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We use 3D simulations to demonstrate that high-quality ultra-relativistic electron bunches can be
generated upon reflection of a twisted laser beam off a plasma mirror. The unique topology of the
beam with a twist index |l| = 1 creates an accelerating structure dominated by longitudinal laser
electric and magnetic fields in the near-axis region. We show that the magnetic field is essential for
creating a train of dense mono-energetic bunches. For a 6.8 PW laser, the energy reaches 1.6 GeV
with a spread of 5.5%. The bunch duration is 320 as, its charge is 60 pC and density is ∼ 1027 m−3.
The results are confirmed by an analytical model for the electron energy gain. These results enable
development of novel laser-driven accelerators at multi-PW laser facilities.

Multi-PW laser beams have become a reality due
to technological developments [1, 2], which opens the
possibility of achieving laser intensities well in ex-
cess of 1022 W/cm2. There is a push to break the
100 PW limit over the next decade at the Shanghai
Superintense-Ultrafast Laser Facility [3]. Motivated by
these prospects, computational studies have focused on
leveraging high-power high-intensity lasers to develop
novel particle (see [4] and refs. therein) and radiation
sources [5–10] for multidisciplinary applications [11, 12].
Concurrently with the power increase, new optical

techniques are being developed that enable changes to
key characteristics of conventional laser beams, thus
relaxing what was previously perceived as fundamen-
tal constraints. Two striking examples include adjust-
ing the focal-spot velocity [13] and twisting the wave-
fronts [14, 15]. Simulations show that adjustments to the
focal-spot dynamics can drastically improve the perfor-
mance of laser wakefield accelerators by preventing elec-
trons from outrunning the wake [16]. A wave-front twist
that can be achieved via reflection off a fan-like struc-
ture for a high-intensity laser pulse [15] alters the topol-
ogy of the laser fields. Some of the resulting changes to
laser-plasma interactions have been examined in simula-
tions [17–22] and experiments [14, 23]. This work focuses
on improvements to electron acceleration.
Two common approaches to laser-driven electron accel-

eration are; laser wakefield acceleration [24] that utilizes
plasma electric fields, and direct laser acceleration [25]
that relies on the fields of the laser for the energy trans-
fer. The latter can be realized in a plasma (e.g. see [26])
or in vacuum [27]. In a conventional laser beam, the
energy transfer is dominated by the transverse electric
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field, E⊥. The rate scales as v⊥E⊥ ≈ c sin θE⊥ for ultra-
relativistic electrons, making the mechanism less efficient
as the electron beam divergence becomes small (θ � 1),
where θ ≡ arctan(v⊥/v‖) is the angle between the elec-
tron velocity v and the laser axis. Another key feature is
the transverse electron expulsion caused by electron os-
cillations in the beam. Inside a plasma, the expulsion can
be mitigated by plasma electric and magnetic fields [28–
30]. In vacuum, there are no forces to counteract the ex-
pulsion, but it can be delayed by injecting electrons with
a relativistic longitudinal momentum. Such a configura-
tion can be realized upon reflection of a high-intensity
laser pulse off a plasma mirror [31–33], as confirmed by
experiments with conventional pulses [31, 33]. Electron
acceleration in vacuum, also refereed to as Vacuum Laser
Acceleration, can further benefit from changes in laser
polarization. In a radially polarized beam [34], E‖ dom-
inates near the central axis, so the injected electrons can
remain well-collimated while efficiently gaining energy at
the rate ∝ v‖E‖ ≈ c cos θE‖.

In this Letter, we show that a high-intensity laser pulse
with a properly chosen wave-front twist simultaneously
addresses two outstanding problems of direct laser accel-
eration in vacuum: acceleration efficiency and transverse
electron confinement. The twist creates a unique accel-
erating structure dominated by longitudinal laser elec-

tric and magnetic fields in the near-axis region. Electron
bunches are injected into the laser beam upon its reflec-
tion off a plasma mirror. Our three-dimensional particle-
in-cell (3D PIC) simulations for a 6.8 PW laser pulse
show that the longitudinal laser magnetic field, whose
amplitude reaches ∼ 0.2 MT, is instrumental for generat-
ing and sustaining solid electron bunches close to the axis.
The confinement enables efficient electron acceleration by
E‖ that produces 1.6 GeV 60 pC mono-energetic bunches
(5.5% energy spread) with a duration of ∼ 300 as and a
remarkably low divergence of 20 mrad. These bunches
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Interaction of ultraintense laser vortices with plasma mir-
rors, Phys. Rev. Lett. 118, 033902 (2017).

[24] E. Esarey, C. B. Schroeder, and W. P. Leemans, Physics
of laser-driven plasma-based electron accelerators, Rev.
Mod. Phys. 81, 1229 (2009).

[25] P. Gibbon, Short pulse laser interactions with matter
(World Scientific Publishing Company, 2004).

[26] A. V. Arefiev, V. N. Khudik, A. P. L. Robinson,
G. Shvets, L. Willingale, and M. Schollmeier, Beyond
the ponderomotive limit: Direct laser acceleration of rel-
ativistic electrons in sub-critical plasmas, Phys. Plasmas
23, 056704 (2016).

[27] G. V. Stupakov and M. S. Zolotorev, Ponderomotive laser
acceleration and focusing in vacuum for generation of
attosecond electron bunches, Phys. Rev. Lett. 86, 5274
(2001).

[28] A. Pukhov, Z.-M. Sheng, and J. Meyer-ter Vehn, Particle
acceleration in relativistic laser channels, Phys. Plasmas
6, 2847 (1999).

[29] L. Willingale, P. M. Nilson, A. G. R. Thomas, J. Cobble,
R. S. Craxton, A. Maksimchuk, P. A. Norreys, T. C.
Sangster, R. H. H. Scott, C. Stoeckl, C. Zulick, and
K. Krushelnick, High-power, kilojoule class laser chan-
neling in millimeter-scale underdense plasma, Phys. Rev.
Lett. 106, 105002 (2011).

[30] Z. Gong, F. Mackenroth, T. Wang, X. Q. Yan, T. Ton-
cian, and A. V. Arefiev, Direct laser acceleration of elec-
trons assisted by strong laser-driven azimuthal plasma
magnetic fields, Phys. Rev. E 102, 013206 (2020).
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[32] M. Thévenet, H. Vincenti, and J. Faure, On the physics of
electron ejection from laser-irradiated overdense plasmas,
Phys. Plasmas 23, 063119 (2016).



6
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