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Energetic plasma beams can be generated through the interaction between a

short-pulse high-intensity laser and solid target. However, obtaining collimated

plasma beams with low divergence remains challenging. In this study, we

devised a self-collimation scheme driven by a topologically structured

Laguerre–Gaussian (LG) laser that irradiates a thin target in three-

dimensional particle-in-cell simulations. It was observed that a high-density

and narrow plasma beam could be formed by the intrinsic hollow intensity

distribution of the LG laser. A magnetic tunnel was generated around the beam

and collimated the plasma beam within a radius of hundreds of nanometers.

This collimation can be enhanced by increasing the topological charge from l =

1 to l = 3 and then destroyed for a larger l. The collimation method is promising

in applications requiring well-collimated energetic plasma beams, such as

indirect drive inertial con-finement fusion, laboratory astrophysics, and

radiation therapy.
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Introduction

With the advent of the multi-petawatt laser era, the laser pulse intensity can exceed

1022 W/cm2 [1, 2]. When such an intense laser irradiates a solid plasma target, a large

number of energetic particles are produced. In the laser-plasma interaction, the laser

firstly accelerates the electrons, then the resulting space-charge field accelerates the ions.

They move together as a neutral plasma beam that can propagate over a longer distance

than non-neutral particle beams [3]. These plasma beams can be used for fast ignition (FI)

in inertial confinement fusion [4], tumor therapy, radiographic applications, and

understanding astrophysical jet phenomena. However, all these applications require

the collimation or low beam divergence of the particle beam. In the FI in inertial

confinement fusion, this can significantly enhance the coupling efficiency of the beam to
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the compressed fusion fuel and avoid a rapid decrease in the

beam intensity away from the target [5–7].

Many experiments have demonstrated that the particles

(electrons and/or ions) beam has low collimation when using

ultrashort high-intensity lasers [8–11]. To solve this issue, a series

of simulations and experiments have been proposed to obtain an

energetic particle beam with low divergence. For example,

Alraddadi et al. used foam-filled resistive guide targets to

achieve fast electron collimation [12]. Robinson et al. [13]

used an azimuthal magnetic field pre-generated by a laser

prepulse to confine the electron beam, where radially inward

Lorentz forces played significant roles. Kar et al. [14] used a target

with a radius of curvature to acquire a focusing ion-plasma beam.

Tonican et al. [15] presented a technique for focusing ion-plasma

beams using a radial electric field from a hollow microcylinder.

However, these methods require rigorous target engineering or

multistage acceleration schemes, which may significantly affect

the stability and efficiency of most high-intensity laser-solid

interactions. Therefore, a robust collimation scheme is

important for various applications. In recent years, relativistic

Laguerre–Gaussian (LG) lasers, which have a special structure

and hollow light intensity distribution [16], have been generated

experimentally [17]. A radially inward ponderomotive force can

be generated from the hollow-distributed laser intensity and used

to collimate the electron beam.

In this paper, we present a collimation mechanism for

generating an extremely converging plasma beam. It is driven

by an ultra-intense and ultrashort vortex laser with the

topological charge l impinging on a solid plasma target. First,

a hollow-structured plasma is formed owing to the hollow

intensity distribution of the LG laser. The plasma was then

concentrated toward the central axis by the radial

ponderomotive force and accelerated forward by the

longitudinal force. As the plasma propagates, a plasma beam

with high density and current arises on the central axis.

Meanwhile, the current in the plasma beam generates a strong

magnetic tunnel that confines the plasma beam. Such collimation

methods driven by vortex lasers can potentially be applied in a

wide range of fields, such as indirect drive inertial confinement

fusion, ultrafast diagnostics, and radiation therapy.

Numerical simulation and analysis

Simulation parameter

We performed 3D PIC simulations (EPOCH code [18]) to

study the interaction between an ultra-intense ultrashort

circularly polarized LG laser pulse and a solid plasma target.

The wavelength of the laser pulse was λ0 = 0.8 μm. The laser

period is TL = λ0/c, where c is the speed of light in vacuum. The

CP LG laser can be expressed as follows:

E⊥ � a0Cl(
�
2

√
r/w0)l exp ( −

�
2

√
r/2w0)sin2 (π(x

− ct)/2L)ei kx−ωt+lφ( )â (1)

where a0 = eE0/mecω, e is the electron charge, E0 is the laser

amplitude, me is the electron mass, ω is the laser frequency, Cl =

l–l/2exp(l/2) is the normalized factor of the LG laser for each order

model, r � ������
y2 + z2

√
, w0 is the beam waist, l is the orbital angular

momentum parameter, L is the pulse length in the x direction, k is

the wave number, â � ŷ + îzσz is the direction vector, and σz =

-1 is the polarization parameter. For the simulations, we set a0 =

30, w0 = 4 μm, L = 9.9 μm, and l = 1, 2, and 3 for different

topological structures of the LG laser.

The size of the simulation box was 80 μm (x) × 16 μm (y) ×

16 μm (z), the number of cells was 800 × 320 × 320, and each cell

was filled with two macro-electrons and two macro-protons. The

mesh size is Δx = 1/10 μm and Δy = Δz = 1/20 μm. The front

surface of the target was located at x = 30 μm and the foil

thickness was 1 μm. The foil density was n = 30nc, where

nc � ω2
Lme/4πe2 = 1.1 × 1021 cm−3 is the critical density. The

foil was assumed to be fully ionized to protons and electrons

before the laser peak arrived at the target. Notably, a micrometer

plasma target can be formed by prepulse heating in the

experiments [17].

Simulation analysis

The proposed self-collimation mechanism can be divided

into three main stages: hole-boring, shock acceleration, and

transporting stages. In the hole-boring stage [19], the laser

arrives at the front surface of the target at t = 30TL and begins

to interact with the plasma target. The LG laser first pushed

the electrons to the back surface of the target, leaving the

FIGURE 1
Profiles of LG laser intensity with topological l = 1, 2, and 3.
The radius w1, w2, and w3 correspond to the maximum light field
for the topological charge of l = 1, 2, and 3.
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heavy protons behind. Subsequently, a charged separation

field between the electrons and ions is generated, accelerating

the protons in the following progress [20–23]. Figure 1

shows the hollow-structured intensity distribution of an

LG laser with l = 1, 2, and 3. This field profile generates a

radial ponderomotive force that first pushes the electrons

to the center axis. The resulting charge separation field

between the electrons and protons then drags the protons

together.

Notably, we used the normalized factor of the LG laser Cpl

(Cl=1 = 1.65, Cl=2 = 1.36, Cl=3 = 0.86 for l = 1, 2, 3) in Eq. 1 to

maintain the laser intensity for research on the effects of the

topological structure factor l on the plasma acceleration and

collimation process. These effects are compared in Figure 1,

where the maximum laser fields for l = 1, 2, 3 are at w1 = 2.83 μm,

w2 = 4 μm, w3 = 4.9 μm, respectively. It is assumed that the radial

ponderomotive force of the LG laser plays an important role,

which can be expressed as

Fr � −e2
4mew2

0

z
E| |2
zr

(2)

where -z|E|2/zr = 2|E|2(2r2/lw0
2-1)/r. According to Eq. 2, the

electrons can be accelerated to the central axis in the focusing

region (|r|<w0

����|l|/2√
), which is consistent with the laser intensity

distribution shown in Figure 1. In contrast, the electrons in the

defocus region (|r|>w0

����|l|/2√
) were pushed to both sides. It was

observed that a hollow-structured compressed plasma layer was

formed during the hole-boring stage, where the electrons

(Figures 2A–C) are first pushed toward the center axis and

then drag protons (Figures 2D–F) inward by the charge

separation field between the electrons and protons. As shown

in Figure 2, more electrons and protons are trapped in the central

region when the topological charge l increases because the size of

the focusing region w0 w0

����|l|/2√
is determined by l. Notably, the

laser is mostly completely reflected at t = 50TL by the compressed

plasma layer formed by the laser pressure in our case.

Subsequently, the plasma layer continues to travel forward

and inward in the focusing region (|r|<w0

����|l|/2√
). For the

protons, the shock acceleration mechanism plays a major role,

which can be verified by calculating the Mach numberMa = v/Cs

during interactions, where v is the shock velocity, Cs ����������
ZKbTe/mi

√
is the ion sound speed, Z is the charge number,

KbTe is the electron temperature, and mi is the ion mass. In the

case of l = 1, a shock with velocity v ≈ 0.1c was formed at x =

30.5 μm at the beginning of the interaction (t ≈ 50TL). Figure 3A

shows the features of the protons in the phase space, where the

protons in front of the target are reflected by the shock. Here, the

electron temperature ~1.1 MeV can be calculated from the

electron energy spectrum shown in Figure 3B. Therefore,

Mach number Ma = 3 can be obtained, which satisfies the

condition of electrostatic shocks (Ma > 1.5) [24], so that

shock acceleration occurs.

To clarify the part of the target that is collimated after the

shock acceleration of the target, we divided the target into two

parts: the front (30 μm < x < 30.5 μm) and the back (30.5 μm <
x < 31 μm). Figures 3C,D show that the front protons are mainly

reflected by the shock and accelerated forward. A striking high-

density plasma beam is formed around the central axis at t =

80TL. In contrast, the protons around the peak intensity of the LG

laser are mainly accelerated, and are assumed to be partially

accelerated by the target normal sheath field acceleration

mechanism [25] (see Figures 3E,F). Figure 3 shows that the

collimated plasma beam in our case was mainly formed from the

front side of the target in the shock acceleration mechanism.

When the narrow plasma beam appears on the central axis, a

negative current is formed, which can be calculated by

j � ∑
i

niqivi, where i indicate particle including electron and

proton, ni is number density, qi is electric charge, vi is velocity of

particle. Figures 4A,C show the distribution of electrons and

protons. Although they have similar spatial distributions, their

phase spaces are entirely different (see Figures 4B,D). The

average effect of the moving electron and protons caused a

negative current in the beam.

FIGURE 2
Interactions between lasers and plasma targets at t = 50TL.
The distribution of the electron density and LG laser
ponderomotive force with topological charge (A) l = 1, (B) l = 2, (C)
l = 3 are shown. The corresponding proton momentum
distribution for the case with (D) l = 1, (E) l = 2, (F) l = 3 are
compared. The gray bands represent the focusing regions.
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A narrow plasma beam with current is maintained for several

hundred laser cycles in the transporting stage because of the self-

generated magnetic field. Here, the magnetic field is assumed to

be quasistatic because it is maintained for a long time, as shown

in Figure 5 (right column). In the region near the target area

(30 μm < x < 35 μm), the magnetic field is mainly caused by the

Biermann battery effects (∇ne × ∇Te) [26,27] and does not affect
particle collimation in our case. In contrast, an elongated

magnetic field tunnel is generated when a high-density fast

electron beam with a negative current (Figures 5D–F) is

transported forward and plays a main role in collimating

particle beams. The main reason is that a clockwise magnetic

field surrounds the plasmas beam for a long time in a long size in

space (see Figures 5G–I), which can efficiently collimate electrons

in center (see Figures 5A–C). Meanwhile, that the electrons are

restricted in the narrow region can improve the collimation of the

accelerated ions.

Discussion

In the following section, the magnetic field effects on the

collimation mechanism are described. It is well-known that

the magnetic field is ∇ × B � μ0j, where μ0 is the vacuum

permeability and j is the current density. Usually, a

quantitative estimate of the relationship between the

current and magnetic fields can be obtained by employing a

rigid beam model [28] to estimate the magnetic field

generation, where a fixed current density is considered to

vary with the radius. Here, the plasma beam with current is

assumed to remain static. For simplicity, we used Gaussian

profiles to fit the average current densities, where jx = j0
exp(−r2/2R2), j0 is the maximum current density, and R is

FIGURE 3
Proton acceleration in shock acceleration stage. (A) Proton phase space at t= 50TL. The red dashed line represents the shock front. (B) Electron
energy spectrum and electron temperature at t= 50TL. Distribution of (C,D) the protons in the front of the target at t= 50TL, 80TL. Distribution of (E,F)
the protons in the back of the target at t = 50TL, 80TL.

FIGURE 4
Density distribution of (A) the electrons and (B) the protons at
t = 80TL. Phase spaces of (C) the electrons and (D) protons in the
region (r ≤ 0.2 μm, 32 μm < × < 34 μm).
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the current radius. In our simulations, j0 = 3 × 1015A/m2 (R =

0.7 μm), 7.6 × 1015A/m2 (R = 0.33 μm) and 11.5 × 1015A/m2

(R = 0.32 μm) are fitted and obtained at t = 200TL for the case

of l = 1, 2, and 3, just as shown in Figure 6A. Evidently, a larger

current density is generated for a larger l because more

electrons are trapped by the topological intensity

distributions of the LG lasers into the center region in the

cases of l = 1 and 2 in the hole-boding stage. The magnetic field

generation can then be obtained by integrating the current

density, Bφ � μ0
2π

∫ jxds

r . Evidently, the magnetic fields

calculated by the rigid beam model were almost consistent

with the simulation results, as shown in Figure 6B.

The electrons can then be collimated in a quasistatic

magnetic field with intensity B and radius Lr. Electrons with

divergence θ, speed v, and the Lorentz factor γ can be confined

and collimated in the magnetic field when the condition

Lr ≥ re(1 − cos θ) [29] is satisfied, where re = γmev/eB is the

electron Larmor radius. According to the Larmor radius, the

corresponding relation can be obtained as

Γ < 2BLre/me (3)

where Γ � γvθ2. It is assumed that more electrons can be

collimated when the strength of the magnetic field B increases

according to Eq. 3. Based on the simple analysis and results, the

FIGURE 5
Collimation results driven by different topological structured LG lasers. Longitudinal cross sections of electron particle density ne (A–C), current
density (D–F), and magnetic field (G–I) at t = 200TL for topological charge of laser l = 1 (top row), l = 2 (center row), and l = 3 (bottom row). For the
current, the forward-moving electrons in the plasma beam defined here as a negative current are indicated in blue, whereas the positive current
densities corresponding to the return current of the surrounding electrons are indicated in red.

FIGURE 6
(A) Fitted current density distribution for the case of l = 1 (blue), l = 2 (red), and l = 3 (black). (B) The magnetic field in the rigid beam model
calculation (solid line) and simulations (dotted line) for the case of l = 1 (blue), l = 2 (red), and l = 3 (black).
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beam collimation can be enhanced for l = 3 compared with the

cases of l = 1 and 2, because B is larger in Figure 5B, which is

consist with the simulation results in Figures 5A–C. It should be

noted that the electrons and protons move together as a neutral

plasma. Hence we just give the density distribution of electrons at

t = 400TL (see Figure 5).

The collimation of the plasma beams disappears with an

increase in the topological parameter l for the LG laser. For the

example of l = 5, the electrons cannot be well collimated in a long-

size tunnel t = 160TL as the case in Figure 7, although they are

focused onto a spot at x = 45 μm. This is mainly because the

intensity is smoothly distributed near the beam axis (r = 0),

resulting in a small ponderomotive force at the center and weak

concentrating effects on the plasma beam.

Conclusion

The self-collimation mechanism of an energetic plasma beam

driven by an ultra-intense and ultrashort LG laser was

demonstrated by 3D PIC simulation. A narrow plasma beam

was formed and collimated to hundreds of nanometers and

transported for a long time. On the one hand, the radial

ponderomotive force of the LG laser can first concentrate the

plasma into the center. On the other hand, such a beam can be

further self-collimated by a magnetic field tunnel for a longer

time. Studies have shown that better collimation can be achieved

by properly choosing the topological charge l of an LG laser. It is

important to achieve a better collimation effect and stable

magnetic field when l = 3. The proposed scheme provides a

simple and effective method for generating a collimated plasma

beam and magnetic tunnel, which is useful in many applications,

such as fast ignition in inertial confinement fusion, medical

therapy, and astrophysics.
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