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Abstract: Tunable X-ray sources from a laser-driven wakefield have wide applications. However,
due to the difficulty of electron dynamics control, currently the tunability of laser wakefield–based
X-ray sources is still difficult. By using three-dimensional particle-in-cell simulations, we propose
a scheme to realize controllable electron dynamics and X-ray radiation. In the scheme, a long
wavelength drive pulse excites a plasma wake and an off-axis laser pulse with a short wavelength
co-propagates with the drive pulse and ionizes the K-shell electrons of the background high-Z
gas. The electrons can be injected in the wakefield with controllable transverse positions and
residual momenta. These injected electrons experience controllable oscillations in the wake,
leading to tunable radiations both in intensity and polarization.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Tunable X-ray sources from synchrotron radiation facilities have been widely used in material
science [1], microtomography [2] and macro-dynamics exploration [3]. However, the number
of such huge synchrotron radiation facilities is limited, and they cannot satisfy the increasing
demands. In recent years, due to the tremendous acceleration gradient, a table-top betatron
radiation source from a laser wakefield accelerator has shown great potential to be the next
generation of compact radiation sources [4–8]. In laser wakefield acceleration (LWFA), an
ultra-short, ultra-intense laser pulse excites an intense plasma wake that carries the longitudinal
acceleration field within the intensity of GV/cm [9–11]. The electrons injected in the wake bucket
can be accelerated to high energies with millimeter or centimeter distance. To improve the quality
and energy of the accelerated electron beam, many efforts have been performed, such as using
ionization injection method [12–18] and multistage coupling acceleration [19–22]. Besides the
longitudinal acceleration, the wake can also provide transverse force on the electrons. Off-axis
moving electrons can make transverse betatron oscillation, which leads to short wavelength
radiations typically in the ultraviolet and X-ray regime [4,8,23].
As is known to all, the radiation intensity, photon energy and radiation brightness are important
factors for usual applications. Alternative schemes have been proposed to enhance these factors
by optimizing the plasma density, electron energy and amplitude of electron oscillations. For
example, by tailoring the plasma profile, the betatron transverse amplitude can be effectively
controlled to increase the radiation intensity [24–26], or by using two successive pulses, the
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betatron oscillations of the accelerated electrons are driven dominantly by the modulation pulse
[27,28]. In addition to these parameters, the distributions of spatial profile and polarization are
also important for many applications, such as probing of complex structure of molecules [29] and
element-specific magnetic properties [30]. Since both the radiation intensity and polarization are
closely linked to the trajectories of the accelerated electrons [31], the betatron X-ray radiation
can be used to diagnose the dynamics of the accelerated electrons [32,33] and to be a method to
analyze the accelerated electrons. On the contrary, to control the polarization of the betatron
radiation source, different methods have been proposed to control the electron dynamics, such
as using tilted laser pulse front to achieve asymmetric electron injection [34], using composite
Laguerre Gaussian pulses to drive a rotating wakefields [35], or using plasma channel to guide the
laser and electron propagation [36–40]. However, the experimental operation and tunability of
these schemes are still quite a challenge. Recently, by using ionization-induced electron injection
and rotating the laser polarization direction, Döpp et al. has successfully obtained a highly stable
and tunable X-ray radiation source in experiment [41]. Feng et al. has recently achieved intense
circularly polarized X-ray by using a long duration circularly polarized laser ionization injection
[42].
In this paper, by using off-axis ionization injection we propose a more flexible scheme to
control the electron dynamics and betatron radiation. In our scheme, a drive laser with long
wavelength excites a strong plasma wave and an off-axis injection laser is used to control and
adjust the trajectories of accelerated electrons. Simulations show that the radiation spatial
distribution, polarization and brightness are controllable. In a typical simulation, when the
injection laser offset distance matches the electrons’ residual ionization momenta, the electrons
can make helix oscillations in the wake, an annular intensity distribution and circularly polarized
betatron radiation with peak brilliance of 1.06 × 1019 photon/s/mm2 /mrad2 /0.1% bandwidth
can be achieved.
2.

Electron injection and dynamics in LWFA

To investigate off-axis ionization injection in LWFA, we carried out a series of three-dimensional
(3D) particle-in-cell (PIC) simulations with the OSIRIS code [43]. The schematic view of our
proposal is shown in Fig. 1(a). A linearly polarized drive laser with polarization along the
z-direction and wavelength of λ1 = 2µm propagates along x-direction. In order to effectively
control the trajectories of the injected electrons, a plasma channel is used to guide the propagation
of the long wavelength drive laser and generate a stable wakefield, and the length of the plasma
channel is 7mm. The transverse density of the plasma channel satisfies n(r) = n0 + ∆nr2 /r02 ,
where r is the transverse coordinate, n0 is the on-axis electron density, ∆n is the channel depth
and r0 is the channel width. We use a matched channel density and width for the driver laser
n0 = ∆n = 5 × 1017 cm−3 , r0 = w1 = 15µm, where w1 is spot radius of the drive laser. The
normalized vector potential of the drive laser is a1 = 1.7, which corresponds to the peak intensity
of I1 = 1 × 1018 W/cm2 . The longitudinal Full-Width-at-Half-Maximum (FWHM) pulse length
is L1 = 15µm. A linearly polarized injection laser with polarization along the z-direction and
wavelength of λ2 = 0.4µm also propagates along the x-direction. The vector potential of the
injection laser is a2 = 1.5, which corresponds to a peak intensity of I2 = 2 × 1019 W/cm2 . The
spot radius and the longitudinal FWHM length are w1 = 4µm and L2 = 4µm, respectively. There
are 46fs temporal delay and 6µm offset (along y-direction) between the two pulses. A moving
window is used to run the simulation and ADK tunneling ionization module is used for ionization
calculation [44]. The background plasma is made of ionized mixture gas composed of 99%
Hydrogen and 1% Nitrogen. The simulation box size is 80µm × 80µm × 80µm and is divided
into 1600 × 160 × 160 cells with 2 macro-particles per cell for Hydrogen and 8 macro-particles
per cell for Nitrogen.
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Fig. 1. (a) Spatial distributions of the plasma wake (green color iso-surfaces), the injected
electron beam (red color points), the electric fields of the drive and injection lasers (bluered-orange-green iso-surfaces) at t = 825fs. (b) Momentum distribution of the accelerated
electrons at the ionization time of t = 132fs.

Typical 3D snapshots of the wake structure, the injected electron beam and the two laser
pulses at t = 825fs are shown in Fig. 1(a). Projections of x-y and x-z planes show the relative
position of the two lasers and the accelerated electron beam. One can see that a long wavelength
drive laser with large ponderomotive force and small peak electric field excites a strong plasma
wave. Due to the long wavelength, the electric field of the laser is too weak to ionize k-shell
electrons of Nitrogen [45,46]. The plasma channel provides a stable propagation for the drive
laser and a stable bubble is excited. The offset injected laser with short wavelength is behind the
drive laser and it can ionize electrons at off-axis positions. Those ionized electrons are trapped
in the first bubble. Due to the tight focus, the injection laser defocuses rapidly. The effective
injection length only lasts for about 100µm. The initial momenta distribution of the ionized
electrons at t = 132fs is shown in Fig. 1(b). The momenta of the ionized electrons are initially
parallel to the polarization direction of the injection laser, and they are divided into two beams
with opposite
rotation directions. The initial transverse momenta of the ionized electrons are
q

p⊥ = 1 + a2⊥ (ψi ) [14], where ψi represent the laser phase at the position where the electrons
are ionized, a⊥ (ψi ) is the transverse vector potential of the laser at the phase of ψi . Therefore, if
one gives certain offset to the injected electrons, a non-zero orbital angular momentum resulting
from the residual ionization momenta is obtained, which results in electrons’ helix oscillations.
In the transverse direction, the electron motion
q shows an oscillation with betatron frequency

ωβ and an amplitude of rβ (t), where rβ (t) = z2β (t) + y2β (t), zβ (t) and yβ (t) are the amplitudes in
z and y-direction, respectively.
The transverse oscillation period is dominated by the betatron
p
frequency as ωβ = ωp / 2γ, where γ is Lorentz factor of the accelerated electrons, and ωp is
p
the plasma frequency. Therefore, the betatron wavelength is λβ = λp 2γ. In the simulation, the
maximum wavelength of betatron oscillations is about λβ = 1400µm, which is consistent with
the simulation result of the maximum rotation period of 1450µm.
To describe the dynamics of the two electron beams with opposite angular momenta, the
collective and single electron behaviors of the accelerated electrons are shown in Fig. 2. The
dynamics of electrons in the case where the injection is on-axis propagating are also given for
comparison. Figure 2(a) shows the energy spectra of the accelerated electrons at t=23ps, and
the inset in (a) shows the injected electron charge as a function of offset distance. One can see
that a quasi-monoenergetic electron beam with peak energy of 234 MeV and energy spread of
13.7% can be obtained for the case with offset of 6µm, which is slightly higher than that of the
case without offset (peak energy of 213MeV and energy spread 13.1%). This is because that
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the larger offset distance makes the injected electrons fall to the positions with deeper wake
potential and stronger wakefield, and they are accelerated by a stronger longitudinal accelerating
electric field. Furthermore, the injected electron charge increases with the increase of offset
distance (1.4pC for the case without offset and 1.6pC for the case with offset of 6µm), but the
difference is small. Figures 2(b) and 2(c) show the evolution of the center of the beam defined by
the average of the absolute value of their transverse positions and typical electron trajectories for
different offsets of the injection laser. One can see that the electrons almost oscillate exclusively
along the z-direction for the case without offset. The oscillation direction is the same as the
polarization direction of the injection laser. For the case with offset of 6µm, the electrons also
have an oscillating component in the y-direction due to the initial injection offset. The electron
beams can make collectively helix oscillations in the first bubble.

Fig. 2. (a) Energy spectra of the accelerated electrons at t=23ps. The inset in (a) shows the
injected electron charge as a function of offset. (b) The evolution of the center of the beam
defined by the average of the absolute value of their transverse positions. (c) Typical electron
trajectories for different offsets of the injection laser. The projections of the trajectories are
also plotted. (d) Evolutions of typical electrons’ orbital angular momenta.

The orbital angular momenta (OAM) of typical electrons for different offsets are shown in
Fig. 2(d). The angular momentum is conserved with a steady state approximation [32], so that
the OAM of the accelerated electrons can be given by L(t) = y(t)pz (t) − z(t)py (t) ∼ y0 pz0 − z0 py0 ,
where y0 , z0 and py0 , pz0 represent the initial transverse coordinates and transverse momenta of
the ionization injected electron. The electron shows a two-dimensional transverse oscillation
for the case of L = 0, which corresponds to the black line in Fig. 2(d). For the case of L , 0, a
three-dimensional helix oscillation appears.
3.

Far-field radiation pattern and polarization control

We studied the far field radiation pattern and polarization distribution by using a post-processing
code Virtual Detector for Synchrotron Radiation (VDSR) [47]. In the simulation, we randomly
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selected 200 super-particles from the PIC simulations and traced their trajectories. The temporal
interval of each trajectory tracing is dt=0.0165fs. The radiation detection region covers a
maximum polar angle of 2◦ , which is divided into 20 parts in the radial direction θ and 180 parts
in the azimuthal direction φ.
The radiation intensity distributions for different injection laser offsets are compared in
Figs. 3(a) and 3(b). For the case without offset, the radiation intensity profile is consistent with the
injected electron trajectory (black line in Fig. 2(d)). The radiation is mainly along the z-direction,
and the maximum radiation intensity is located at azimuthal angle of φ = 180◦ and polar angle of
θ = 0.63◦ . However, the radiation intensity shows annular profile for the case with injection laser

Fig. 3. Distributions of X-ray intensity and polarization for different injection offsets. (a)
and (c) correspond to the case without offset. (b) and (d) correspond to the case with
offset of 6µm. The radiation spectra of the accelerated electrons for the case with offset at
azimuthal angle φ = 180◦ and polar angle θ = 0.32◦ (e), azimuthal angle φ = 90◦ and polar
angle θ = 0.52◦ (f).
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offset of p
6µm. The key parameter to describe the betatron radiation is the strength parameter
K = rβ kp γ/2, where kp = ωp /c is the plasma wave number, c is the speed of light in vacuum.
In the case with offset of 6µm, the average energy of the accelerated electrons is γ = 458, and the
minimum oscillation amplitudes in the transverse directions are yβ min ≈ 1µm and zβ min ≈ 1.5µm.
Therefore, the strength parameters are Ky min ≈ 2 (in the y-direction) and Kz min ≈ 3 (in the
z-direction), respectively. As a result, most of the radiation propagates along the characteristic
angles θ y min ∼ Ky min /γ ∼ 0.25◦ and θ z min ∼ Kz min /γ ∼ 0.37◦ . The smaller radiation angular
width around the emission angle of θ t = 1/γ ∼ 0.12◦ leads to the annular intensity distribution,
as shown in Fig. 3(b). One can also see that the region with higher radiation intensity is within
the angle range of 135◦ <φ<225◦ . This is because the two electron beams with opposite angular
momenta intersect around that region, and the curvature radius there is minimum. Meanwhile,
electrons trajectories of the two beams end in that azimuth angle range, which corresponds to the
red line in Fig. 2(c), and the electrons with higher energy can radiate more photons.
The polarization properties of the betatron radiation for different injection laser offsets are
shown in Fig. 3(c) and Fig. 3(d). Firstly, the polarization direction degree is defined as Pd = Iz /It ,
where Iz is the radiation intensity in the z-direction and It is the total radiation intensity. For the
case without offset, the radiation is almost linearly polarized along the z-direction. However,
the polarization direction degree changes periodically for the case with offset of due to the
variation of the electron’s transverse velocity and acceleration directions. A circularly polarized
X-ray source can be achieved when the transverse trajectories are helix like [29]. The radiation
spectra at two different directions for the case with offset of are shown in Fig. 3(e) (azimuthal
angle φ = 180◦ and polar angle θ = 0.32◦ ) and Fig. 3(f) (azimuthal angle φ = 90◦ and polar angle
θ = 0.52◦ ). The radiation intensity in the z-direction is stronger for Pd >0.5 (blue line in Fig. 3(e)),
and it is stronger in the y-direction for Pd <0.5 (red line in Fig. 3(f)).
For radiation source, besides the distributions of radiation intensity and polarization, the
photon energy and radiation brightness are also key factors for applications. At the crossing time
of the two separated electron beams, the transverse area of a helix motion is about 4.74µm2 , the
electron beam length is about 4µm and the accelerated beam charge is 1.6pC. Therefore, the peak
radiation brightness of the annular radiation is about 1.06 × 1019 photon/s/mm2 /mrad2 /0.1%
bandwidth, and the peak position of the radiation spectrum is approximately 378eV, as shown in
Fig. 3(e). To verify that our scheme can produce high energy radiation, we also make an accurate
two-dimension simulation with offset of 10µm and the polarization direction of the injection
laser along the y-direction instead of the 3D simulation due to the limitation of the computational
resource. Meanwhile, we increase the intensity of the injection (a2 =1.9) and drive (a1 =1.9)
lasers and the length of plasma channel (8mm). Figure 4(a) shows the average energy of the
accelerated electrons as a function of the acceleration distance. We can see that the electrons can
be accelerated to higher energies, and the maximum average energy is 360MeV at the acceleration
distance of 8mm. Figure 4(b) shows the radiation spectra of the accelerated electrons for 2D
case, higher energies resulting in higher photon energies. It is shown that a peak photon energy
of ∼2.6keV can be achieved. In addition, the incoherent radiation intensity is proportional to the
beam charge. The charge in the current 3D simulation is very small, but it can be easily increased.
It can be increased by increasing the ionization injection length, tthe concentration of the high Z
gas and the intensity of the injection laser. It means that by varying the laser plasma parameters
one can tune the peak photon energy, intensity and polarization of the X-ray radiation.
In this scheme, besides adjusting the offset distance, the radiation intensity and polarization
distributions can also be tuned by varying the polarization of the injection laser. Figure 5(a)
shows the radiation intensity distribution for a fixed offset of 6µm, and the polarization direction
of the injection laser is left-handed rotated with rotation angle of 45◦ . One can see that the
radiation intensity shows an elliptical shape, which shows similar pattern as the distributions of
the electrons’ transverse trajectories. The maximum radiation intensity is located at azimuthal
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Fig. 4. 2D-PIC simulation results. (a) The average energy of the accelerated electrons as a
function of the acceleration distance. (b) The radiation spectra of the accelerated electrons
at azimuthal angle φ = 0◦ and polar angle θ = 0.42◦ .

angle φ = 180◦ and polar angle θ = 0.32◦ , and the polarization distribution changes accordingly
(shown in Fig. 5(b)). Figures 5(c) and 5(d) show the transverse momenta and trajectories
distributions of typical electrons for different polarization directions of the injection laser. One

Fig. 5. Radiation intensity (a) and polarization (b) distributions for the case with offset
of 6µm, where the polarization direction of the injection laser is left-handed rotated with
rotation angle of 45◦ along the propagation direction. Transverse momenta (c) and transverse
trajectories (d) of typical electrons for different polarization directions.
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can see that the radiation intensity distribution corresponds exactly to the transverse momenta and
transverse trajectories of the electrons (red lines). Meanwhile, the transverse momenta increase
and the oscillation amplitude of the betatron motion decreases. We also show the case with the
polarization direction of the injection laser along the y-direction as a comparison. The radiation
intensity distribution is similar to the case without offset (Fig. 3(a)), and the radiation is linearly
polarized along the y-direction (not shown here).
4.

Conclusion

In summary, we have studied the X-ray radiation based on laser wakefield acceleration using
off-axis ionization injection. By controlling the injection laser’s offset distance and polarization
direction, the dynamics of the accelerated electron beam can be adjusted, leading to a high
tunability on the distributions of the radiation intensity and polarization. When an appropriate
injection laser parameter is used, the injected electrons make collective spatial helix oscillation,
and an annular intensity distribution and circularly polarized radiation with peak brilliance of
1.06 × 1019 photon/s/mm2 /mrad2 /0.1% bandwidth can be obtained. Such a compact controlled
X-ray source will provide future applications in the study of complex structure probes.
Funding
National Natural Science Foundation of China (11991074, 11774227, 11975308, 11775305,
11705280, 11622547, 11675264); Science Challenge Project (TZ2018001, TZ2018005); Natural Science Foundation of Hunan Province (2020JJ5651); Shanghai Municipal Government
(18JC1410700).
Acknowledgments
Simulations were performed on the Pi supercomputer at Shanghai Jiao Tong University and
Tianhe II supercomputer at Guangzhou. MC acknowledges the support from Shanghai Municipal
Government (No. 18JC1410700).
Disclosures
The authors declare no conflicts of interest.
References
1. L. Chen, K. L. Dürr, and E. Gouaux, “X-ray structures of AMPA receptor-cone snail toxin complexes illuminate
activation mechanism,” Science 345(6200), 1021–1026 (2014).
2. M. D. Fonseca, B. H. S. Araujo, C. S. B. Dias, N. L. Archilha, D. P. A. Neto, E. Cavalheiro, H. Westfahl, A. J. R.
da Silva, and K. G. Franchini, “High-resolution synchrotron-based X-ray microtomography as a tool to unveil the
three-dimensional neuronal architecture of the brain,” Sci. Rep. 8(1), 12074 (2018).
3. H. Kersell, N. Shirato, M. Cummings, H. Chang, D. Miller, D. Rosenmann, S. W. Hla, and V. Rose, “Detecting
element specific electrons from a single cobalt nanocluster with synchrotron X-ray scanning tunneling microscopy,”
Appl. Phys. Lett. 111(10), 103102 (2017).
4. S. Corde, K. T. Phuoc, G. Lambert, R. Fitour, V. Malka, A. Rousse, A. Beck, and E. Lefebvr, “Femtosecond x rays
from laser-plasma accelerators,” Rev. Mod. Phys. 85(1), 1–48 (2013).
5. L. M. Chen, W. C. Yan, D. Z. Li, Z. D. Hu, L. Zhang, W. M. Wang, N. Hafz, J. Y. Mao, L. Huang, Y. Ma, J. R. Zhao,
J. L. Ma, Y. T. Li, X. Lu, Z. M. Sheng, Z. Y. Wei, J. Gao, and J. Zhang, “Bright betatron X-ray radiation from a
laser-driven-clustering gas target,” Sci. Rep. 3(1), 1912 (2013).
6. K. Svendsen, I. Gallardo González, M. Hansson, J. Björklund Svensson, H. Ekerfelt, A. Persson, and O. Lundh,
“Optimization of soft X-ray phase-contrast tomography using a laser wakefield accelerator,” Opt. Express 26(26),
33930–33941 (2018).
7. A. Döpp, L. Hehn, J. Götzfried, J. Wenz, M. Gilljohann, H. Ding, S. Schindler, F. Pfeiffer, and S. Karsch, “Quick
X-ray microtomography using a laser-driven betatron source,” Optica 5(2), 199 (2018).
8. S. Fourmaux, E. Hallin, U. Chaulagain, S. Weber, and J. C. Kieffer, “Laser-based synchrotron X-ray radiation
experimental scaling,” Opt. Express 28(3), 3147–3158 (2020).
9. T. Tajima and J. M. Dawson, “Laser Electron Accelerator,” Phys. Rev. Lett. 43(4), 267–270 (1979).

Research Article

Vol. 28, No. 20 / 28 September 2020 / Optics Express 29935

10. W. Lu, C. Huang, M. Zhou, M. Tzoufras, F. S. Tsung, W. B. Mori, and T. Katsouleas, “A nonlinear theory for
multidimensional relativistic plasma wave wakefields,” Phys. Plasmas 13(5), 056709 (2006).
11. G. B. Zhang, M. Chen, C. B. Schroeder, J. Luo, M. Zeng, F. Y. Li, L. L. Yu, S. M. Weng, Z. M. Sheng, Y. Y.
Ma, T. P. Yu, and E. Esarey, “Acceleration and evolution of a hollow electron beam in wakefields driven by a
Laguerre–Gaussian laser pulse,” Phys. Plasmas 23(3), 033114 (2016).
12. M. Chen, Z. M. Sheng, Y. Y. Ma, and J. Zhang, “Electron injection and trapping in a laser wakefield by field ionization
to high-charge states of gases,” J. Appl. Phys. 99(5), 056109 (2006).
13. E. Oz, S. Deng, T. Katsouleas, P. Muggli, C. D. Barnes, I. Blumenfeld, F. J. Decker, P. Emma, M. J. Hogan, R.
Ischebeck, R. H. Iverson, N. Kirby, P. Krejcik, C. O’Connell, R. H. Siemann, D. Walz, D. Auerbach, C. E. Clayton,
C. Huang, D. K. Johnson, C. Joshi, W. Lu, K. A. Marsh, W. B. Mori, and M. Zhou, “Ionization-Induced Electron
Trapping in Ultrarelativistic Plasma Wakes,” Phys. Rev. Lett. 98(8), 084801 (2007).
14. M. Chen, E. Esarey, C. B. Schroeder, C. G. R. Geddes, and W. P. Leemans, “Theory of ionization-induced trapping
in laser-plasma accelerators,” Phys. Plasmas 19(3), 033101 (2012).
15. A. Pak, K. A. Marsh, S. F. Martins, W. Lu, W. B. Mori, and C. Joshi, “Injection and Trapping of Tunnel-Ionized
Electrons into Laser-Produced Wakes,” Phys. Rev. Lett. 104(2), 025003 (2010).
16. M. Mirzaie, S. Li, M. Zeng, N. A. M. Hafz, M. Chen, G. Y. Li, Q. J. Zhu, H. Liao, T. Sokollik, F. Liu, Y. Y. Ma, L. M.
Chen, Z. M. Sheng, and J. Zhang, “Demonstration of self-truncated ionization injection for GeV electron beams,” Sci.
Rep. 5(1), 14659 (2015).
17. W. P. Leemans, A. J. Gonsalves, H.-S. Mao, K. Nakamura, C. Benedetti, C. B. Schroeder, C. Tóth, J. Daniels,
D. E. Mittelberger, S. S. Bulanov, J.-L. Vay, C. G. R. Geddes, and E. Esarey, “Multi-GeV Electron Beams from
Capillary-Discharge-Guided Subpetawatt Laser Pulses in the Self-Trapping Regime,” Phys. Rev. Lett. 113(24),
245002 (2014).
18. A. J. Gonsalves, K. Nakamura, J. Daniels, C. Benedetti, C. Pieronek, T. C. H. de Raadt, S. Steinke, J. H. Bin, S.
S. Bulanov, J. van Tilborg, C. G. R. Geddes, C. B. Schroeder, Cs. Tóth, E. Esarey, K. Swanson, L. Fan-Chiang, G.
Bagdasarov, N. Bobrova, V. Gasilov, G. Korn, P. Sasorov, and W. P. Leemans, “Petawatt Laser Guiding and Electron
Beam Acceleration to 8 GeV in a Laser-Heated Capillary Discharge Waveguide,” Phys. Rev. Lett. 122(8), 084801
(2019).
19. J. S. Liu, C. Q. Xia, W. T. Wang, H. Y. Lu, C. Wang, A. H. Deng, W. T. Li, H. Zhang, X. Y. Liang, Y. X. Leng, X. M.
Lu, C. Wang, J. Z. Wang, K. Nakajima, R. X. Li, and Z. Z. Xu, “All-Optical Cascaded Laser Wakefield Accelerator
Using Ionization-Induced Injection,” Phys. Rev. Lett. 107(3), 035001 (2011).
20. B. B. Pollock, C. E. Clayton, J. E. Ralph, F. Albert, A. Davidson, L. Divol, C. Filip, S. H. Glenzer, K. Herpoldt, W.
Lu, K. A. Marsh, J. Meinecke, W. B. Mori, A. Pak, T. C. Rensink, J. S. Ross, J. Shaw, G. R. Tynan, C. Joshi, and D.
H. Froula, “Demonstration of a Narrow Energy Spread, 0:5 GeV Electron Beam from a Two-Stage Laser Wakefield
Accelerator,” Phys. Rev. Lett. 107(4), 045001 (2011).
21. S. Steinke, J. van Tilborg, C. Benedetti, C. G. R. Geddes, C. B. Schroeder, J. Daniels, K. K. Swanson, A. J. Gonsalves,
K. Nakamura, N. H. Matlis, B. H. Shaw, E. Esarey, and W. P. Leemans, “Multistage coupling of independent
laser-plasma accelerators,” Nature 530(7589), 190–193 (2016).
22. J. Luo, M. Chen, W. Y. Wu, S. M. Weng, Z. M. Sheng, C. B. Schroeder, D. A. Jaroszynski, E. Esarey, W. P. Leemans,
W. B. Mori, and J. Zhang, “Multistage Coupling of Laser-Wakefield Accelerators with Curved Plasma Channels,”
Phys. Rev. Lett. 120(15), 154801 (2018).
23. S. Kneip, C. McGuffey, J. L. Martins, S. F. Martins, C. Bellei, V. Chvykov, F. Dollar, R. Fonseca, C. Huntington, G.
Kalintchenko, A. Maksimchuk, S. P. D. Mangles, T. Matsuoka, S. R. Nagel, C. A. J. Palmer, J. Schreiber, K. Ta
Phuoc, A. G. R. Thomas, V. Yanovsky, L. O. Silva, K. Krushelnick, and Z. Najmudin, “Bright spatially coherent
synchrotron X-rays from a table-top source,” Nat. Phys. 6(12), 980–983 (2010).
24. C. H. Yu, J. S. Liu, W. T. Wang, W. T. Li, R. Qi, Z. J. Zhang, Z. Y. Qin, J. Q. Liu, M. Fang, K. Feng, Y. Wu, L. T. Ke,
Y. Chen, C. Wang, Y. Xu, Y. X. Leng, C. Q. Xia, R. X. Li, and Z. Z. Xu, “Enhanced betatron radiation by steering a
laser-driven plasma wakefield with a tilted shock front,” Appl. Phys. Lett. 112(13), 133503 (2018).
25. J. Ferri and X. Davoine, “Enhancement of betatron x rays through asymmetric laser wakefield generated in transverse
density gradients,” Phys. Rev. Accel. Beams 21(9), 091302 (2018).
26. M. Kozlova, I. Andriyash, J. Gautier, S. Sebban, S. Smartsev, N. Jourdain, U. Chulagain, Y. Azamoum, A. Tafzi, J.
Goddet, K. Oubrerie, C. Thaury, A. Rousse, and K. T. Phuoc, “Hard X Rays from Laser-Wakefield Accelerators in
Density Tailored Plasmas,” Phys. Rev. X 10(1), 011061 (2020).
27. J. Feng, Y. F. Li, J. G. Wang, D. Z. Li, F. Li, W. C. Yan, W. M. Wang, and L. M. Chen, “Gamma-ray emission from
wakefeld-accelerated electrons wiggling in a laser feld,” Sci. Rep. 9(1), 2531 (2019).
28. V. Horny, M. Krus, and T. Fülöp, “Attosecond betatron radiation pulse train,” arXiv:2006.05759v1, (2020).
29. C. Lamberti, E. Groppo, C. Prestipino, S. Casassa, A. M. Ferrari, and P. Pisani, “Oxide/Metal Interface Distance and
Epitaxial Strain in the NiO/Ag(100) System,” Phys. Rev. Lett. 91(4), 046101 (2003).
30. J. Stöhr, Y. Wu, B. D. Hermsmeier, M. G. Samant, G. R. Harp, S. Koranda, D. Dunham, and B. P. Tonner,
“Element-Specific Magnetic Microscopy with Circularly Polarized X-rays,” Science 259(5095), 658–661 (1993).
31. J. Vieira, J. Martins, and U. Sinha, “Plasma based helical undulator for controlled emission of circularly and
elliptically polarised betatron radiation,” arXiv:1601.04422v1, (2016).

Research Article

Vol. 28, No. 20 / 28 September 2020 / Optics Express 29936

32. K. T. Phuoc, S. Corde, R. Shah, F. Albert, R. Fitour, J. P. Rousseau, F. Burgy, B. Mercier, and A. Rousse, “Imaging
Electron Trajectories in a Laser-Wakefield Cavity Using Betatron X-Ray Radiation,” Phys. Rev. Lett. 97(22), 225002
(2006).
33. K. T. Phuoc, S. Corde, R. Fitour, R. Shah, F. Albert, J. P. Rousseau, F. Burgy, A. Rousse, V. Seredov, and A. Pukhov,
“Analysis of wakefield electron orbits in plasma wiggler,” Phys. Plasmas 15(7), 073106 (2008).
34. M. Schnell, A. Sävert, I. Uschmann, M. Reuter, M. Nicolai, T. Kämpfer, B. Landgraf, O. Jäcke, O. Jansen, A. Pukhov,
M. C. Kaluza, and C. Spielmann, “Optical control of hard X-ray polarization by electron injection in a laser wakefield
accelerator,” Nat. Commun. 4(1), 2421 (2013).
35. J. L. Martins, J. Vieira, J. Ferri, and t. Fülöp, “Radiation emission in laserwakefelds driven by structuredlaser pulses
with orbital angular momentum,” Sci. Rep. 9(1), 9840 (2019).
36. S. G. Rykovanov, C. B. Schroeder, E. Esarey, C. G. R. Geddes, and W. P. Leemans, “Plasma Undulator Based on
Laser Excitation of Wakefields in a Plasma Channel,” Phys. Rev. Lett. 114(14), 145003 (2015).
37. M. Chen, J. Luo, F. Y. Li, F. Liu, Z. M. Sheng, and J. Zhang, “Tunable synchrotron-like radiation from centimeter
scale plasma channels,” Light Sci. Appl 5(1), e16015 (2016).
38. J. Luo, M. Chen, M. Zeng, J. Vieira, L. L. Yu, S. M. Weng, L. O. Silva, D. A. Jaroszynski, Z. M. Sheng, and J. Zhang,
“A compact tunable polarized X-ray source based on laser-plasma helical undulators,” Sci. Report 6(1), 29101 (2016).
39. S. Lee, T. H. Lee, D. N. Gupta, H. S. Uhm, and H. Suk, “Enhanced betatron oscillations in laser wakefeld acceleration
by off-axis laser alignment to a capillary plasma waveguide,” Plasma Phys. Controlled Fusion 57(7), 075002 (2015).
40. B. Lei, T. Teter, J. W. Wang, V. Y. Kharin, C. B. Schroeder, M. Zepf, and S. G. Rykovanov, “Flexible X-ray source
with tunable polarization and orbital angular momentum from Hermite-Gaussian laser modes driven plasma channel
wakefield,” Phys. Rev. Accel. Beams 22(7), 071302 (2019).
41. A. Döpp, B. Mahieu, A. Lifschitz, C. Thaury, A. Doche, E. Guillaume, G. Grittani, O. Lundh, M. Hansson, J.
Gautier, M. Kozlova, J. P. Goddet, P. Rousseau, A. Tafzi, V. Malka, A. Rousse, S. Corde, and K. T. Phuoc, “Stable
femtosecond X-rays with tunable polarization from a laser-driven accelerator,” Light Sci. Appl 6(11), e17086 (2017).
42. J. Feng, Y. F. Li, X. T. Geng, D. Z. Li, J. G. Wang, M. Mirzaie, and L. M. Chen, “Circularly polarized X-ray generation
from an ionization induced laser plasma electron accelerator,” Plasma Phys. Controlled Fusion 62, 1088 (2020).
43. R. A. Fonseca, L. O. Silva, F. S. Tsung, V. K. Decyk, W. Lu, C. Ren, W. B. Mori, S. Deng, S. Lee, T. Katsouleas, and
J. C. Adam, OSIRIS: A Three-Dimensional, “Fully Relativistic Particle in Cell Code for Modeling Plasma Based
Accelerators,” Lect. Notes Comput. Sci. 2331, 342–351 (2002).
44. M. Chen, E. Cormier-Michel, C. G. R. Geddes, D. L. Bruhwiler, L. L. Yu, E. Esarey, C. B. Schroeder, and W. P.
Leemans, “Numerical modeling of laser tunneling ionization in explicit particle-in-cell codes,” J. Comput. Phys. 236,
220–228 (2013).
45. X. L. Xu, Y. P. Wu, C. J. Zhang, F. Li, Y. Wan, J. F. Hua, C.-H. Pai, and W. Lu, “Low emittance electron beam
generation from a laser wakefield accelerator using two laser pulses with different wavelengths,” Phys. Rev. Accel.
Beams 17(6), 061301 (2014).
46. L. L. Yu, E. Esarey, C. B. Schroeder, J. L. Vay, C. Benedetti, C. G. R. Geddes, M. Chen, and W. P. Leeman,
“Two-Color Laser-Ionization Injection,” Phys. Rev. Lett. 112(12), 125001 (2014).
47. M. Chen, E. Esarey, C. G. R. Geddes, C. B. Schroeder, G. R. Plateau, S. S. Bulanov, S. Rykovanov, and W. P.
Leemans, “Modeling classical and quantum radiation from laser-plasma accelerators,” Phys. Rev. ST Accel. Beams
16(3), 030701 (2013).

