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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
observe GeV-class electron beams and keV Betatron x-rays. The laser was focused with two different optics
(f/8 and f/20), and into various gas cells with sizes ranging 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. Electron spectra were measured on large image
plates with the two-screen method after being deflected by a large 0.42 Tesla magnet spectrometer. Betatron
oscillations observed on the electron spectra can be benchmarked against a simple analytical model (Runge-
Kutta algorithm solving the equation of motion of an electron in the wakefield), in order to retrieve the electron
injection conditions into the wake.
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1. INTRODUCTION

Laser Wakefield Acceleration (LWFA)1 is one of the most notable applications that resulted from the advent
of petawatt-class laser systems. Since the discovery that this mechanism can accelerate monoenergetic electron
beams up to energies comparable to those obtained with conventional rf accelerators2–4 but in a table-top setup,
novel applications of these electron 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 plasmas. 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 structure6 or directly by the plasma in the wake of the laser pulse7,8 to produce
keV x-rays. The latter example, the betatron x-ray source, first observed in a beam-driven plasma channel9 is the
subject of this work, and its mechanism can be described as follows: an ultrashort (femtosecond), ultraintense
(I > 1018 W/cm−3) laser pulse is focused 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 intensity 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
the back of this bubble, some electrons are trapped, accelerated 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 X-ray phase-contrast imaging is one of the applications of this source
showing its potential as a novel x-ray probe.16,17 Since betatron x-rays are directly related to the electrons
emitting them, the source is also widely used as an electron beam diagnostic. The electron beam emittance and
size can be deduced from the x-ray beam profile,14 spectrum18 or source size,19 using various x-ray spectroscopy
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and imaging techniques. Traditionally, betatron x-rays are produced in the blowout regime of laser wakefield
acceleration20 using 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 end employs similar electron beam and x-ray
characrerization techniques. After a brief review of the electron acceleration scheme in the ionization-induced
trapping regime21,22 and the betatron x-ray source theory, we review the experimental techniques and results
obtained using the 200 TW Callisto laser system at the Jupiter Laser Facility, LLNL.

2. THEORY AND MODELING

2.1 Electron acceleration in the ionization induced trapping regime

The blowout regime of laser wakefield acceleration has been widely investigated through 3D Particle-In-Cell
(PIC) simulations.20 In this case, the plasma wavelength λp is superior or equal to the axial laser dimensions cτ ,
where τ is the laser pulse length. If the laser intensity is sufficiently high (on the order of 3 × 1018 W/cm2 for
electrons densities of 1019 cm−3), the laser ponderomotive force expels the plasma electrons toward the low light
intensity regions. This leaves an ion cavity (or bubble) in the wake of the laser pulse, with dimensions close to
that of the light pulse (several femtoseconds). Electrons injected in this accelerating structure can be accelerated
until they outrun the wakefield over a dephasing length Ldp = 2

3rω
2
0/ω

2
p and gain a maximum energy Emax

[GeV]=0.36(P[TW]) 1/4× (Ldp[cm])1/2, where P is the peak laser power. The blowout radius r is matched to the
laser beam waist w0: kpr ∼ kpw0 = 2

√
a0. A result of this mechanism is that accelerating high energy electrons

is limited either by the dephasing length or the pump depletion length Lpump = cτω2
0/ω

2
p. One solution is to

accelerate the electrons in a capillary discharge to guide the laser pulse and accelerate electrons to GeV energies.23

Since the dephasing length increases with decreasing electron density, operating at lower electron densities is
favorable. Unfortunately, for given laser parameters, there is a density threshold below which electrons can no
longer be trapped. Ionization-induced trapping21,24 has been proposed to permit electron trapping below this
threshold to take advantage of large dephasing lengths. Instead of using pure helium gas to drive the wake and
accelerate electrons, trace amounts of dopant (N, CO2) are added. For a He/N mix, the leading edge of the
laser pulse is sufficiently intense to fully ionize the He atoms and strip the outer five electrons of nitrogen. The
laser ponderomotive force pushes the electrons out to create the accelerating structure, just like in the case of
a pure helium plasma. However, there is a large difference between the ionization potential of the 5th (L-shell)
electron and the two K-shell electrons on nitrogen (N6+ and N7+). When this step in the ionization potential
is matched to the laser intensity profile such that the two nitrogen K-hell electrons are ionized near the peak of
the laser electrical field, these electrons are born at the center of the structure. These electrons appear initially
at rest and slip backwards relative to the bubble, then they are trapped and gain additional energy as they
accelerate to the center of the accelerating structure. The only drawback of this method is that the electrons are
continuously trapped into the bubble, which yields electrons with a large energy spread. Two-stage acceleration
schemes, where electrons are trapped in a first stage containing a mix He/dopant and accelerated in a second
stage containing pure helium25 can be implemented to obtain GeV-class monoenergetic beams.

2.2 Betatron x-ray radiation

The motion of an electron accelerated along ~uz with momentum ~p and position ~r in the wake of a laser pulse
can be described by the Lorentz equation of motion:

d~p

dt
= −mω2

p

~r

2
+ α

mcωp
e

~uz, (1)

where m is the electron rest mass, e the elementary charge, and ωp =
√
nee2/mε0 is the plasma frequency. Here,

ne is the electron density, and ε0 the vacuum permittivity. In the blowout 3D nonlinear regime of laser wakefield
acceleration,20 α = 1

2

√
a0 is the normalized accelerating field, where a0 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
and obtain the single electron trajectories for given initial conditions and fields. The electron trajectory is used
to calculate the intensity radiated by the particle per unit frequency ω and solid angle Ω:26

d2I

dΩdω
=
e2ω2

4πc

∣∣∣∣∫ ∞
−∞

~n× (~n× β) eiω(t−
~n.~r
c )dt

∣∣∣∣2 , (2)
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Figure 1. From left to right: example of an electron trajectory in the plasma, with the corresponding betatron spectrum
observed on-axis and the x-ray beam profile. Shown on the center plot are the full spectrum (solid line), calculated using
Equation 2 and containing the harmonic structure of the radiation, and the asymptotic limit (dashed red line), calculated
using Equation 3. For this example, the parameters are ne = 1019 cm−3, γ = 200, x0=1 µm, y0 = 0, and α = 0. Here the
critical frequency h̄ωc[keV]=5× 10−24 × γ2ne[cm−3]r[µm]= 4.2 keV and K ' 6. The beam has a divergence of 1/γ and
K/γ along the direction parallel and perpendicular to the plane of the oscillations.

where ~n is the vector corresponding to the direction of observation, and β = v/c the normalized electron velocity.
For relativistic energies, β ∼ 1. In the case where the wiggler parameter K = 1.33× 10−10

√
γner0 is larger than

unity, the spectrum, observed at an angle θ from the plane in which the particle oscillates, can be approximated
by the asymptotic limit:26,27

d2I

dΩdω
=

e2

3π2c

(ωρ
c

)2( 1

γ2
+ θ2

)[
K2

2/3(ξ) +
θ2

(1/γ2) + θ2
K2

1/3(ξ)

]
, (3)

where K2/3 and K1/3 are modified Bessel functions. Here, ρ is the radius of curvature of the electron trajectory

and ξ = ωρ
3c

(
1
γ2 + θ2

)3/2
. When integrated over all angles of observation, the spectrum becomes:

dI

dω
=
√

3
e2

c
γ
ω

ωc

∫ ∞
ω
ωc

K5/3(x)dx, (4)

where K5/3 is also a modified Bessel function and ωc = 3γ3c/ρ is the critical frequency. Equation 3 peaks
at ω ∼ 0.45ωc for θ = 0 while Equation 4 peaks at ω ∼ 0.3ωc. Similarly, 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 parameters are ne = 1019

cm−3, γ = 200, x0=1 µm, y0 = 0, and α = 0. The trajectory was calculated using 3000 time steps (with each
unit step dt = 0.2c/ωp). 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, ωc= 4.2 keV and K ' 6. The beam has a
divergence of 1/γ and K/γ along the direction parallel and perpendicular to the plane of the oscillations, and the
on-axis spectrum peaks at ∼ 2 keV. Although more computationally 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.28

3. EXPERIMENTAL SETUP

The experiments were conducted at the Jupiter Laser Facility (JLF) using the 200 TW Callisto laser system.
Callisto 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 or f/20) onto the 500 µm entrance pinhole of a gas cell. Two different
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Figure 2. Experimental setups (A) and (B) for betatron x-rays production and detection (see text for details).

experimental setups, shown on Figure 2, were used. Provided that one can maintain a0 ∼ 2 as an optimal value
for the blowout regime, setup B should in principle be favorable for betatron x-rays due to the longer Rayleigh
length and thus the ability for electrons to oscillate over a longer distance. The laser focal spot size w0 was
measured under vacuum at low power to be 12 µm and 30 µm (fwhm) for the f/8 and f/20 beam, respectively.
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.25 The cell was typically filled with He gas, but also with N, CO2, Ar and Ne. Electron
densities ranging from 2 × 1018 cm−3 to 1.5 × 1019 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.24,29,30 This system provides an accurate
measurement of the energy of the electrons, the vertical and horizontal angle that the electrons exit the plasma
relative to the original laser axis, the divergence, and the electron charge . The electrons exiting the plasma
are deflected in the vertical direction by a 21-cm-long, 0.42 Tesla dipole magnet (setup A). The electrons are
detected by two successive image plates (IPa and IPb) allowing for a unique solution to their energy and deflection,
provided common spatial features can be identified on both image plates. In the case of setup B, we used two
magnets instead of one, and they were moved closer to the interaction region (in the vacuum chamber) in order
to produce a larger deflection of the electron beam (with respect to the x-ray beam) on the image plates. For
this second setup the image plates were also moved closer to the target chamber in order to minimize the x-ray
propagation through air. Both the betatron x-ray beam profile and the x-ray spectrum were measured on the
first image plate IPa. At the vacuum/air interface, we used a 12 µm thick Al foil to block the 800 nm light from
the laser as well as a 60 µm 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 Nph = Sn/(Tn∆En), where Sn, Tn and ∆En are respectively the signal, transmission and bandwidth of a
given energy band. Shown on Figure 3 is a typical x-ray beam observed on IPa through the pie-shaped sets of
filters, as well as the energy bands used in the experiment.

4. RESULTS AND DISCUSSION

4.1 Observation of betatron x-rays in different gases

Betatron x-rays where observed in different gases. For the different profiles shown on Figure 4, observed on IPa
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 quantitative arguments it is important to note that they
correspond 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,
clockwise). Electron densities were in the 5×1018- 1×1019 cm−3 range for each of these shots and 2 < a0 < 2.5. In
some cases (Figure 4) the beam profile could be very well observed on both IPa and IPb with a 25% transmission
from IPa to IPb. According to the theoretical and experimental response function and transmission curve of the
image plates,31 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 critical
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Figure 3. Betatron x-ray beam observed on IPa 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 En and bandwidth ∆En) are, from low to high x-ray energy:
5.5 µm Ti and 37.5 µm Saran (3.9 keV, 2 keV), 20 µm V and 30 µm Ti (5.2 keV, 0.45 keV), 15 µm Cr and 20 µm V (5.7
keV, 0.45 keV), 10.5 µm Fe and 15 µm Cr (6.5 keV, 1.05 keV), 10 µm Co and 15 µm Fe (7.4 keV, 0.53 keV), 24.35 µm
Ni and 30 µm Co (8.3 keV, 0.52 keV), 19 µm Zn and 17.5 µm Cu (9.3 keV, 0.6 keV), 22.5 µm Nb and 30 µm Zn (18.5
keV, 0.9 keV), 58 µm Sn and 52 µm Cd (28 keV, 2.3 keV).

frequency scales with γ2 and that in practical units, h̄ωc[keV]=5× 10−24 × γ2ne[cm−3]r[µm], it means that for
ne = 1019 cm−3 and γ = 750, r ' 0.7 µm when the electrons reach their end energy. The drawback of using
filter 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.

4.2 Observation of electron spectral oscillations

In a second series of experiments, we used our recently developed two-stage gas cell,25 in conjunction with setup
B, to produce and observe betatron x-rays. This setup is more advantageous for x-ray detection because the
x-ray absorption in air ( respectively 50 % and 80% transmission at 5 keV for 70 cm and 5 cm) is minimized, and
the beam profile containing even the lowest energies can be observed. In some cases, we simultaneously observed
the betatron beam profile and spectral oscillations of the electrons. For the example shown on Figure 5, the
laser energy was 6.7 J, while the other parameters are identical to Section 3. The target was a two-stage gas cell
with a 2.5 mm injector containing 25% of N and 75% of He, and a 13.75 mm accelerator filled with 100 % He.
The electron density, measured with interferometry, was 2× 1018 cm−3. At such a low density, and for our laser
parameters, electrons oscillating in the plasma cannot be self-trapped from helium, and are primarily from the
outer-shell nitrogen electrons. Indeed, in this case, the laser peak power was 122 TW, with a 30% coupling into
the wake. For an electron density of ne = 2 × 1018 cm−3, it means P/Pcrit ∼ 2.5, where Pcrit = 17ω2

0/ω
2
p[GW]

is the critical power for relativistic focusing. According to experiments performed at Callisto, self-trapping does
not occur if P/Pcrit < 3.32 On Figure 5, the electron oscillations can be very well reproduced by solving the
equation of motion using the Runge-Kutta method as described in Section 2. For this example ne = 2 × 1018

cm−3, γ0 = 5, α = 0.85, and x0=0.3 µm. The electrons oscillate primarily along the laser polarization axis, as
it has also been observed in prior betatron x-rays related experiments.13,14
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Figure 4. Betatron x-ray beam beam profiles observed on IPa through the pie-shaped set of filters (see text for details).
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.
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Figure 5. Electron beam spectrum and betatron x-ray beam profile observed on IPa (left) and corresponding output angle
vs. energy plot (right). The solid curves correspond to the data measured on the image plates and the dashed line is
the trajectory calculated by solving Equation 1 with the parameters: ne = 2× 1018 cm−3, γ0 = 5,α = 0.85, x0=0.3 µm,
y0 = 0. The laser is polarized along the smaller dimension of the image plate. The contrast has been artificially enhanced
on the left side of the picture to show the betatron beam profile.
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5. CONCLUSION AND PERSPECTIVES

In conclusion we have observed betatron x-rays at energies 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
possibilities 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 oscillations of ∼1 µm 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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