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Abstract

Betatron x-rays with multi-keV photon energies have
been observed from a GeV-class laser-plasma accelerator.
The experiment was performed using the 200 TW Callisto
laser system at LLNL to produce and simultaneously ob-
serve GeV-class electron beams and keV Betatron x-rays.
The laser was focused into various gas cells with sizes rang-
ing from 3 to 10 mm, and containing mixed gases (He, N,
CO2, Ar, Ne) to accelerate large amounts of charge in the
ionization induced trapping regime. KeV betatron x-rays
were observed for various concentrations of gases. Elec-
tron spectra were measured on large image plates with the
two-screen method after being deflected by a large 0.42
Tesla magnet spectrometer.

INTRODUCTION

Laser Wakefield Acceleration (LWFA)[1] is one of the
most notable applications of petawatt-class laser systems.
Since the discovery that this mechanism can accelerate mo-
noenergetic electron beams up to energies comparable to
those obtained with conventional rf accelerators[2, 3, 4]
but in a table-top setup, novel applications of these elec-
tron beams have been constantly increasing. Concurrently,
x-ray sources such as synchrotrons, or more recently free-
electrons lasers such as the Linac Coherent Light Source
(LCLS)[5] continue to explore new properties of atoms,
molecules, condensed matter, warm dense matter or plas-
mas. In this context, LWFA beams are very attractive to
seed the next generation of light sources. Such beams
can either be wiggled by an external periodic magnetic
structure[6] or directly by the plasma in the wake of the
laser pulse[7, 8] to produce keV x-rays. The latter exam-
ple, the betatron x-ray source, first observed in a beam-
driven plasma channel[9] is the subject of this work, and its
mechanism can be described as follows: an ultrashort (fem-
tosecond), ultraintense (I > 10'® W/cm?) laser pulse is fo-
cused under vacuum on the edge of a gas target. The gas
is fully ionized to form a plasma. The laser ponderomotive
force (proportional to the gradient of light intensity) plows
the electrons of the plasma away from the strong light in-
tensity regions. Because of the very short duration of the
laser pulse, the heavier ions stay immobile and a bubble
free of electrons is formed in the wake of the pulse. At
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the back of this bubble, some electrons are trapped, ac-
celerated and wiggled by the electrical fields present in
the plasma: these electrons emit the betatron x-rays. This
source produces broadband, synchrotron-like radiation in
the keV energy range[10, 11], within a source size of a few
microns[12, 13], a divergence of less than 100 mrad[14],
and a pulse duration of less than 100 fs[15]. Since betatron
x-rays are directly related to the electrons emitting them,
the source is also widely used as an electron beam diagnos-
tic. The electron beam emittance and size can be deduced
from the x-ray beam profile[14], spectrum[16] or source
size[17], using various x-ray spectroscopy and imaging
techniques. Traditionally, betatron x-rays are produced in
the blowout regime of laser wakefield acceleration[18] us-
ing pure helium gas, where electrons are self-injected into
the wake. This paper investigates the properties of betatron
x-ray radiation produced in mixed gases.

BETATRON RADIATION MODELING

The motion of an electron accelerated along i, with mo-
mentum p and position 7 in the wake of a laser pulse can
be described by the Lorentz equation of motion:

% = —mwzg + «
where m is the electron rest mass, e the elementary charge,
and wy, = \/n.e?/me is the plasma frequency. Here, n. is
the electron density, and ey the vacuum permittivity. In the
blowout 3D nonlinear regime of laser wakefield accelera-
tion [18], a = % ag is the normalized accelerating field,
where ay is the laser normalized vector potential, typically
around 2 for our experiments. Equation 1 can be solved
by using a 4th order Runge-Kutta algorithm to obtain the
single electron trajectories for given initial conditions and
fields. The electron trajectory is used to calculate the inten-
sity radiated by the particle per unit frequency w and solid
angle €2 [19]:
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where 77 is the vector corresponding to the direction of ob-
servation, and 8 = v/c the normalized electron velocity.
The betatron x-ray beam profile is calculated by integrating
Equation 2 over frequencies. Figure 1 shows an example
of electron trajectory, with its corresponding betatron x-ray
spectrum and beam profile. For this particular case, the pa-
rameters are n, = 10'? cm ™3, v = 200, 2o=1 um, yo = 0,
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Figure 1: From left to right: example of an electron trajec-
tory in the plasma, with the corresponding betatron spec-
trum observed on-axis and the x-ray beam profile.
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Figure 2: Experimental setup for betatron x-rays produc-
tion and detection (see text for details).

and o = 0. The trajectory was calculated using 3000 time
steps (with each unit step dt = 0.2¢/w,,). At each point of
calculation of the trajectory, the spectrum and beam profile
were calculated using frequency steps of 100 eV. For the
chosen parameters, w.=4.2 keV and K ~ 6. The beam has
a divergence of 1/ and K/~ along the direction parallel
and perpendicular to the plane of the oscillations, and the
on-axis spectrum peaks at ~ 2 keV. Although more com-
putationally intensive, electrons trajectories obtained from
PIC simulations can be post-processed using Equation 2
to calculate the spectrum and profile with a much better
resolution[20].

EXPERIMENTAL SETUP

The experiments were conducted at the Jupiter Laser Fa-
cility (JLF) using the 200 TW Callisto laser system. Cal-
listo can deliver up to 12 J in a 60 fs pulse (full width at half
maximum, fwhm). The 13 cm diameter beam was focused
by an off-axis parabola (f/8) onto the 500 pm entrance pin-
hole of a gas cell. The experimental setup is shown on
Figure 2. The laser focal spot size wy was measured under
vacuum at low power to be 12 ym. The back pinhole is 1
mm wide, and we have used different gas cell lengths (from
3 mm to 10 mm) as well as two-stage designs [21]. The cell
was typically filled with He gas, but also with N, CO2, Ar
and Ne. Electron densities ranging from 2 x 10'® cm~3 to
1.5 x 10! cm~3 were measured for each shot with a 100
fs probe using interferometry in combination with an Abel-
inversion code. The laser spot at the exit of the gas cell was
imaged using a forward diagnostic, and spectrally resolved
using grating and prism-based spectrometers. The electron
beams were characterized using a two-screen spectrometer
[22, 23]. This system provides an accurate measurement
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Figure 3: Betatron x-ray beam observed on IP, through
the pie-shaped set of filters (left) and corresponding Ross
filter pairs used to measure the spectrum (right). Each pair
corresponds to the difference of signal observed through
two specific filters. The nine pairs (and their respective
mean energy F, and bandwidth AFE,) are, from low to
high x-ray energy: 5.5 ym Ti and 37.5 pm Saran (3.9 keV,
2keV),20 pm V and 30 um Ti (5.2 keV, 0.45 keV), 15 um
Cr and 20 um V (5.7 keV, 0.45 keV), 10.5 ym Fe and 15
pm Cr (6.5 keV, 1.05 keV), 10 um Co and 15 um Fe (7.4
keV, 0.53 keV), 24.35 pm Ni and 30 pm Co (8.3 keV, 0.52
keV), 19 pm Zn and 17.5 pm Cu (9.3 keV, 0.6 keV), 22.5
pm Nb and 30 pm Zn (18.5 keV, 0.9 keV), 58 pum Sn and
52 pym Cd (28 keV, 2.3 keV).

of the energy of the electrons, the vertical and horizontal
angle that the electrons exit the plasma relative to the origi-
nal laser axis, the divergence, and the electron charge. The
electrons exiting the plasma are deflected in the vertical di-
rection by a 21-cm-long, 0.42 Tesla dipole magnet. The
electrons are detected by two successive image plates (IP,,
and IP;) allowing for a unique solution to their energy and
deflection, provided common spatial features can be iden-
tified on both image plates. Both the betatron x-ray beam
profile and the x-ray spectrum were measured on the first
image plate IP,. At the vacuum/air interface, we used a 12
pm thick Al foil to block the 800 nm light from the laser
as well as a 60 pm mylar window to hold vacuum. X-rays
(profile or spectrum) are then measured on the image plate.
To measure the x-ray spectrum from 1 keV to 30 keV, we
used a set of Ross filter pairs, with transmission functions
that provide narrow energy bands. The number of x-ray
photons per unit energy is given by N, = S,/ (T, AE,,),
where S,,, T,, and AFE,, are respectively the signal, trans-
mission and bandwidth of a given energy band. Shown on
Figure 3 is a typical x-ray beam observed on IP, through
the pie-shaped sets of filters, as well as the energy bands
used in the experiment.

RESULTS AND DISCUSSION

Betatron x-rays where observed in different gases. For
the different profiles shown in Figure 4, observed on IP,
through the filters, the x-rays where produced in a 4 mm
gas cell containing mixed gases. Although these x-rays
where produced in different gases, in order to make quan-
titative arguments it is important to note that they corre-
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Figure 4: Betatron x-ray beam beam profiles observed on
IP, through the pie-shaped set of filters (see text for de-
tails). The gas composition for each shot was (from top
left, clockwise): 100% He, 95% He and 5% Ar, 80% He
and 20 % N2, 80% He and 20 % N2, 98% He and 2% Ar,
95% Ar and 5% He.

spond to different electron beam energies. The electron
beam maximum energy (the largest contribution to the x-
rays) is, for each of these shots: 234 MeV, 300 MeV, 385
MeV, 186 MeV, 280 MeV, 125 MeV (from top left, clock-
wise). Electron densities were in the 5 x 10'8- 1 x 109
cm~? range for each of these shots and 2 < ag < 2.5.
In some cases (Figure 4) the beam profile could be very
well observed on both IP, and 1P, with a 25% transmis-
sion from IP, to IP;. According to the theoretical and
experimental response function and transmission curve of
the image plates[24], it means that the beam contains a
large amount of x-rays with energies above 20 keV. For
this particular case, the electron beam peaked at ~ 385
MeV, where most of the charge was located. Since the crit-
ical frequency scales with 72 and that in practical units,
hwelkeV]=5 x 10724 x 42n.[cm™3]r[um], it means that
for n, = 10 cm~3 and v = 750, r ~ 0.7 um when the
electrons reach their end energy. The drawback of using fil-
ter wedges in our experiments was the beam pointing jitter.
As observed on Figure 4, the beam center location varies
up to a few milliradians around the filter tips. Since the
x-ray intensity and energy strongly depend on the angle of
observation (Equation 2), making quantitative statements
about the x-ray spectrum requires X-ray measurements be
made at the same angular position with respect to the beam
center.

CONCLUSION AND PERSPECTIVES

In conclusion we have observed betatron x-rays at ener-
gies beyond 20 keV in a collimated beam with <30 mrad
divergence. X-rays have been observed in pure He, but also
in He/N and He/Ar mixes, which opens several possibili-
ties to improve and control the x-ray flux and spectrum of
the source. By taking advantage of electron acceleration
in the ionization-induced trapping regime, large amounts

of charge can be trapped and produce bright betatron x-
rays. Our preliminary measurements support betatron os-
cillations of ~1 um in the plasma, but also show that a
simultaneous measurement of the x-ray beam profile and
spectrum at a particular angle is necessary in order to make
quantitative arguments about betatron x-rays production in
this regime.
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