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We report on an experimental observation of the streaking of betatron x rays in a curved laser wakefield
accelerator. The streaking of the betatron x rays was realized by launching a laser pulse into a plasma with a
transverse density gradient. By controlling the plasma density and the density gradient, we realized the
steering of the laser driver, electron beam, and betatron x rays simultaneously. Moreover, we observed an
energy-angle correlation of the streaked betatron x rays and utilized it in diagnosing the electron
acceleration process in a single-shot mode. Our work could also find applications in advanced control of
laser beam and particle propagation. More importantly, the angular streaked betatron x ray has an intrinsic
spatiotemporal correlation, which makes it a promising tool for single-shot pump-probe applications.
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Laser wakefield acceleration (LWFA) [1] has gained
much attention as a promising alternative to large-scale
radio-frequency accelerators due to its larger acceleration
gradient. It has demonstrated the capability for generating
multi-GeV electron beams [2–6], as well as its success in
practical applications in various science frontiers, such as
advanced light sources [7,8] including compact x ray free
electron lasers [9,10] and strong field quantum electrody-
namics [11,12]. A long-term goal of laser plasma accel-
erators is to reach energies and beam quality suitable for
future TeV electron-positron colliders [13]. In practice,
however, the maximum energy gain of a LWFA has been
only of order E ≤ 10 GeV limited by the so-called “3D”
problem [14], i.e., diffraction, depletion, and dephasing.
Therefore, to achieve TeV energy gain, multistage LWFA
[15] and dephasingless LWFA [16–18] have been proposed.
In either case, it is essential to precisely diagnose the electron
acceleration process to maximize the electron energy gain.
So far, the diagnosis of the electron spectrum is primarily

performed with magnetic electron spectrometers located
downstream of the accelerator. Because the electron spec-
trum was measured after the whole acceleration process,
this causes the issue that it provides no information of the
electron energy evolution. Attempts to make measurements
of such evolution have been made in the multishot mode by

either varying the acceleration length [7,19–23] or by
inferring from the Thomson scattering spectrum in which
the tunable colliding location was inside the accelerator in a
noninvasive mode [24]. Such multishot methods critically
relay on the stability and reproductivity of the LWFA,
which is still an open issue. There is still no single-shot
method of measuring the electron energy evolution [25].
We previously proposed a noninvasive single-shot

method to reconstruct the electron acceleration process
in Ma et al. [26] via a “betatron streaking” concept using
x rays from LWFA. During LWFA, electrons perform
transverse betatron oscillations due to the inherent trans-
verse focusing force of the plasma wakefield and produce
synchrotron-like betatron radiation [7,27,28]. The measur-
able properties of betatron radiation are completely deter-
mined by the electron properties given known plasma
parameters. This in turn makes it a powerful tool in reveal-
ing the electron properties such as transverse [29–32] and
longitudinal [33] beam size, oscillation amplitude [34,35],
electron trajectories [36,37] as well as electron injection
dynamics [38,39]. In this Letter, we report on the exper-
imental demonstration of single-shot diagnosis of electron
energy evolution. By the use of a controlled density
gradient, we observed simultaneously the steering of the
laser driver, accelerated electron beam as well as the
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betatron x-ray beam. The spectrum of the betatron x ray
was resolved angularly, which allowed the electron energy
evolution to be determined.
The properties of the betatron x rays are correlated with

the electron properties. For example, the x-ray critical photon
energy and divergence angles can be expressed as [7]

Ec ¼
3

2
ℏωβKγ2 ¼ 3

4c
ℏω2

prβγ2;

θk ¼ K=γ ¼ ωp

c

rβffiffiffiffiffi
2γ

p ; θ⊥ ¼ 1=γ; ð1Þ

where K ¼ γωβrβ=c is the characteristic betatron oscilla-
tion strength parameter, ωβ ¼ ωp=

ffiffiffiffiffi
2γ

p
is the betatron

oscillation frequency and ωp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
npe2=ε0me

q
is the plasma

frequency. Thus, the betatron radiation properties are
completely determined by the electron energy γmec2 and
its betatron oscillation amplitude rβ given a known plasma
density np. Note that the betatron oscillation amplitude rβ
scales with electron energy [40], with adiabatic solution
r ¼ rβ sinψ ≃ rβ0ðn0γ0=npγÞ1=4 sinψ , where rβ0, n0, and
γ0 are the initial betatron oscillation amplitude, plasma
density, and particle (normalized) energy, respectively, and
ψ is the betatron phase. This means that if we can measure
the temporal evolution of the betatron critical energy,
we will be able to reconstruct the temporal evolution of
the electron acceleration process. Similar to the idea of the
synchrotron light source, in which electron bunches at
different locations on a circular trajectory emit at different
angles, we may use a curved LWFA to convert the temporal
evolution of the betatron x ray into an angular distribution
[26], i.e., the so-called betatron streaking. Such a curved
LWFA is achieved by launching the laser pulse into a
plasma with a transverse density gradient in which the laser
pulse front tilt develops due to the transverse phase velocity
gradient as vpL ¼ c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − np=nc

p
. This eventually leads to

the laser following a parabolic trajectory.
The experiment was performed on the LWFA-based

x-ray beamline at the Advanced Laser Light Source (ALLS)
of the Institut National de la Recherche Scientifique (INRS)
in Quebec, Canada. The experimental setup is shown in
Fig. 1. The laser has a total energy of Ep ≈ 3.2 J, a full
width at half maximum (FWHM) pulse duration of
τp ≈ 22 fs. It was focused by an off-axis parabola (OAP)
to a FWHM spot size of 15 μm with a Strehl ratio of 0.8.
The pointing stability at focus was Δθ ≈ 2.6 μrad. During
the experiment, real time pointing stability was measured
via the leakage of the last turning mirror before the OAP.
Correlation of the pointing at focus and through the leakage
was performed before the experiment which shows linear
correlations in both horizontal and vertical directions.
The laser pulse was focused onto a two-stage “T” shaped
gas jet target. The first stage (injector) was designed to
utilize localized ionization injection with a mixed gas of

99.5%Heþ 0.5%N2 to minimize the energy spread of the
electron beam. The second stage (accelerator) was designed
to accelerate the injected electron beam but also to provide
a quasilinear density gradient at its edges which could
be accessed by translating and rotating the gas target. The
gas species for the accelerator is pure He. The target was
oriented in two configurations, as shown in Figs. 1(a)
and 1(b). In the first case, the nozzles are orthogonal to the
laser propagation. In the second case, there is a small angle
of 25 mrad between the laser incidence and the long edge of
the second gas nozzle.
These two-stage gas jets with a configuration similar to

that in Ref. [41] were 3D printed using stereolithography
(SLA) with the material Acurra 60. The separation of the
two stages is 0.5 mm longitudinally. The inner structure of
both nozzles is based on the single supersonic nozzle
design [42], with parabolic cross section on both sides of
the slit throat with a width of 200 μm. The nozzles were
controlled independently with solenoid fast pulse valves.
The neutral gas density distributions were characterized
with a continuous diode laser and a fast gated camera,
similar to Ref. [43]. The neutral gas density can reach
np ∼ 4 × 1019 cm−3 at a height of 2 mm above the nozzle
with a linear dependence with backing pressure. Figure 1(c)
shows an example of the measured transverse gas
density distribution with a backing pressure of 4.1 MPa.
On-shot longitudinal plasma density was measured with a
Michelson interferometer.
The laser trajectory was measured by a top-view camera

that imaged scattered light along the whole trajectory.
The electron beam energy spectrum and pointing in the

(a) (c)

(b)

FIG. 1. Experimental setup. A laser pulse was focused on a
two-stage gas jet to produce electron and betatron x rays. (a) and
(b) The schematic of the laser-target geometry in the two cases,
respectively. The red arrows represent the laser trajectories.
(c) Measured averaged transverse neutral gas density distribution
at a backing pressure of 4.1 MPa and gas density profiles at
different heights above the nozzle for the accelerator.
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horizontal direction were characterized by an electron
spectrometer consisting of two removable permanent mag-
nets each with a length of 10 cm and field strength of 1.12
and 0.83 T, respectively. The electron spectrometer mea-
sures energies in the range 0.1–1 GeV. The magnetic
deflection plane is perpendicular to the transverse density
gradient so that the steering of the electron beam has no
influence on its energy spectrum measurement. Electrons
were measured on a Lanex screen coupled with a CCD
camera. The betatron x-ray beam was detected using an
x-ray CCD (Princeton Instruments SCX 4300), which was
coupled with a Gd2O2S∶Tb phosphor screen, placed out-
side of the vacuum chamber with a distance of 1.35 m to the
source. The chip size of the CCD is 50 mm × 50 mm and
the pixel size is 24 μm. The total acceptance angle of the
x-ray CCD is 37 mrad.
An x-ray filter pack, Fig. 1, provided the capability to

measure the angularly resolved photon spectrum. The x-ray
filters were designed as a 25 × 11 matrix for which each
column consists of 11 different thicknesses of aluminum
and copper. This pattern repeats 25 times with a 1 mm
space between every two neighboring columns to provide
a reliable background or beam profile measurement. Each
filter element has a dimension of 1 mm × 2 mm. The
transmissions of each filter element with the consideration
of the quantum efficiency of the CCD as well as the
attenuation of the materials such as the Be windows and the
air in the beam path were calculated using the mass
attenuation coefficients from the NIST x-ray mass attenu-
ation database [44]. The angular resolved x-ray spectrum
was retrieved using a forward least-squares fitting method.
Each column of the x-ray filter pack gives the x-ray
spectrum at a certain angle with an angular resolution of
1.7 mrad. Note that although the intrinsic betatron beam
divergence is larger than each filter column subtended
angle, we have shown by numerical calculation that this has
negligible influence on the inferred betatron spectrum.
Figure 3(a) shows raw data from this filter pack diagnostic.
The spectral reconstruction procedure involved interpolat-
ing from the unfiltered regions to reconstruct the x-ray
beam profile. Then, after normalizing the filtered regions
using the measured profile, the spectrum can be obtained
iteratively, starting from a guessed critical energy Ec of an
assumed synchrotronlike spectrum and obtaining the best
fit to the transmission of the filter column elements [45,46].
Curved trajectories were observed in the experiment

via the top-view CCD. For example, Figs. 2(a) and 2(b)
demonstrate the comparison of the laser trajectories in
a straight LWFA and a curved LWFA, respectively, by
moving the target in the transverse direction. In the former
case, the laser propagated in a uniform density region so
that the laser trajectories are straight parallel to the edge of
the nozzle. While in the latter case, when the target was
moved to the very edge of the nozzle where a quasilinear
density gradient can be found [see an example in Fig. 1(c)],

the laser pulse was steered gradually during the propagation
sideways to form a clear curved trajectory.
A particle-in-cell (PIC) simulation was performed using

the 2D OSIRIS code [47]. In the simulation, a Gaussian laser
pulse with a normalized intensity a0 ¼ 3.1, a FWHM pulse
duration 22 fs, a spot size 15 μm was launched into a
two-stage plasma. The first stage included 1% neutral
nitrogen in a uniform background plasma of density n0 ¼
3 × 1018 cm−3. The second stage was a preionized plasma
with a transverse linear density gradient, dnp=dx ¼
6 × 1015 cm−3=μm. The density experienced by the center
of the laser when entering the second stage is n0. The
maximum deviation of the laser at the end of the propa-
gation was about 300 μm, in excellent agreement with the
experimental measurements, as shown in Fig. 2(b).
As a consequence, the streaking of the betatron x rays

was realized, as we can see from Fig. 3 as an example, and
used it to retrieve the electron acceleration process. First,
Fig. 3(a) shows the raw x-ray spatial distribution with the
projections of the x-ray filter array. With the method
described above, the x-ray critical energy at each angle
can be retrieved, which is shown in Fig. 3(b). The
correlation of angle to propagation length can be retrieved
from the laser trajectory as shown in Fig. 3(c). Here the
laser trajectory was fitted with the theoretical model in
our previous work [26]. Then, the angle as a function of
propagation length can be obtained as the derivative of the
parabolic laser trajectory, as shown in Fig. 3(c).
Given that after trapping the electron bunch, its betatron

oscillation amplitude depends on the local electron energy
and plasma density as rβ ∝ ½npðzÞγðzÞ�−1=4, the critical
energy of the emitted betatron radiation may be written as

Ec¼
3ℏe2

4ε0mec
rβ0ðn0γ0Þ1=4n3=4p γ7=4¼CnpðzÞ3=4γðzÞ7=4: ð2Þ

As we measured the critical energy as a function of angle θ,
which may be converted to z using the Thomson scattering
data showing the deflected laser. We also measured the
plasma density distribution, as shown in Fig. 3(d). Note that

(a) (b)

FIG. 2. (a) and (b) Straight and curved laser trajectory exam-
ples, respectively, in case I. The labels indicate the centroid of the
laser with respect to the center of the gas nozzle at the beginning
of the interaction. The red dashed curve in (b) shows the laser
trajectory in a PIC simulation for comparison.
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because the field-of-view of the interferometry detector
only covered the first 8 mm of the gas target, the last four
data points shown were extrapolated. We then may invert
Eq. (2) to obtain the z dependence of the electron bunch
energy, γðzÞ ¼ ðEc=CÞ4=7n−3=7p . The initial conditions for
the betatron oscillations are complicated and depend on the
particle injection, etc., so the constant C in this expression
is difficult to know a priori. However, as the electron
energy at the end of the interaction γ1, the corresponding
critical energy of the betatron x ray Ec1 and the plasma
density np1 have been measured, we can simply fit to these,
assuming an electron bunch with energy γðzÞ and uncorre-
lated transverse oscillations of average initial width rβ0.
Note that numerical calculations have shown that a
Gaussian energy spread about γðzÞ has negligible influence
on the betatron spectrum compared to a monoenergetic
peak. Thus, the evolution of the electron energy can be
determined as

γðzÞ ¼
�
EcðθðzÞÞ

Ec1

�
4=7

�
np1
npðzÞ

�
3=7

γ1: ð3Þ

Using the initial condition, i.e., the final electron energy
and the betatron x-ray critical energy at the corresponding
angle as well as the measured plasma density distribution,
the evolution of the electron energy can be reconstructed

which is shown in Fig. 3(d). Note that the temporal
resolution of electron energy evolution is determined by
the angular resolution of the x-ray filter pack and the
particular curved laser trajectories. For this example shot,
the temporal resolution is about 3.7 ps which corresponds
to a 1.1 mm spatial step.
In this work, we also demonstrated quantitative mea-

surements of steering of the laser, electron, and x-ray
beams, as given in Fig. 4. We investigated such steering in
two scenarios of the gas target orientation, as shown in
Figs. 1(a) and 1(b). In case I, the nozzles are parallel to the
laser propagation direction. Therefore, when scanning
the transverse location of the target, the laser pulse
experienced regions with either uniform plasma density
or with linear density gradient. Consequently, the laser
displacement, the betatron x-ray beam and the electron
beam pointing all demonstrate a plateau followed by a
linear transition starting at approximately x ¼ 0.4 mm,

(a) (e)

(b) (f)

(c) (g)

(d) (h)

(i)

FIG. 4. Steering of the beams in case I (orthogonal incidence)
(a)–(c) and case II (grazing incidence) (e)–(g). (a) and (e) The
centroid of the laser pulses at the end of the gas nozzle relative to
that at the beginning of the gas nozzle. (b) and (f) show the x-ray
peak locations relative to the laser axis in vacuum. (c) and (g) The
electron beam locations relative to the laser axis in vacuum. The
dashed lines in (a)–(c) represent the edge of the accelerator
nozzle. (d) and (h)The corresponding electron spectra in the two
cases, respectively. In case I (and II), there were 10 (and 3)
consecutive shots taken at each condition except for the first data
point in case I where 5 shots were taken. (i) The comparison of
final electron energy spectra between case I and case II in PIC
simulations.

(a) (c)

(b) (d)

FIG. 3. (a) Raw image of the betatron x-ray profile with the
projections of the x-ray filters. (b) Reconstructed betatron x-ray
critical energy as a function of angle. (c) A curved laser trajectory
for the same shot of (a). The dashed curves were fitted with the
theoretical model in Ref. [26]. The solid curve (orange) shows the
angle of the laser pointing as a function of laser propagation
length taken as the derivative of the laser trajectory. (d) Measured
or extrapolated plasma density distribution (purple diamonds)
and the reconstructed electron energy (orange circles) as a
function of laser propagation length. Note that this example shot
is in target orientation case II.
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as shown in Figs. 4(a)–4(c). In case II, there is a small
angle of 25 mrad between the laser direction and the long
edge of the second gas nozzle such that the laser will
always experience a transverse density gradient regardless
of the initial transverse location. Hence, the plateau
observed in case I does not appear; all three beams were
steered consistently, as we can see from Figs. 4(e)–4(g).
Figures 4(d) and 4(h) show the electron spectra in the two
cases, respectively. In case I, the change in the maximum
electron energy follows the same general trend as the beam
steering. The maximum electron energy gain in case II is
in general higher than that in case I, which indicates the
realization of rephasing [26,48–52] because the laser
experienced a density up ramp. As the plasma density
increases, the plasma wavelength decreases, which shrinks
the wakefield period, keeping the electron beam in the
accelerating phase longer and eventually resulting in a
higher final energy gain. The energy gain enhancement due
to rephasing was confirmed qualitatively by PIC simula-
tions, as shown in Fig. 4(i). Here, the laser parameters were
the same as the simulation in Fig. 2(b). The plasma density
was n0 ¼ 1.5 × 1018 cm−3. The second stage was a pure
electron plasma with a linear transverse density gradient,
dnp=dx ¼ 3 × 1015 cm−3=μm. Note that in case II, the
plasma density gradient direction was tilted by 25 mrad
while maintaining the same initial density experienced by
the laser pulse when entering the second stage.
In summary, we have demonstrated experimentally the

streaking of betatron x rays and utilized it for retrieving the
electron acceleration process in LWFA in a single-shot
mode. Such a streaking technique was realized with a linear
transverse density gradient in which the LWFA drive laser
propagates in a parabolic trajectory.
Our work could find applications in advanced control of

laser beam and particle propagation, such as generating
curved plasma channel [53] for LWFA in pre-formed
curved plasma channel [54] and for coupling multistage
LWFA as proposed in Ref. [55] as well as enabling compact
synchrotron sources [56]. Moreover, the angular streaked
betatron x ray has an intrinsic spatiotemporal correlation,
which makes it a promising tool for single-shot pump-
probe applications.
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Payeur, Claude Sirois, François Légaré from ALLS for
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