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Abstract

Precise control of the laser focal position in the relativistic laser—plasma interaction is crucial for electron acceleration,
inertial confinement fusion, high-order harmonic generation, etc. However, conventional methods are characterized by
limited tunability and rapid divergence of the relativistic laser pulse after passing through a single focal point. In this
work, we propose a novel plasma lens with a density gradient to achieve laser focusing in a tunable focal volume.
The capacity depends on the modification of the phase velocity of the incident seed laser propagating in plasma. By
modifying the plasma density gradient, one can even achieve an off-axis focusing plasma lens, allowing the laser to be
focused further at an adjustable focus. Based on this new type of optical device, a beam-splitting array is also proposed to
leverage this unique focusing mechanism for the generation of strong axial magnetic fields (>1000 T). Three-dimensional
particle-in-cell simulations demonstrate that the seed laser with a focal spot of 9 wm passing through the density varying
plasma lens exhibits a focused laser with a focal spot of approximately 2.3 pm and an 18 times enhancement of the
laser intensity. The approach has considerable potential for applications in several areas, including laser-driven particle
acceleration, X/y-ray emission, strong magnetic field generation, etc.
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1. Introduction novel optical devices, which offer damage thresholds

several orders of magnitude higher than those of solid-
In recent decades, there has been a notable advancement  state optics!*~'”). Over the past two decades, various
in the field of laser technology, with the emergence of  advanced plasma-based optical elements have been shown
revolutionary new techniques and applications, for example,  to effectively regulate the temporal contrast'*l, phase!'*!,
chirped pulse amplification (CPA)'! and optical parametric ~ polarization!””!, duration!'®! and intensity!'”! of relativistic
chirped pulse amplification (OPCPA)®!, paving the way for laser pulses. In particular, the utilization of plasma to focus
novel avenues of fundamental research in domains such laser pulses as a means of modulation to augment laser
as high-energy-density physics’>~/), laser-assisted nuclear intensity has recently garnered considerable attention!'®=2%],

physics®1%! and attosecond science!''l. The Station of Due to the small focal spots and exceptionally high
Extreme Light (SEL) has been upgraded to allow for the intensity, focused lasers have a wide range of applications
amplification of laser focusing intensity up to 10** W/cm?, in fields as diverse as novel particle accelerators”’~*!, high-

with a power output of up to 100 PW!'’l. However, due to  order harmonics**~*!, X/y-ray generation**~**! and inertial

the damage thresholds of conventional solid-state optical ~ confinement fusion*”*’!, The focusing of a laser pulse
components, the generation and manipulation of high- can normally be categorized into two distinct types: axial
intensity laser pulses have become progressively more focusing and off-axis focusing. Axial focusing involves the
arduous as the peak intensity of lasers increases. To address concentration of the laser beam along the propagation axis,
this challenge, extensive research has been conducted whereas off-axis focusing results in a laser beam focusing
on plasma-based optical components, a new concept of  away from the propagation axis. Up to now, a plethora of
studies have already been conducted to focus relativistic
laser pulses axially!'®->%#!1 for example, plasma mirrors!'®,
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Figure 1. (a) Schematic representation of the ability of the proposed novel plasma lens with a density gradient. The plasma lens can focus the output laser
at the designated locations C (fmin,0,0), D (fmax,0,0) and E (xt,0,0), respectively. (b) Phase profiles of the axial focusing plasma lens and (c) the off-axis

focusing plasma lens.

Plasma, as an optical component to focus the laser, has
been demonstrated to substantially reduce the focal spot
radius and augment the laser intensity. However, in these
approaches the laser pulse is focused on a single focal point,
and the focus position cannot be arbitrarily adjusted. In
comparison with axial focusing, off-axis focusing has been
shown to offer a number of advantages. These include a
wider field of view, better aberration correction, shorter
optical paths and higher resolution!*”*1. In particular,
it is also possible to focus a laser pulse on a specified
position*“*%! promising many potential applications in, for
example, spectrometers'*®!, wavelength demultiplexers'*’!
and head-mounted displaysi*®. Nevertheless, there is
currently no effective method for achieving off-axis focusing
at relativistic laser intensity using plasma.

Here, we propose a novel plasma lens with a density
gradient to achieve laser pulse focusing in a tunable focal
volume efficiently. In this scenario, the phase velocity of
laser propagation in the plasma is well controlled by adjust-
ing the density distribution of the plasma lens, enabling
the laser to focus in a tunable focal volume. This tunable
characteristic enables precise control over electron trapping
and acceleration, holding great potential for generating high-
quality, stable and tunable electron beams'*’!. Furthermore,
it may allow the optimization of laser ignition efficiency
through controlled adjustment of the focal length®’!, Using
such a plasma lens with tunable density distribution, we also
achieve off-axis focusing, allowing the laser to be focused
further at an adjustable focus, as schematically shown in
Figure 1. Three-dimensional particle-in-cell (3D-PIC) sim-
ulations demonstrate that an incident Gaussian laser with the
intensity of 1.3 x 10'® W/cm? passing through the plasma
lens can attain laser focusing within a tunable focal volume,
leading to an output intensity of 2.34 x 10" W/em? (~18
times enhancement). The energy transmission efficiency to
the output laser is up to 61.16%. With such an off-axis focus-
ing lens, we have devised a beam-splitting array that enables

the generation of a strong axial magnetic field (>1000 T).
This capability may manifest its advantages in future experi-
ments aimed at inertial confinement fusion®'->?!, laser-driven
ion acceleration®’, magnetized atomic physics®™*, etc.

2. Theory and numerical simulation

The incident laser phase velocity v, is modulated by the
density distribution of the proposed novel plasma lens,
in accordance with the formula v, = ¢//T—ne/yLnc>
Here n. is the local electron density of plasma, n. =
(mea)g) / (4ne2) = 1.1 x 10*! cm ™ is the critical density cor-
responding to laser wavelength Ao = cT, e is the unit charge,
c is the speed of light in vacuum, m, is the electron mass, w
is the laser frequency, Ty is the laser cycle, y. = /1 +a?/2
is the relativistic factor for a linearly polarized (LP) laser,
a = apexp(—(r/op)?) is the transverse electric field
distribution of the Gaussian laser, ag = (eEy) / (mecwy) is the
laser electric field normalized amplitude, Ey is the electric
field amplitude, r is the distance with regard to the optical
axis and oy is the focal radius of the Gaussian laser. The
passage of Gaussian laser pulses through the plasma lens
follows Fermat’s principle!®!:
/LAd+FA=MBd+FB. (1)
Here, d denotes the thickness of the plasma lens, while
ua and up represent the refractive indices at two arbitrary
positions A and B on the plasma lens. The variables F4 and
Fp signify the distances from these two points to the focal
point. Figure 1(a) illustrates the laser focusing principle in
a schematic way, while Figures 1(b) and 1(c) present the
phase distributions of plasma lenses with distinct focusing
capacities. Since the refractive index follows u = c¢/vy,
this allows for a radial variation in the plasma density.
Therefore, to achieve laser focusing at a designated position,
we can fix the refractive index distribution of the lens using
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Figure 2. (a) Schematic diagram of an incident laser irradiating a density varying plasma lens to produce a focusing output laser. The projections in front of
and behind the box are the electric field distributions on the (y,z) plane of the incident and the output laser, respectively. The 3D electric field distributions of
the incident and output laser are shown along the direction of laser propagation. The laser intensity distributions of the incident and output laser are shown
at the bottom of the box. (b) Density distribution of the plasma lens as used in (a). (c) Evolution of the laser electric field distributions Ey on the (x,y) plane.

Equation (1), which introduces a spatially varying phase
delay, enabling precise laser focusing at the desired position.
By establishing the minimum density of the plasma lens
(np), it becomes possible to get the plasma density of the
lens at any given point by the following:

neznnc<1—</1—ﬁ——v’2+ﬁﬁ“>), ®)

where f,, is the corresponding focal length, ranging from
Jinin 1O fmax. Figure 2 illustrates the focal volume of the laser
focusing after the laser passes through the plasma lens.

The proposed methodology has been demonstrated using
3D-PIC simulations performed with the relativistic electro-
magnetic code EPOCHP"). In our simulations, the grid size
of the simulation box is 40 um x 24 pm x 24 pm in the
x Xy x z directions, which is sampled by 800 x 480 x 480
cells with six macro-particles per cell. The incident laser
is an LP Gaussian laser pulse with the wavelength of Xy =
1 pwm and a focal radius of oy = 9Ay. The laser initiates its
propagation along the x-direction from the left-hand bound-
ary at t+ = 0. The incident laser electric field normalized
amplitude is ap = 1, and full duration is t = 67}. The laser—
target interaction is schematically shown in Figure 2(a), with
the target composed of fully ionized carbon ions, hydrogen
ions and electrons. As illustrated in Figure 2(b), the plasma
density distribution exhibits a gradient along the radial
direction within a plasma lens radius R = 10A(. The plasma
density follows the gradient as defined by Equation (2), with
a minimum value of ny = 0.1n, and a maximum value of
0.92n.. In the simulations, one sees that the plasma lens

can focus the laser in a designed focal volume, which can
be tuned from fin tO fiax, for example, fiin = 204 and
Jfmax = 30X¢. Figure 2(c) schematically illustrates the evolu-
tion of laser focusing. The lens is located between x = 31,
and x = 5.54¢ with the thickness of d = 2.5A¢. In the experi-
ment, the aerofluorescent graphene substrate can be utilized,
boasting a density as low as 0.16 kg/m?, corresponding to a
fully ionized plasma density of 0.028n.1°%%"!. This substrate
exhibited commendable conductivity and thermal stability.
The 3D printing technique may be employed to prepare
the plasma lens with a density gradient as expected in our
scenariol®' 03,

Figure 3(a) shows the intensity evolution of the output
laser in the (x,y) plane at five different times from ¢t = 87
to 34Ty. The incident laser pulse is progressively focused
after passing through the plasma lens, resulting in a gradual
increase in the laser intensity. At t = 347, the peak intensity
of the output laser can reach 2.34 x 10" W/cm?, an order of
magnitude higher than the incident laser pulse. In order to
assess the plasma lens performance, the Fresnel-Kirchhoff
diffraction formula is used to predict analytically the electric
field component of the output laser. Here, the diffracted
electric field can be expressed as follows [4:

E(y,2) =5 [[uo (v,2)1(y,2) k(6) 222dydz,  (3)

where p = /(x—x)+ =y + (=% w0 () = a
represents the transverse electric field distribution of the
incident Gaussian laser, k () = w is the incli-
nation factor with (n,r) the angle at which the laser deviates
from the original optical path after diffraction occurs in
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Figure 3. (a) Evolution of the output laser intensity / from # = 87 to 347.
(b)-(d) The transverse electric field distribution of Ey at different sections
from x = 26.2)( to 28.21¢ at t = 30T (simulation results). The transverse
circles represent the laser intensity contours. (e)—(g) The same as (b)—(d),
but from the Fresnel-Kirchhoff diffraction formula.

the plasma lens and (n,rp) is the angle at which the laser
reaches the plasma lens from the laser source. Here, the
phase modulation function t(y’, z/) of the plasma lens can
be obtained by the following/®>':

t(y.2) =% <fm -/ <x—x')2+(y—y')2+(z—z’>2> :
)

The phase changes of the laser pulse after passing through
plasma lenses with varying density distribution are shown in
Figures 1(b) and 1(c).

Figures 3(b)-3(d) show the evolution of the trans-
verse electric field distribution in the simulations, while
Figures 3(e)-3(g) show the theoretical results from
Equation (3). It can be observed that both agree remarkably
well with each. This indicates that the laser focusing was
realized by the incident laser passing through the proposed
plasma lens.

According to Equation (2), the density of the plasma
lens is determined by both the incident laser and the target
parameters. In practice, the laser pre-pulse may influence
the lens design to some extent. Presently, ultra-intense fs
lasers have achieved significantly improved contrast ratios,
allowing our scheme to design the lens and control the focal
position with greater precision. Figure 4(a) shows the effects
of the plasma lens thickness d, incident laser focal radius
oo and the maximum value of the focal volume f,.x on the
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Figure 4. (a) Effects of plasma lens thickness d (2A¢ to 5A¢), laser spot size
09 (619 to 9Ap) and the maximum value of the focal volume fax (2540 to
55i0) on the maximum density of the plasma lens when the incident laser
parameter is ap = 1. (b) Transverse section of the output laser intensity
at x = 28A¢ and t = 337). (c) Distribution of the laser intensity along the
x-axis from ¢t =237 to 337). (d) Evolution of the laser energy transmission
efficiency from the incident laser pulse to the output laser pulse (here, the
gray area marks the distribution of the focal volume along the x-axis).

maximum density of the plasma lens when the incident laser
parameter is ay = 1. The objective of this study is to evaluate
the extent to which the three parameters under consideration
affect the plasma density of the lens. We investigated the
change in the plasma density of the lens on the (d,fnax),
(d,00) and (fmax,00) planes by selecting six points each in
the ranges from d = 2y to 2.5%y, 0p = 6Ap to 9Ap and
fmax = 25X9 to 55A¢. As illustrated in Figure 4(a), the
variation in plasma density is found to be minimally affected
by the parameter oy when either d or fi.x is kept constant,
for both (d,00) and (fnax, 00) planes. This indicates that the
plasma density is primarily controlled by the thickness d
of the plasma lens and the maximum value of the focal
volume fi,.x, insensitive to the incident laser focal radius oy.
Figures 4(b) and 4(c) show the intensity distribution of the
output laser in the transverse section at x = 281 (# = 337p)
and along the x-axis, respectively. The results indicate that
when x = 23X, the intensity of the output laser is sig-
nificantly enhanced within the focal volume region. This
demonstrates a long focal volume of the output laser pulse
produced, which is a unique feature of the plasma lens
proposed. Due to the focusing capability of the plasma
lens, the intensity of the resulting focused laser can reach
10® W/cm?, with a focal radius of approximately 2.3%.
In addition, the evolution of the laser energy transmission
efficiency was also investigated. Here, the total electro-
magnetic energy of the output laser can be calculated as
Ejaser = 5 [ (80E* + (1/110) B*) dV, with & the permittivity
of vacuum and p the permeability of vacuum. As shown
in Figure 4(d), the output laser maintains a high-energy
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Table 1. The maximum density (s¢, max) of the plasma
lens corresponding to different laser electric field nor-
malized amplitudes (ag) and thicknesses of the plasma

lens (d).

ap d(Xo) Ne, max (n¢)
1 2 0.99
1 2.5 0.92
1 3 0.84
1 4 0.70
1 5 0.61
3 2.5 1.04
5 2.5 1.34
7 2.5 1.74
10 2.5 2.38

transmission efficiency within the focal volume, reaching a
maximum of 61.16% at t = 36T,. There has been a lot of
previous work using plasma lenses to achieve laser pulse
amplification; for instance, some have demonstrated that
the energy transmission efficiency of laser focusing using
a holographic plasma lens is approximately 65%!*'!, while
employing a laser-driven plasma lens can enhance the effi-
ciency to nearly 60%!°!. Obviously, the energy transmission
efficiency achieved via our proposed scheme is comparable
to the existing research results. However, except for the laser
focusing capability, our proposed scheme offers a distinct
advantage: it enables laser focusing within a tunable focal
volume and maintains a high laser intensity distribution
throughout the focal volume. This effectively avoids the
issue of rapid divergence of the laser pulse after passing
through the focal point and achieves control of the focus
position, expanding its application potential in particle accel-
eration®®%7! inertial confinement fusion®®, etc.

The effects of the incident laser parameter ap and the
thickness of the plasma lens d on the focused laser were
also investigated. According to Equation (2), the density
of the plasma lens varies with changes in the incident
laser relativistic factor y; and the plasma lens thickness d.
Furthermore, y; is governed by the ay. Table 1 presents
the maximum density of the plasma lens corresponding to
different ap and d values. The effect of the incident laser
parameter ag on the energy transmission efficiency n (black
circles), the ratio of the focused laser intensity to the incident
laser intensity /Iy (red circles) and the focal radius oy
(blue circles) of the focused laser, as shown in Figure 5(a),
are discussed. It can be seen that when the incident laser
parameter ay = 1, the energy transmission efficiency reaches
61.16% and the focal radius can be reduced to approximately
2.3)¢. The corresponding ratio of the intensity of the focused
laser to the incident Gaussian laser is as high as 18. As
the intensity of the incident laser increases, the laser is
still amplified. The simulation results demonstrate that the
plasma lens designed can still achieve a focusing function
at the incident laser parameter of ay = 10. However, as
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Figure 5. The laser energy transmission efficiency to the output laser (1,
black circles), the ratio of the output laser intensity to the incident laser
intensity (//1p, red circles) and the output laser focal radius (o9, blue circles)
varying with (a) the laser electric field normalized amplitude ag and (b) the
thickness of the plasma lens d (ap = 1).

the incident laser intensity rises, controlling the laser focal
volume becomes challenging. Through additional 3D-PIC
simulations, it is found that the plasma lens can maintain
the focused laser intensity within a desired focal volume
when ag < 20. Figure 5(b) demonstrates the impact of
the thickness d on the energy transmission efficiency, the
amplification factor and the focal radius of the focused laser.
One sees that at ap = 1, variations in thickness result in
only minor alterations to the energy transmission efficiency,
magnification ratio and focal radius of the focused laser. This
validates the robustness of the plasma lens proposed in our
scenario.

3. Off-axis relativistic laser focusing via the density
gradient plasma lens

By leveraging the controllable focal position characteristics,
our scheme can also achieve off-axis focusing. The density of
the plasma lens designed in our study is adjustable, allowing
for the control of the phase velocity of laser propagation
in the plasma by changing the density gradient of the
plasma lens. This process alters the refractive index of the
plasma lens and focuses the laser to an adjustable off-axis
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Figure 6. (a) Plasma density distribution of the off-axis focusing plasma lens. (b) Electric field distribution E), of the output laser on the (x,z) plane between
x = 10Xxp and 20A¢ at r = 207y. (c) Poynting vector S on the (x,z) plane between x = 10Ao and 201 at r = 207y. Here, the arrows represent the direction of

the Poynting vector.

position E (x;,y;,zf), as schematically shown in Figure 1.
In our simulations, the focus position is (214, 0%y, — 6A¢).
Figure 6(a) illustrates the density distribution of the off-
axis focusing plasma lens. Here, the radius of the plasma
lens is set with R = 5X, the thickness d = 34, the density
distribution follows Equation (2) and the minimum density
ny = 0.1n.. Figures 6(b) and 6(c) depict the distributions of
the electric field and the Poynting vector of the output laser
in the (x,z) plane, respectively. Here, the Poynting vector
can be calculated by S = E x B, with E and B being the
electric and magnetic fields, respectively. The distributions
are shown at the moment after the incident laser has passed
through the plasma lens at # = 207j. It can be observed from
Figure 6(b) that the propagation direction of the laser is sig-
nificantly deflected toward the focal position after traversing
the plasma lens. The arrows in Figure 6(c) represent the
direction of the Poynting vector, directed toward the focus,
providing further evidence of the efficacy of the off-axis
focusing ability. To the best of our knowledge, this is the
first proposed use of the plasma lens for off-axis focusing,
which may have potential applications in the collection and
focusing of long filament plasma-based THz pulses!®”].

4. Plasma lens array for axial magnetic field generation

The lenses we designed here are capable of not only
achieving off-axis laser focusing but also demonstrating
a greater range of application scenarios, such as the
generation of ultra-strong magnetic fields, which is urgently
required in laboratory astrophysics!’”) and high-energy-
density physics®>>* for inertial confinement fusion>’!,
particle acceleration>, magnetic reconnection®¥, etc. To
the best of our knowledge, the development of such a
magnetic field remains a significant challenge, primarily due
to the inability of conventional LP laser beams to induce the
requisite azimuthal current or equivalent angular momentum
(AM)Y. In previous research, Shi et al.l’!! proposed a novel
scheme for generating an axial magnetic field by employing

multiple laser beams with twisted pointing directions, which
collectively interact with a plasma medium to induce the
desired magnetic field. However, the generation of multiple
laser beams in the experiment necessitates the utilization
of multi-kJ] PW-class laser systems, such as LFEX!"?! or
NIF ARC!3l, thereby augmenting the complexity of the
experimental setup.

Our proposed lens design exhibits off-axis focusing
characteristics, enabling the implementation of multiple
off-axis focusing lenses with distinct focal orientations
to generate the aforementioned multi-beam laser pulses
with twisted pointing directions. Thus, here we can use
a beam-splitting array consisting of four plasma lenses
previously designed to generate the strong axial magnetic
field, as shown in Figure 7(a). The four off-axis lenses
were set with distinct focal positions at (21i¢,6Xg,0%r),
(21)»0,0)\(), —6)»0), (21)»0, —6)»0,0)»0) and (21)»0,0)»0,6)»0),
respectively. Their density distribution within the array
was systematically determined based on the refractive
index profile, which can be referred to in Equation (2).
The plasma target with a thickness of 5Ag, a density of
0.5n, and a dimension of 20 pm x 20 wm in the y X z
directions was situated between x = 12A¢ and 17X behind
the array. To generate a plasma lens array with distinct
density distributions for each lens, we can employ a
multi-nozzle 3D printer to deposit colloidal dispersions of
varying concentrations in different regions. By adjusting
the deposition paths and material ratios, the desired density
gradients may be achieved®’!. The incident laser electric
field normalized amplitude is agp = 1. Upon passing through
the first array, the incident Gaussian laser was split into
four beams with twisted pointing directions, each of which
can converge at a different point on the second plasma
target. Here, the direction of each beam is indicated by
the wave vector k;, with i denoting the serial number of the
laser beam in question. The photon momentum in the ith
beam is denoted by p; = hk;. To understand the underlying
physics, we consider two laser beams, ki, = (kx,kiz,O)
intersecting the (y,z) plane at z;, = =Dy and y;, = 0,
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Figure 7. (a) Schematic diagram of an incident laser irradiating a beam-
splitting array to divide into four beams with twisted pointing directions and
illuminating four different locations on the plasma target. (b) Magnetic field
distribution B, (the incident laser passed through the array and interacted
with the plasma target) in the (x,y) plane between x = 1740 and 291 at
t = 32Ty. (c) The same as (b) without the array.

respectively, where Dy is the beam offset. In this case, the
axial AM of a given photon is given by [rxp] ., where
r is the position vector and p is the photon momentum.
As a result, the total AM of the two beams is given by
Ly ~ —Nh(k} —k3)Do/2"", where N is the number of
photons in each laser beam. It can be inferred from this
equation that if the two LP laser beams are tilted in the
same direction, the AM remains 0. Conversely, if the two
beams are tilted in opposite directions, the total AM is no
longer 0. Thus, we can increase the AM by increasing the
number of laser beams in a particular twist direction. Since
the laser beam is distorted, the AM in this case is termed
orbital angular momentum (OAM). During the interaction
between the laser and the plasma, the OAM was transferred
from the distorted lasers to the electrons eventually in the
plasma, resulting in the generation of azimuthal currents,
which can subsequently produce an axial magnetic field.
This mechanism adheres to the principles of the Biot—Savart
law! 7.

Figure 7(b) illustrates the distribution of the magnetic field
B, in the (x,y) plane at = 327;. One sees that the magnetic
field is distributed along the x-axis, with the field strength
reaching up to 200 T. In order to facilitate comparative
analysis, we remove the array while all other parameters
remain unchanged. Figure 7(c) shows the distribution of B,
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Figure 8. (a) Magnetic field distribution B, (the incident laser passed
through the array and interacted with the plasma target) in the (x,y)
plane between x = 1749 and 25Ap at t = 327). The inset in (a) shows
the distribution of B, on the (y,z) plane at x = 234. (b) Magnetic field
distribution B, (without the array) in the (x,y) plane between x = 171¢ and
25X at t = 32Ty. (c) Evolution of the maximum value of the OAM of a
single electron. The yellow shade here represents the stage when the laser
is passing through the plasma target. (d) Azimuthal current density jy in the
(v,z) plane of x = 14.54¢ and (e) x = 15X¢ at t = 18Ty.

in the (x,y) plane for the reference simulation. Obviously,
one did not observe an axial magnetic field in this simulation.
This comparison highlights the feasibility of the proposed
scheme for longitudinal magnetic field generation.

In order to verify the capability of the proposed scheme to
achieve beam splitting at high laser intensities, we increase
the incident laser parameter to agp = 10. The density of the
plasma target is set to 3n., the thickness is SAg (x = 12X
to 17X9) and the dimensions of the simulated box remain
unchanged. Figure 8(a) shows the resultant distribution of
the magnetic field B, in the (x,y) plane after the laser pulse
passes through the plasma target. One sees that a much
stronger axial magnetic field can be generated with the field
strength up to 1160 T. For a reference simulation without the
array, no axial magnetic field is generated, as illustrated in
Figure 8(b). Figure 8(c) shows the evolution of the maximum
value of the OAM of a single electron in the plasma target
region over time. The yellow shade here represents the stage
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when the laser is passing through the plasma target. It is
evident that before the laser pulse interacts with the plasma
target, the plasma electrons do not carry OAM. Conversely,
when the laser pulses with the twisted pointing directions
traverse the plasma target, a transfer of OAM from the laser
pulses to the electrons occurs. This results in a substantial
augmentation in the OAM of the electrons, reaching a maxi-
mum of approximately 9.3 x 10726 kg-m?2 /s for a single elec-
tron at t = 187),. It is notable that the OAM exhibits a decline
as the main pulse of the laser partially exits the plasma target
region. However, the electrons in the plasma target region
can still maintain the OAM after the laser has passed through
the plasma target region. Figures 8(d) and 8(e) show the
azimuthal current density j, at x = 14.54¢ and x = 151 in the
plasma target region at t = 187}, respectively. One can see
that when the laser pulses with a twisted pointing direction
propagate in the plasma target, j; of about 1 x 107 A/m?
can be generated at x = 14.5). Furthermore, a comparison
between Figures 8(d) and 8(e) reveals a rotation in jy, which
demonstrates that the OAM carried by the twisted laser pulse
is effectively transferred to the electrons, inducing strong
rotating currents. This finally leads to the generation of a
strong axial magnetic field (>1000 T), and such a kilotesla-
level magnetic field may hold promise for applications in
central-ignition inertial confinement fusion experiments®!!,
sheath-based ion acceleration?, etc.

In order to explore the robustness of the proposed scenario,
we performed simulations with the incident laser parameter
ranging from ay = 1 to 10 and plasma target density from
ne = 0.5 to 5. Figure 9(a) demonstrates that the generated
axial magnetic field increases with the augmentation of the
incident laser intensity. When @y = 10, a stronger axial
magnetic field at the kilotesla level can be achieved. The blue
dashed line in Figure 9(a) represents the critical density yi.n.
corresponding to different laser intensities. When the plasma
target density exceeds the critical density, the incident laser
pulse is unable to pass through the target, resulting in a
substantial decrease in the axial magnetic field strength
behind the target. Conversely, for the lower density plasma
target, increasing the laser intensity can cause target dis-
ruption, thereby preventing axial magnetic field generation.
Consequently, the generation of a strong axial magnetic field
requires selecting a plasma target with a density marginally
below the critical density while ensuring the preservation of
target integrity. By fitting the simulation results, it is found
that when n. and ag satisfy the relationship n. ag/ 2 (red
solid line), the axial magnetic field strength is maximum.
Furthermore, we investigated the evolution of maximum
magnetic field strength for different laser parameters and
plasma target densities, as shown in Figure 9(b). Here,
we calculate the maximum axial magnetic field strengths
generated by incident laser parameters ranging from ag = 1
to 10 and fit the obtained results to explore the underlying
physics. It is interesting to see that the maximum axial
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Figure 9. (a) Trend of the axial magnetic field B, along with the incident
laser parameter ap and plasma target density ne. The fitting line (red
solid line) refers to the maximum magnetic field strength at different laser
parameters and plasma target densities. The blue dashed line marks the
critical density of the plasma. (b) Evolution of maximum magnetic field
strength for different laser parameters and plasma target densities.

magnetic field strength increases progressively with augmen-
tation of the incident laser intensity, reaching approximately
kilotesla-level magnitudes at ap = 9. In particular, it reveals a
relationship B, a(z)/ 3 -né/ * from 3D-PIC simulations. Con-
sidering the relationship n. ag/ *, we can get approximately
B, «x ag/ * and B, o nl’?, respectively. Taking the incident
laser parameter ap = 50 for example, a stronger axial mag-
netic field at B, > 3500 T can be achieved. This demonstrates
the robustness of our scenario in generating a strong axial

magnetic field at kilotesla-level magnitudes.

5. Conclusion

In summary, we propose a novel plasma-based focusing lens
with a density gradient to produce a relativistic focused laser
pulse in a tunable focal volume. 3D-PIC simulations have
demonstrated that the focal radius of the output laser can
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reach approximately 2.3 wm, reduced by a factor of four in
comparison to the incident Gaussian laser, with the focused
laser intensity reaching up to 10" W/cm? and the energy
transmission efficiency as high as 61.16%. Furthermore, by
modifying the orientation of the plasma density gradient, the
laser focus can be meticulously regulated and positioned at
the particularly desired location, thereby facilitating off-axis
focusing. In consideration of the aforementioned control-
lable focal point, a distinctive beam-splitting array has been
designed to split an incident Gaussian laser into multiple
laser beams with twisted pointing directions, making it
possible to generate a strong axial magnetic field (>1000 T).
Our scheme may open up a new avenue for plasma optics and
nonlinear optics, and would find various potential applica-
tions in intense laser—plasma interaction from high-energy-
density physics to laboratory astrophysics, etc.
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