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Strong laser-driven magnetic fields are crucial for high-energy-density physics and laboratory
astrophysics research, but generation of axial multi-kT fields remains a challenge. The difficulty
comes from the inability of a conventional linearly polarized laser beam to induce the required
azimuthal current or, equivalently, angular momentum (AM). We show that several laser beams can
overcome this difficulty. Our three-dimensional kinetic simulations demonstrate that a twist in their
pointing directions enables them to carry orbital AM and transfer it to the plasma, thus generating
a hot electron population carrying AM needed to sustain the magnetic field. The resulting multi-kT
field occupies a volume that is tens of thousands of cubic microns and it persists on a ps time
scale. The mechanism can be realized for a wide range of laser intensities and pulse durations. Our
scheme is well-suited for implementation using multi-kJ PW-class lasers, because, by design, they
have multiple beamlets and because the scheme requires only linear-polarization.

Recently, magnetic field effects in high energy density
physics (HEDP) have attracted significant interest [1–
3]. These can range from guiding of relativistic electron
beams [4] to affecting the shape of inertial fusion im-
plosions [5]. Despite significant progress, generation of
sufficiently strong and controllable macroscopic fields at
the laser facilities used for HEDP research [6–11] remains
an outstanding challenge.

Various approaches to magnetic field generation us-
ing high-power lasers have been explored in search of an
optimal mechanism and field configuration. Initial ef-
forts were focused on leveraging a circularly polarized
(CP) laser beam to generate an axial quasi-static plasma
magnetic field [12–14]. The emergence of capabilities to
create Laguerre-Gaussian (LG) high-intensity beams has
stimulated research into generation of the axial field using
such beams as well [15–18]. The strength of the plasma
field is limited by the laser’s ability to drive a strong
azimuthal current, so it is insightful to interpret the pro-
cess as a transfer of the laser’s angular momentum L to
the plasma. Here L = ε0

∫

r × [E ×B] d3r, where ε0 is
the dielectric permittivity, E and B are the electric and
magnetic fields, respectively.

Setups involving conventional linearly polarized (LP)
laser beams have also received attention, because addi-
tional optics is required to make CP or LG beams from
the conventional beams. A large-scale uniform magnetic
fields can be created by a ns laser irradiating a capaci-
tor–coil [3, 19–21]. This field can then be amplified inside
a plasma by a high intensity ps or sub-ps laser pulse [22–
25]. Relativistic electrons generated by high-intensity
laser pulses can also generate surface or bulk azimuthal
magnetic fields when streaming through a solid density
target [26–29], and these fields are beneficial for hot elec-
tron transport and electron beam collimation [13, 14, 30–
35]. Applications for longitudinal fields include guiding

of relativistic electron beams [3, 19, 36], laser-driven ion
acceleration [37, 38], magnetized atomic physics [3, 39],
and laboratory astrophysics [40].

FIG. 1. (a) Setup for axial magnetic field generation us-
ing four linearly-polarized Gaussian laser beams with twisted
pointing directions, shown with solid lines, and a structured
target. The size of each beam is shown with a color-coded
ellipse in the emitter plane (left side of the simulation box)
and in the focus plane. (b) Projections of the two planes
on to the (y, z)-plane. The parameters setting up the beam
orientation are defined in the text. (c) Surface plots of the ax-
ial magnetic field Bx after the lasers have left the simulation
box (t = 20 fs). The green, blue, and red surfaces represent
Bx/B0 = −0.1, −0.2, and −0.8, where B0 = 13.4 kT.

Generation of a large-volume strong magnetic field re-
quires significant energy that must be delivered by the
laser. Multi-kJ PW-class laser systems like LFEX [9],
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NIF ARC [10], and Petal [11] offer the highest energy that
can be delivered on a ps time scale. These lasers are all
composed of multiple LP beamlets. The multi-beamlet
configuration is not just an essential feature of the laser
system design, but also the key to advanced laser-plasma
interaction regimes [41]. The number of multi-beamlet
facilities will increase, as SG-II UP [8] is due to be up-
graded to have multiple kJ-class ps laser beams.

This Letter presents a new multi-beam approach for
efficient laser-to-plasma angular momentum (AM) trans-
fer resulting in magnetic field generation. The approach,
illustrated in Fig. 1 for four linearly-polarized Gaus-
sian beams, is motivated by the capability of multi-kJ
PW-class laser systems to provide multiple beamlets [9–
11, 42]. Our scheme eliminates the need for CP or LG
beams while offering a method for generating a field
above 10 kT in a 104 µm3 volume. Our scheme pro-
vides a plasma that can potentially be used for studies
of astrophysical objects involving strong magnetic fields
beyond the dynamic range of previous laboratory set-
tings [43, 44] and to mimic a rotating plasma environ-
ment in astrophysics [45, 46].

The role of the twist in the pointing direction,
Fig. 1(a), can be illustrated using geometrical optics.
Each laser beam is represented by a ray directed along the
wave vector ki, where i is the index numbering the beam.
The photon momentum in the i-th beam is pi = ℏki.

Consider a pair of tilted rays, k1,2 = (kx, k
(1,2)
⊥

, 0), that
intersect the (y, z)-plane at z1,2 = ±Df/2 and y1,2 = 0,
where Df/2 is the beam offset. The axial AM of a pho-
ton is [r × p]x, so the total AM of the two beams is
Lx ≈ −Nℏ(k1

⊥
−k2

⊥
)Df/2, whereN is the number of pho-

tons in each beam. The AM can be doubled by adding
two rays offset in y. The rays appear twisted, so it is ap-
propriate to refer to the calculated AM as orbital angular
momentum (OAM). They carry OAM, a distinct form of
AM, even though each beam has no intrinsic AM [47].
There are parallels to γ-ray beams carrying OAM [48–
50] composed of photons with a twisted distribution of
p.

To investigate the transfer of the OAM carried by
four laser beams, we have performed a series of three-
dimensional (3D) particle-in-cell (PIC) simulations using
a relativistic PIC code EPOCH [51]. Each beam is a
linearly polarized Gaussian beam. The duration of each
pulse is 450 fs and the peak intensity is 2.1×1020 Wcm−2.
Our target is a flat foil with sub-wavelength diameter
nanowires whose purpose is to increases the interaction
volume between the laser beams and the plasma pro-
duced by the target and thus enhances the number of
hot electrons [52]. The front and rear surfaces of the foil
are located at xf1 = 0 µm and xf2 = 4 µm. The spacing
between the wires is 2 µm, the wire length is 5 µm, and
the wire width is 0.4 µm. The entire target is initialized
as a fully ionized cold carbon plasma with an electron
density of 50nc, where nc = 1.8×1021 cm−3 is the critical
density corresponding to a laser wavelength λ = 0.8 µm.
All simulation parameters are listed in the Supplemental

Material.

The orientation of the four beams is set according to
Fig. 1. Their axes intersect a given plane perpendicular
to the x-axis with the intersection points forming vertices
of a square. We use two planes: the emitter plane (xe =
−20 µm), which is the left boundary of the simulation
box, and the focus plane (xf = −16 µm), which is the
plane where the beams have the smallest transverse size.
The twist is set by angle θ. There is no twist for θ = 0, so
that the axis of each beam and the x-axis form a plane.
We use ϕ = arctan(−Dp/S) to set the beam convergence,
where S is the distance between the emitter plane and
the focus plane and Dp is the transverse shift of the beam
axes between the two planes, as shown in Fig. 1(b). We
use ϕ = −0.27π in all simulations.

Figure 1(c) shows the magnetic field (B-field) for θ =
−0.28π at t = 20 fs. We define t = 0 fs as the time
when the laser pulses leave the simulation box. The laser-
plasma interaction takes place at t ∈ (−510,−60) fs.
The longitudinal B-field exceeds 10 kT. The volume is
around 104 µm3. The three surfaces showBx/B0 = −0.1,
−0.2, and −0.8, where B0 = 13.4 kT. Note that B0 ≡
2πmec/|e|λL, where λL = 0.8 µm is laser wavelength in
vacuum, c is the speed of light, and e and me are the elec-
tron charge and mass. To make its profile more clear, Bx

is averaged temporally over a 20 fs interval and spatially
using a box with stencil size 0.4 µm× 0.4 µm× 0.4 µm.

Owing to the approximately axisymmetric profile of
Bx, we can examine its 2D distributions in Fig. 2 with-
out missing too much information. Figure 2(a) shows the
global distribution in the (x, y)-plane. The nanowires are
between xwire = −5 µm and xf1 = 0 µm. The foil is be-
tween xf1 = 0 µm and xf2 = 4 µm. Figures 2(b)&(c)
show Bx, averaged over the azimuthal angle, as a func-
tion of x and r in front of and behind the target (note
the different color-scale ranges). We find that |Bx| can be
as high as 1.5B0 in front of the wires because the lasers
generate a higher concentration of hot electrons in front
of the foil. Reaching this amplitude is noteworthy be-
cause new phenomena of laser beam transport through a
plasma can arise at |Bx| ≳ B0 [53]. Even though Bx is
weaker behind the target, it is in the range of kT. This
confirms that our scheme indeed produces electrons car-
rying AM, as the lasers are unable to reach behind the
target to generate the B-field locally.

Figure 2(d) shows the time evolution of the average
magnetic field strength ⟨Bx⟩ in a box with −15 µm < x <
−5 µm, |y| < 5 µm, and |z| < 5 µm. The ps time scale is
comparable to that in Ref. [54], but the region containing
the magnetic field moves axially outward (away from the
target). In terms of the energy content within a region
with |y|, |z| < 15 µm, we find that the energy in the mag-
netic field (εB =

∫

B2
x/(2µ0)dV ≈ 3.0 J) is much smaller

than the kinetic energy of electrons (εe ≈ 40.0 J). The
energy of the four beams is εlaser ≈ 580 J. The energy
conversion efficiency from laser to hot electrons and from
hot electrons to the magnetic field are both around 10%.
The overall conversion efficiency is two orders of magni-
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FIG. 2. (a) Axial magnetic field in the (x, y)-plane at t =
20 fs. (b)&(c) Angle-averaged axial magnetic field as a func-
tion of x and r at t = 20 fs. The nanowire region is at
xwire < x < xf1. The foil is at xf1 ≤ x ≤ xf2. (d) Time
evolution of the volume-averaged magnetic field within a box
with −15 µm < x < xwire, |y| < 5 µm, and |z| < 5 µm.
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FIG. 3. (a) Angle-averaged azimuthal current density jθ at
t = 20 fs as a function of x and r. (b), (c), and (d) jθ in
the (y, z)-plane at three different locations with x = xb, xc,
and xd. Note the significant difference in color-scales between
the three panels introduced to improve visibility. The current
density is normalized to j0 = −|e|cnc = −8.25× 1016 A/m2.

tude higher than that for a laser-driven coil in Ref. [2].
To confirm that the twist angle θ rather than the polar-

ization is the key parameter, we performed a simulation
without the twist (θ = 0) and a simulation with an op-
posite twist to the original direction (θ = 0.28π). We
found that no axial magnetic field is generated without
the twist and that Bx reverses its direction when we re-
verse the twist. The azimuthal B-field is generated in all
three cases due to the ubiquitous axial current driven by
the laser pulses. We also performed a simulation with the

original setup but randomly selected direction of the E-
field polarization in each laser beam. The angle-averaged
Bx is similar to the Bx in Fig. 2, confirming that laser
polarization has only a secondary effect on the magnetic
field generation in our setup.
In the remainder of this letter we focus on the region

in front of the target. We start with an analysis of the
azimuthal current density jθ that is thought to be respon-
sible for the axial magnetic field generation. Figure 3(a)
shows jθ, averaged over the azimuthal angle, in the (x, r)-
plane at t = 20 fs. The direction of jθ alternates in the
nanowire region [x ∈ (−5, 0) µm]. The underlying cause
is the presence of strong nonuniformities in the ion den-
sity associated with the original nanowires.
Transverse distributions of jθ in the (y, z)-plane at dif-

ferent x positions (xb, xc, xd) are shown in Fig. 3(b-d).
These positions are marked by dashed lines in Fig. 3(a).
In agreement with Fig. 3(a), |jθ| is the biggest at xd and
the smallest at xb. To perform an order of magnitude es-
timation for the maximum value of |Bx|, we assume that
jθ is uniform inside a cylinder of radius R and length ∆x.
Then the Biot-Savart law [55] yields

max |Bx| ≈
µ0

2

∫ R

0

∫ ∆x

−∆x

|jθ|r
2dxdr

(r2 + x2)3/2

= µ0|jθ|∆x arsinh(R/∆x), (1)

where µ0 = 1.26× 10−6 H/m is permeability in vacuum.
According to Fig. 3(a), we can set R ≈ ∆x ≈ 5 µm.
In Fig. 3(d), the current density reaches |jθ| ≈ 0.05|j0|,
where j0 ≡ −|e|cnc. Using this value, we obtain
max |Bx| ∼ 20 kT, which is close to the peak magnetic
field, Bx ∼ 1.5B0, in Fig. 2(b).
To quantify the rotating effect of the plasma, we com-

puted the density of the axial AM for electrons and ions.
Due to the significant difference in mass, the ratio of
the axial AM absorption between electrons and ions is
ηei ≈ 0.01. We can estimate the AM density of hot elec-
trons using the azimuthal current density. We write the
AM density of electrons as Lxe ≈ rγamenevθ, where γa is
the relativistic gamma-factor, ne is the number density,
and vθ is the effective azimuthal velocity. We set vθ ≈
−jθ/|e|ne to find that Lxe ≈ rγamejθ/|e|. For r = w0

and γa ≈
√

1 + a20 ≈ 10, we have Lxe ≈ 1.6 kg/m-s. Us-
ing the electron density from simulations, ne ≈ 1027 m−3,
we find that the rotating velocity is around vθ ≈ 0.1c.
Our setup produces a rotating plasma environment with
electron density and rotation velocity two orders of mag-
nitude higher than an LG beam in [16].
The OAM transfer from the laser beams to the

electrons can be determined using the conservation of
AM [12, 15, 54]. The OAM of absorbed laser photons is
transferred to electrons and ions, with the electron frac-
tion equal to ηei. Then, based on the photon absorption,
the axial AM density of the electrons is roughly

Lex(x, r) ≈
ηηei
xκ

0.75τgI0
c

sin(ϕ) sin(θ)Dxr,

Dxr = rex/xκ−2(r−Df/2)
2/w2

0 , (2)
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FIG. 4. Volume-averaged magnetic field |⟨Bx⟩| as a function
of peak laser intensity I0 (blue asterisk markers) and laser
pulse duration τg (red square markers). The averaging is per-
formed within a box with −15 µm < x < xwire, |y| < 5 µm,
and |z| < 5 µm. The dashed curves (blue and red) show the
fits based on Eq. (3).

where I0 is the peak intensity of the incident laser pulses
and τg is their duration. For simplicity, we assume that
the absorption coefficient fabs of the laser intensity over
the axial distance is fabs = f0 exp(x/xκ). We find from

the simulation that η =
∫ x=0

x=xe
fabsdx ≈ xκf0 ≈ 0.1 (xκ ≈

3 µm). We use r = Df/2 = 6 µm and x = 0 µm to find
the peak AM density of the electrons, Lex ≈ 2.4 kg/m-s.
This result is on the same scale as the peak AM density
(≈ 6.9 kg/m-s) in our simulations. It is also close to the
result (≈ 1.6 kg/m-s) calculated using jθ in Fig. 3. The
peak AM density in the simulation exceeds our model’s
prediction, which may be due to the locally positive AM
density in the nanowire region. According to Eq. (2),
the axial B-field can be controlled by changing the sign
of twist angle θ, which has been confirmed in the Supple-
mental Material. Our model ignores the dependence of
fabs on such parameters like I0, ϕ, and θ, but the actual
absorption mechanism may be more complex [56–58]. Us-
ing Lex, we can obtain the azimuthal current density and
the associated axial B-field,

Bx ∝
jθ(x, r)

j0
∝ (ηηei)

a20
γa

cτg
xκ

Dxr

r
sin(ϕ) sin(θ). (3)

To investigate the robustness of this mechanism to
the choice of laser parameters, we perform scans over
laser peak intensity I0 and pulse duration τg. The de-
pendence of the volume-averaged longitudinal field on
I0, shown in Fig. 4 with asterisk markers, matches well
the dependence given by Eq. (3) and shown with the
blue dashed line. The blue dashed line is |⟨Bx⟩|[kT]

= 0.85a20/
√

1 + a20. Even at I0 ≈ 3 × 1019W/cm2

(a0 = 4), the axial magnetic field strength can be as

high as 5 kT. The pulse duration scan, shown in Fig. 4
with square markers, is performed for a fixed peak inten-
sity of I0 ≈ 2.1× 1020W/cm2 (a0 = 10). The red dashed
line, |⟨Bx⟩| [kT] = 0.024τg[fs], has the same dependence
on τg as that given by Eq. (3). The laser pulse duration
is believed to affect the number of hot electrons and, as a
result, the magnetic field generation. For τg as small as
30 fs, we can still get a volume-averaged magnetic field
of 1.3 kT. Additional simulations with a laser wavelength
of 1.053 µm produce similar results, confirming that our
scheme is applicable to both Ti:Sa and neodymium-based
lasers.

In summary, we have demonstrated via 3D kinetic sim-
ulations a novel mechanism for generating a multi-kT
axial magnetic field using multiple regular laser pulses.
The twist in the pointing direction of the pulses is the
key to driving an azimuthal plasma current that sustains
the magnetic field. The twist angle is a convenient con-
trol knob for adjusting the direction and magnitude of
the axial magnetic field. The field occupies a volume
that is tens of thousands of cubic microns and it per-
sists on a ps time scale. The mechanism can be realized
for a wide range of laser intensities and pulse durations.
Our scheme requires just regular linearly-polarized laser
beams, which makes it suitable for implementation at ex-
isting and future multi-kJ PW-class laser facilities that,
by design, have to have multiple beamlets [9–11, 41, 59],
including the SG-II UP facility [8] that is expected to
have multiple kJ-class ps pulses in the near future.
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Lett. 121, 054801 (2018).

[18] R. Nuter, P. Korneev, I. Thiele, and V. Tikhonchuk,
Physical Review E 98, 033211 (2018).

[19] S. Sakata, S. Lee, H. Morita, T. Johzaki, H. Sawada,
Y. Iwasa, K. Matsuo, K. F. F. Law, A. Yao, M. Hata,
A. Sunahara, S. Kojima, Y. Abe, H. Kishimoto,
A. Syuhada, T. Shiroto, A. Morace, A. Yogo, N. Iwata,
M. Nakai, H. Sakagami, T. Ozaki, K. Yamanoi, T. Nori-
matsu, Y. Nakata, S. Tokita, N. Miyanaga, J. Kawanaka,
H. Shiraga, K. Mima, H. Nishimura, M. Bailly-
Grandvaux, J. J. Santos, H. Nagatomo, H. Azechi, R. Ko-
dama, Y. Arikawa, Y. Sentoku, and S. Fujioka, Nature
communications 9, 3937 (2018), 30258053[pmid].

[20] I. V. Kochetkov, N. D. Bukharskii, M. Ehret, Y. Abe,
K. F. F. Law, V. Ospina-Bohorquez, J. J. Santos, S. Fu-
jioka, G. Schaumann, B. Zielbauer, A. Kuznetsov, and
P. Korneev, Scientific Reports 12, 13734 (2022).

[21] H. Morita and S. Fujioka, Reviews of Modern Plasma
Physics 7, 13 (2023).

[22] M. Murakami, J. J. Honrubia, K. Weichman, A. V. Are-
fiev, and S. V. Bulanov, Scientific Reports 10, 16653
(2020).

[23] Y. Shi, K. Weichman, R. J. Kingham, and A. V. Arefiev,
New Journal of Physics 22, 073067 (2020).

[24] T. C. Wilson, Z.-M. Sheng, B. Eliasson, and
P. McKenna, Plasma Physics and Controlled Fusion 63,
084001 (2021).

[25] M.-A. H. Zosa, Y. J. Gu, and M. Murakami,
Applied Physics Letters 120, 132403 (2022),
https://doi.org/10.1063/5.0081115.

[26] J. R. Davies, A. R. Bell, and M. Tatarakis, Physical
Review E 59, 6032 (1999).

[27] A. Robinson, D. Strozzi, J. Davies, L. Gremillet, J. Hon-
rubia, T. Johzaki, R. Kingham, M. Sherlock, and
A. Solodov, Nuclear Fusion 54, 054003 (2014).

[28] L. G. Huang, H. Takabe, and T. E. Cowan, High Power
Laser Science and Engineering 7, e22 (2019).

[29] J. M. Tian, H. B. Cai, W. S. Zhang, E. H. Zhang, B. Du,
and S. P. Zhu, High Power Laser Science and Engineering
8, e16 (2020).

[30] L. Gorbunov, P. Mora, and T. M. Antonsen, Jr., Physical
Review Letters 76, 2495 (1996).



6

[31] Z. M. Sheng, J. Meyer-ter Vehn, and
A. Pukhov, Physics of Plasmas 5, 3764 (1998),
https://doi.org/10.1063/1.872986.

[32] A. R. Bell and R. J. Kingham, Phys. Rev. Lett. 91,
035003 (2003).

[33] J. Zheng, K. A. Tanaka, T. Sato, T. Yabuuchi, T. Ku-
rahashi, Y. Kitagawa, R. Kodama, T. Norimatsu, and
T. Yamanaka, Phys. Rev. Lett. 92, 165001 (2004).

[34] V. Kaymak, A. Pukhov, V. N. Shlyaptsev, and J. J.
Rocca, Phys. Rev. Lett. 117, 035004 (2016).

[35] F. Zhang, H. B. Cai, W. M. Zhou, Z. S. Dai, L. Q. Shan,
H. Xu, J. B. Chen, F. J. Ge, Q. Tang, W. S. Zhang,
L. Wei, D. X. Liu, J. F. Gu, H. B. Du, B. Bi, S. Z. Wu,
J. Li, F. Lu, H. Zhang, B. Zhang, M. Q. He, M. H. Yu,
Z. H. Yang, W. W. Wang, H. S. Zhang, B. Cui, L. Yang,
J. F. Wu, W. Qi, L. H. Cao, Z. Li, H. J. Liu, Y. M. Yang,
G. L. Ren, C. Tian, Z. Q. Yuan, W. D. Zheng, L. F. Cao,
C. T. Zhou, S. Y. Zou, Y. Q. Gu, K. Du, Y. K. Ding,
B. H. Zhang, S. P. Zhu, W. Y. Zhang, and X. T. He,
Nature Physics 16, 810 (2020).

[36] W.-M. Wang, P. Gibbon, Z.-M. Sheng, and Y.-T. Li,
Phys. Rev. Lett. 114, 015001 (2015).

[37] A. Arefiev, T. Toncian, and G. Fiksel, New Journal of
Physics 18, 105011 (2016).

[38] K. Weichman, A. P. L. Robinson, M. Murakami, J. J.
Santos, S. Fujioka, T. Toncian, J. P. Palastro, and
A. V. Arefiev, Physics of Plasmas 29, 053104 (2022),
https://doi.org/10.1063/5.0089781.

[39] D. Lai, Rev. Mod. Phys. 73, 629 (2001).
[40] F.-L. Wang, X.-X. Pei, B. Han, H.-G. Wei, D.-W. Yuan,

G.-Y. Liang, G. Zhao, J.-Y. Zhong, Z. Zhang, B.-J. Zhu,
and et al., High Power Laser Science and Engineering 4,
e27 (2016).

[41] A. Morace, N. Iwata, Y. Sentoku, K. Mima, Y. Arikawa,
A. Yogo, A. Andreev, S. Tosaki, X. Vaisseau, Y. Abe,
S. Kojima, S. Sakata, M. Hata, S. Lee, K. Matsuo,
N. Kamitsukasa, T. Norimatsu, J. Kawanaka, S. Tokita,
N. Miyanaga, H. Shiraga, Y. Sakawa, M. Nakai,
H. Nishimura, H. Azechi, S. Fujioka, and R. Kodama,
Nature Communications 10, 2995 (2019).

[42] C. Hernandez-Gomez, S. P. Blake, O. Chekhlov, R. J.
Clarke, A. M. Dunne, M. Galimberti, S. Hancock,
R. Heathcote, P. Holligan, A. Lyachev, P. Matousek, I. O.
Musgrave, D. Neely, P. A. Norreys, I. Ross, Y. Tang,
T. B. Winstone, B. E. Wyborn, and J. Collier, Journal
of Physics: Conference Series 244, 032006 (2010).

[43] A. M. Beloborodov, Phys. Rev. Lett. 128, 255003 (2022).

[44] H. Takabe and Y. Kuramitsu, High Power Laser Science
and Engineering 9, e49 (2021).
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[47] K. Y. Bliokh, F. J. Rodŕıguez-Fortuño, F. Nori, and
A. V. Zayats, Nature Photonics 9, 796 (2015).

[48] C. Liu, B. Shen, X. Zhang, Y. Shi, L. Ji, W. Wang, L. Yi,
L. Zhang, T. Xu, Z. Pei, and Z. Xu, Physics of Plasmas
23, 093120 (2016), https://doi.org/10.1063/1.4963396.

[49] Y.-Y. Chen, J.-X. Li, K. Z. Hatsagortsyan, and C. H.
Keitel, Phys. Rev. Lett. 121, 074801 (2018).

[50] Y.-Y. Chen, K. Z. Hatsagortsyan, and C. H. Keitel,
Matter and Radiation at Extremes 4, 024401 (2019),
https://doi.org/10.1063/1.5086347.

[51] T. Arber, K. Bennett, C. Brady, A. Lawrence-
Douglas, M. Ramsay, N. Sircombe, P. Gillies, R. Evans,
H. Schmitz, A. Bell, and C. Ridgers, Plasma Physics and
Controlled Fusion 57, 113001 (2015).

[52] S. Jiang, L. L. Ji, H. Audesirk, K. M. George, J. Snyder,
A. Krygier, P. Poole, C. Willis, R. Daskalova, E. Chowd-
hury, N. S. Lewis, D. W. Schumacher, A. Pukhov, R. R.
Freeman, and K. U. Akli, Phys. Rev. Lett. 116, 085002
(2016).

[53] D. Wu, W. Yu, Z. M. Sheng, S. Fritzsche, and X. T. He,
Phys. Rev. E 101, 051202 (2020).

[54] A. Longman and R. Fedosejevs, Phys. Rev. Research 3,
043180 (2021).

[55] J. D. Jackson, Electrodynamics (Wiley Online Library,
1975).

[56] F. Brunel, The Physics of Fluids 31, 2714 (1988),
https://aip.scitation.org/doi/pdf/10.1063/1.867001.

[57] M. C. Levy, S. C. Wilks, M. Tabak, S. B. Libby, and
M. G. Baring, Nature Communications 5, 4149 (2014).

[58] A. Grassi, M. Grech, F. Amiranoff, A. Macchi, and
C. Riconda, Phys. Rev. E 96, 033204 (2017).

[59] W. Yao, M. Nakatsutsumi, S. Buffechoux, P. Antici,
M. Borghesi, S. N. Chen, E. d’Humières, L. Gremillet,
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