. An example of the electron spectrum recorded at
image plate 1 (IP1) is shown. A lead wall with an opening of 10 x 5 cm is placed 80 cm after the gas jet to block the background noise
generated inside the chamber. At the exit of the vacuum chamber, the hard x-rays go through an Aluminum and Mylar filter. After exiting the
vacuum chamber, the photons (brown line) propagate through 36 step wedge filters onto image plate 2 (IP2).

and shadowgraphy, to give the plasma shape and length. This
beam is timed to arrive just after the main beam exits the gas
jet. The typical plasma electron density profile consists of a
500 pm density up-ramp followed by a 3000 um plateau with
a density n, =5 x 10" cm ™ and then a 500 um density
down ramp. The electrons (gray beam) are accelerated in the
gas jet and collide with a metal foil placed 1.5 cm after the
nozzle to generate the hard x-rays through bremsstrahlung.
Two foil materials were used: tungsten (W) with thicknesses
of 0.5 or 1 mm and tantalum (Ta) with a 1 mm thickness.

The electron beam was then dispersed onto an image
plate (IP1) by a 1 Tesla dipole magnet. The hard x-rays
generated in the foil pass through an opening in a lead wall
that blocks the background noise generated inside the vacuum
chamber and exit the chamber through an aluminum and
mylar filter. Outside the chamber, these high-energy photons
pass through a step wedge filter [3, 34—37], which consists of
an array of 36 different filters of Ta and Al with variable
thickness, and are recorded by IP2. The weakest filter starts
transmitting radiation above 20keV and the strongest at
300keV (figure 2). The final signal seen on IP2 must be
corrected for the transmission function of the step wedge, the
transmission function of the Al and Mylar window at the exit
of the chamber, and by the sensitivity and efficiency of the
IP2 [38] (figure 2). The angle covered by the step-wedge
diagnostic was ~0.5°, smaller than the expected divergence
of a few degrees for the bremsstrahlung radiation and that of
the divergence of ~3° of the electron beam.
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Figure 2. Response function of each of the 36 individual filters for
different photon energies taking into account the transmission
function of the Al and Mylar window at the exit of the chamber and
the sensitivity and efficiency of the IP2. The curves are organized
from the weakest (top) to the strongest filter (bottom).

4. Electron beam characterization

In this work, we first characterize the electron beam energy
spectrum, divergence, shape and charge. In order to avoid any
distortions to the electron beam caused by the foil, the char-
acterization was done without the foil after the nozzle. An
example of the electron energy spectrum is shown in
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Figure 3. (a) Typical measured electron beam spectrum for a plasma density of 5 x 10'® cm™. The blue curve represents the background
noise on IP1, and the black curve the electron beam spectrum. (b) Typical electron beam shape recorded without the dispersion magnet where

the black line represents the FWHM.

figure 3(a) for an electron density of 5 x 10" cm 2 were the
maximum observed electron energy is 380 MeV and the
minimum measured energy is 18 MeV (limited by the diag-
nostic). The electron spectrum displays the typical exponen-
tially decaying energy distribution with a two-temperature

distribution of the form N, o ef% + ef% where T, is
7+0.06 MeV and T, is 30 £0.9 MeV. The electron beam
shape was measured without the electron spectrometer
(figure 3(b)). The electron beam is elliptical in the direction of
the laser polarization with an average FWHM divergence of
64 x 100 mrad. This ellipticity has been observed before and
can be attributed to the residual transverse momentum [39]
that the electrons gain at the moment of ionization and/or to
DLA [27, 40]. The total charge of the electron beam was
measured with an integrating current transformer placed
50 cm after the nozzle and without the electron spectrometer.
The average total charge was 7.5nC per shot for electron
energies above 10 MeV. The electron spectrum for energies
below 10 MeV can be extrapolated by fitting the measured
spectrum thus the total beam charge including electron
energies below 10 MeV increases to 10.5 nC. The total energy
in the electron beam is estimated to be ~2 mJ, or ~0.002% of
the laser energy.

5. Bremsstrahlung source characterization

The objective of this work is to measure the bremsstrahlung
radiation produced by the electrons propagating through the
foil. In this experimental configuration, there are three simul-
taneous sources of x-ray radiation: betatron radiation from the
SM-LWFA, bremsstrahlung radiation from electrons generated
when the laser pulse (after exiting the gas jet) impinges on the
foil and bremsstrahlung radiation from the electron beam pas-
sing through the foil. We therefore have to separately estimate
the contribution of each source by adapting the experimental
setup. The betatron radiation from the SM-LWFA was char-
acterized by removing the foil and using the technique and

filters presented in [26]. When the foil is removed there is no
bremsstrahlung radiation from the laser or electron beam, so
betatron is the only x-ray source. The betatron signal recorded

on IP2 was adjusted to a function of the form
2 2

4T x A £ K22/3 £ , where E is the photon energy, E,

dEdQ2 E. E.

is the critical energy, K53 is the modified Bessel function and
A is the peak spectral density (photonskeV™'Sr~'). The
measured critical energy for this experiment was 18 + 10keV,
and A was 5 x 10° photonskeV'Sr~'. To measure the
radiation generated by the laser colliding with the foil, a shot
with no gas puff was done with the foil 1.5 cm from the nozzle.
No signal was recorded on IP2 since the laser intensity 1.5 cm
from focus was reduced by four orders of magnitude. Thus,
the signal recorded in the IP2 with the gas jet on and the foil in
place is only affected by the betatron radiation and the brems-
strahlung radiation of the electron beam propagating through the
foil. We assume the following intensity (/) distribution per unit
photon energy dE and solid angle d? as a function of the photon
energy E for the generated radiation:

E 2
x Be Er + A £ K33 £ .
E, E.

dr
dEAQ

ey

The first part of the expression represents the contribution
from Bremsstrahlung radiation where Et is the temperature of
the exponentially decaying Bremsstrahlung spectrum, and B is
the peak spectral density. The second part is the contribution
from the betatron radiation previously measured, where
A =5 x 10° photonskeV ' Sr' and E, = 18 keV.

Figures 4(a)—(c) show the raw signals recorded on IP2 for
the foils of Tungsten with thicknesses of 0.5 and 1 mm and
Tantalum with a thickness of 1 mm, respectively. To analyze
the data of figures 4(a)—(c), we subtracted the background of
the IPs by performing a cubic interpolation around the signal
recorded for each filter and subtracting that from the corresp-
onding signal window on IP2. The results are shown in
figures 4(d)-(f). The average Photostimulated luminescence
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Figure 4. Signal recorded at the IP2 when using a Tungsten foil of (a) 1 mm, (b) 0.5 mm and a (c) 1 mm Tantalum foil. Background-corrected
signal at the IP2 when using a Tungsten foil of (d) 1 mm, (¢) 0.5 mm and a (f) 1 mm Tantalum foil. The images have the same orientation at

figure 2(a).

signal in each of the channels is shown in figures 5(a), (c), (e)
by the black dots for the ] mm W, 1 mm Ta and 0.5 mm W
foils, respectively. To obtain the spectrum of the produced
radiation, we assumed an initial distribution function given
by (equation (1)) and calculated the expected signal at IP2. A
least squares fitting algorithm was used to fit the distribution
function (equation (1)) to the experimental data (black dots
in figures 5(a), (c) and (d)). The fit takes into account the
propagation of the radiation through the aluminum and Mylar
at the exit of the vacuum chamber, through each of the 36
filters of the step wedge filter and the sensitivity of IP2. For the
betatron part of the distribution function, we also took into
account the attenuation caused by the foil where the Brems-
strahlung radiation is generated. The best fit is shown by red
line in figures 5(a), (c) and (e) and the shaded region shows the
95% confidence interval of the fit. Figures 5(b), (d) and (f),
shows the hard x-ray energy spectrum for the best fitting
parameters Et and B, for the ] mm W and Ta and 0.5 mm W
foils, respectively. The 95% confidence interval is calculated
from the fitting function for the fitting parameters Et and B.
Since the calculated radiation has very high temperatures
when compared to the betatron radiation and the step-wedge

filter only detects radiation above 25 keV, we repeated the fitting
procedure but now only considering the first part of equation (1)
and the results were the same within the measurement accuracy
level. From these results, we concluded that the yield of
the betatron radiation is negligible when compared with the
bremsstrahlung radiation from the electrons passing through the
foil. The betatron yield at IP2 is so small because it is heavily
filtered by the thick, high-Z foil placed after the nozzle. The foils
do not transmit energies below 35 keV, and the measured E, of
the betatron radiation was ~18 keV as explained above, thus
most of the radiation does not make it through the foil.

The data shown in figure 5 can be used to compare the
effect of material for a given thickness plus the effect of
thickness for a given material. Figures 5(b) and (f) show that
the spectrum temperature and amplitude is higher for the W
foil (1978 £+ 534keV) when compared with Ta foil
(1420 4+ 300keV)—i.e. Ta is lower but nevertheless within
the error bar od the measurement. A small difference in
amplitude and temperature is to be expected because the
bremsstrahlung cross section directly depends on Z, and with
such uncertainty in the measurement this difference cannot be
measured experimentally. Figures 5(b) and (d) show that the
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Figure 5. (a), (c) and (e) PSL counts at the IP after the hard x-ray crossed the filters of figure 2 (black dots) for the 1 mm and 0.5 mm W and
1 mm Ta foils, respectively. The red line is the best fit to the data points using equation (1), and the shaded region represents the 95%
confidence intervals of the fits. (b), (d) and (f) hard x-ray energy spectrum for the best fitting parameters Et and B, for the 1 mm and 0.5 mm

W and 1 mm Ta foils, respectively.

0.5 mm foil (figure 5(f)) has a lower temperature spectrum
than the 1 mm W foil. In the thinner foil, lower energy elec-
trons have a higher contribution to the spectrum lowering the
spectrum temperature. Also, the 0.5 mm foil has a higher
yield for the lower energy photons because these can make it
out of the target before being absorbed, unlike the 1 mm foil.

6. Simulation results (GEANT 4)

The experimental data provided a measurement of the energy
spectrum of the bremsstrahlung source, but to have a com-
plete characterization, it is necessary to have source size and
divergence. These quantities were not measured experimen-
tally, but we used the code GEANT4 to get an estimate.
The GEANT4 development toolkit [41-43] is a Monte-
Carlo code for particle transport calculations created for

high-energy (MeV range) particle transport. It was used to
simulate the electron beam transport and hard x-ray genera-
tion when an electron beam with the characteristics measured
experimentally in section 4 propagates through a 1 mm W
foil. The simulation used the Penelope [44] interaction
library, which is designed for high-accuracy simulation of
particle tracking in media without magnetic fields. This uses
the most accurate high- and low-energy physics models in the
investigated energy range [45, 46]. Below a given energy
threshold, the energy loss (in this case 50 keV) is continuous
and above it, the energy loss is simulated by explicit pro-
duction of secondary particles. The target was represented as
a rectangular box with 100 mm x 100 mm in the transverse
(x and y) directions and a 1 mm thickness along the propa-
gation (z) direction of electrons of solid W placed in the
vacuum-filled volume. The electron energy spectrum pre-
sented in figure 3(a) was used as an input for the simulation,
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Figure 6. Results of a GEANT4 simulation of the generated bremsstrahlung radiation when an electron beam crosses a 1 mm W foil. (a)
Simulated GEANT4 hard x-ray spectrum within a 1° angle, where the blue points show the simulations points, the solid red curve the best fit
to the points using the bremsstrahlung contribution of equation (1), and the red dashed lines show the 95% confidence intervals of the fit. (b)
Photon flux of the source in the 0.2-2 MeV range, within a 1° angle of the forward direction versus radius for a pencil-like electron beam
impacting at the origin (x = y = z = 0) (c) Angular distribution for photon energies of 0.05-0.2 MeV (dashed), 0.2-2 MeV (solid) and

2-30 MeV (points).

and an extrapolation for electron energies lower then 18 MeV
(minimum energy measured experimentally) was used. The
electron source was considered point-like (at x =y = 0).
Simulations were run for a total of 150 million events (elec-
trons) and generated over 100 million high-energy (over
50keV) photons, of which over 20 000 exited the target in the
forward direction within a 1° cone half-angle. During the
simulation, for each generated photon above an arbitrary
threshold energy of 50 keV, the spatial coordinates and time
for the generation, direction and kinetic energies at creation
were recorded, and a virtual detector was set as a spherical
shell with 120 mm radius around the target.

Figure 6(a) shows the simulated hard x-ray energy
spectrum within a 1° angle (step wedge filter sees a 0.5°
angle) in the forward propagation direction generated by an
electron beam with the same characteristics as the one mea-
sured experimentally, as it propagates through a 1 mm W foil.
The simulation points (blue) where fitted with the brems-
strahlung contribution of equation (1) to determine the
temperature of the spectrum, which was 1827 £+ 122 keV.
This temperature is in close agreement with the experimental
value of 1978 + 534 keV.

Figure 6(b) shows the photon flux of the source in the
0.2-2 MeV range, within a 1° angle of the forward direction
versus transverse radius for a pencil-like electron beam
impacting at the origin (x =y =z =0). The distance (radius)
also corresponds to how far the electrons traveled transver-
sally (x and y directions) from the point of impact. This source
profile has a very sharp peak (FWHM estimated to be 1.1 pm)
on a relatively shallow pedestal, with 50% of the total photons
emitted within 8 gm radius. This flux profile can be con-
volved with an electron beam profile (assuming homogeneous
electron energy distribution) to estimate the profile of the
electron beam. Taking the beam profile shown in figure 3(b),
the electron beam at 15.5 mm (midpoint of the W plate)
would have the size of 987 um x 1557 pm, while the x-ray
source size gained from convolution was 987 x 1559 um,
effectively identical to the size of the electron beam at the
target position. It should be noted that the source size can be

reduced by placing the foil closer to the exit of the gas jet as
seen by [16].

The divergence of the source for the three energy bins is
shown in figure 6(c). The half angle (at half maximum) for
the energy bin of 0.05-0.2 MeV is 35°, for 0.2-2 MeV is 28°,
for 2-30MeV is 9°, and 12.4° considering the whole
0.05-30 MeV photon energy range. The divergence of the
source decreases with photon energy, scaling with the photon
energy approximately as Ea&fm. These above divergence
numbers are for a non-diverging electron beam. For reference,
the half-angle-at-half-maximum divergence of the e-beam
profile shown in figure 3(b) is 2.9°.

7. Conclusions

We have produced and characterized a bremsstrahlung source
based on a SM-LWFA suitable for use in HEDS facilities
with kJ-class lasers. The radiation is emitted when the elec-
tron beam, produced by SM-LWFA, collides with a high-Z
foil placed downstream. The electron beams can be fitted with
a two-temperature spectrum and exhibit a high beam charge
of 7.5nC for electron energies above 10MeV. Using a
tungsten or tantalum converter, we have demonstrated the
production of hard x-rays with temperatures from 0.8 to
2MeV and up to 10° Photons keV ™! Sr_l, which represents
an improvement of at least two orders of magnitude in the
number of photons when compared to the LWFA blowout
regime [16]. According to the Monte-Carlo simulation using
GEANT4, the x-ray source size in the setup is minimally
influenced by the electron transport within the target foil,
rather it is determined by the divergence and size of the
electron beam impinging on the foil. As the travel distance of
the electrons within the foil is almost negligible compared to
the electron beam diameter, an x-ray source size of
0.95 mm x 1.5 mm was inferred (that matches the size of the
electron beam on the foil) as well as a divergence of half
angle (at half-maximum) of 12.4°.

This hard x-ray source could be used as a probe for
opacity /radiography measurements at NIF that can require



Plasma Phys. Control. Fusion 60 (2018) 054008

N Lemos et al

photon energies up to a few MeV to study high-Z materials in
HED conditions or for imaging double-shell ignition targets.
The photon distribution temperature and flux can be con-
trolled by changing the electron energy of the SM-LWFA,
and 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 converter foil (using high-Z thin wires).
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