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Abstract

With the escalating laser peak power, modulating and detecting the intensity, duration, phase, and polarization of ultra-
intense laser pulses progressively becomes increasingly arduous due to the limited damage thresholds of conventional
optical components. Especially, the generation and detection of ultra-intense vortex lasers poses great challenges for
current laser technologies, which has limited the widely potential applications of relativistic vortex lasers in various
domains. In this study, we propose to reconstruct the vortex phase, generate and amplify the relativistic vortex lasers
via surface plasma holograms (SPHs). By interfering the object laser and reference laser, SPHs are formed on the target
and the phase of interfering laser is imprinted through the modulation of surface plasma density. Especially, using the
quadrature phase-shift interference, the vortex phase of the object laser can be well reconstructed. The generated vortex
lasers can be focused and enhanced further by one order of magnitude, up to 1.7 x 102" W/em? , which has been
demonstrated by full three-dimensional particle-in-cell simulations. For the first time, we provide a practical way to
detect the phase of relativistic vortex lasers, which can be applied in large 1-10 PW laser facilities. This shall promote
future experimental research of vortex-laser-plasma interaction and open a new avenue of plasma optics in the ultra-
relativistic regime.
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1. Introduction components have been demonstrated for their capacities
to manipulate the temporal contrast!'!l, intensity 1213181,
duration 2!, phase'>!71, and polarization'4?! of relativistic
intensity laser pulses. Notably, plasma holograms have been
proposed as advanced plasma optics and applied in various
domains!!>!7181 particularly in the generation of relativistic
intensity vortex lasers.

The relativistic-vortex-laser-plasma interaction has re-
ceived dramatic attention in the past year?*!. With ultra-
intense intensity and helical electromagnetic fields, the
relativistic vortex laser is regarded as a unique tool for
accelerating and manipulating relativistic charged particles,
as well as gaining insight into the transfer of angular
momentum (AM) between particles and fields under high-
field conditions>*1. The relativistic intensity and precise
phase of vortex lasers are foundational conditions that enable
the realization of ingenious dynamic processes in these
exciting theoretical and numerical studies. In order to
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Since the invention of chirped pulse amplification (CPA) !,
high-power laser technology has developed rapidly in the
past several decades'?. With ultra-high laser intensity
(> 10™®W/cm?), high-power lasers have become the
cornerstone of the high-field sciences and have been
applied in plasma-based charged particles accelerators>-,
laboratory astrophysics!®’!, attosecond science!®!, and high
energy density physics®!%1, Whereas, the manipulation and
detection of ultra-intense lasers is increasingly challenging
as the laser peak power grows, primarily due to the limited
damage thresholds of solid optical materials. To overcome
this challenge, extensive research has been devoted to
plasma optical components, which have rapidly developed
owing to their orders-of-magnitude higher optical damage
thresholds in comparison to solid-state optics!!!??1, In
the past decades, a variety of advanced plasma optical
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laser-plasma interaction, various theoretical and numerical
schemes have been proposed to generate relativistic intensity
vortex laser!!>1740-41 vet obstacles persist in several
aspects, e.g., further enhancing the intensity of vortex
lasers and exactly uncovering the phase information. In
the laboratory, the maximum intensity of vortex laser using
reflected phase plates or off-axis spiral phase mirrors still
remains around 1020 W /cm?[324647]  Further enhance-
ment of the output intensity beyond 10! W /cm? would
necessitate a continuous increase in the diameters of the
optics. Especially, uncovering the phase of relativistic vortex
lasers is of high significance for not only demonstrating
the generation of a relativistic vortex laser, but also
achieving those exciting numerical and theoretical results
in experiments. This has been already a consensus among
researchers in laser-plasma community 2331, yet an effective
detect method is currently still unavailable.

In this article, we demonstrate a novel method for the
reconstruction of vortex phase and generation of relativistic
vortex laser by surface plasma holograms (SPHs). First,
an moderate object laser (vortex laser) and a reference
laser (Gaussian laser) are used to simultaneously irradiate
the surface of a flat plasma target and interfere with each
other. Under the modulation of ponderomotive force of
interference laser and the generated charge separation fields,
SPH forms on the surface plasma of the target. By using the
quardrature phase-shift interference, we can reconstruct the
phase profile of the incident vortex laser from the density
distribution of SPHs. After the SPH formation, an ultra-
intense Gaussian laser as a read-out laser irradiates the
hologram. The read-out laser is diffracted by the SPH and
duplicates the phase of object laser, which converts it into
an ultra-intense vortex laser. Three-dimensional particle-
in-cell (3D-PIC) simulations indicate that a Gaussian read-
out laser pulse with intensity of 1.98 x 102 W/cm? can
be converted and amplified to be an ultra-intense vortex
laser with intensity of 1.7 x 102! W/cm? at focus. The
averaged OAM of the vortex laser photon is up to 0.86%,
with the energy conversion efficiency to the vortex laser as
high as 13.6%. As far as we know, this provides a practical
way for the first time to reconstruct the vortex phase of
relativistic vortex lasers, which is crucial for generating and
applying vortex lasers in various domains, e.g., attosecond
charged particles generation and manipulation. This also
demonstrates that plasma as an optical medium enables both
manipulation and precise detection of high-power lasers,
which shall open a new avenue of plasma optics in the ultra-
relativistic regime.

2. Model and method

The fundamental characteristics of the hologram are the
abilities of recording, storing, and retrieving the phase
of beams. Here, we take the vortex laser and Gaussian
laser as examples to introduce the plasma hologram in
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our study. As shown in Fig. 1(a), a linearly polarized
(LP) Laguerre-Gaussian (LG) laser with an incident angle
of A with respect to the x-axis serves as an object laser,
while a LP Gaussian laser propagating along the x-
axis serves as the reference laser. The electric field
amplitude of these two lasers can be expressed respec-
tively as E,(r,p,z) = Eyexp(i¢,), and E.(r,p,z) =
E,exp(i¢,), where (r,¢,z) is the cylindrical coordi-
nate, B, = Colwo/w,(a)]Lip[2r? /w}(x)][ V2 /wo(x)]'
exp[—r?/w?(z)] and E, = C,.[w,/w,(z)]exp[—r? /w2(x)]
are the amplitudes of the object laser and reference laser,
respectively. ¢, = ly + ¢y + koxcost + k,ysind and
br = kpx + [kpr22]/[2(f% + 22)] + arctan(x/f,.) are the
phases of the object laser and reference laser, respectively.
Ly, is a generalized Laguerre polynomial with radial index
p and azimuthal index I. ¢, = (k,r2x)/[2(f% + 2?)] +
(I + 2p + 1)arctan(z/f,) describes the space-dependent
phase, f, = (mw?)/)\, and f, = (mw?)/\, are the Rayleigh
length of two lasers, respectively. k&, A, and C' are the
wave number of the laser, the wavelength of the laser, and a
constant, respectively. The subscript "o’ denotes the object
laser, and the subscript '’ denotes the reference laser. For
convenience, we set the parameter p = 0 and k, = k, = k,
and the intensity of interference laser can be written as

I = |E, + E.|* = |Eo|? + | E.|* + 2|E,| | Ey|cos(¢o — o).

ey
We take the F, and F. as unit amplitudes. When the focus
spot size of the object laser w,, the reference laser w,., and
the angle 6 satisfy following conditions, Eq. (1) can be
simplified as

kr?z 1
2 —+ 2COS T(W fo
I; ~ (0 = 0% wy > wo ~ o)
2 + 2cos(lp + kx(1 — cosf) — kysind),
(0% 0°,w, ~ w, > A

Figures 1(b)-(e) show the holograms with parameters 6 =
0°, 0 = 20°, and I = 1, [ = 2, respectively. As
shown in Figs. 1(b)-(c), holograms exhibit circular features
as indicated by Eq. (2a), and the number of vortex arms
increases with [. When the laser parameters satisfy the
conditions of Eq. (2b), the holograms exhibit fork features,
and the number of forked stripes increases with [. Especially,
the parameter [ of the object laser can be retrieved through
the pattern of the hologram in return. When a read-out
Gaussian laser is diffracted by the holograms, it duplicates
the phase of object laser and converts it to a vortex laser.

In the following, we uncover the principle of phase re-
construction using quardrature phase-shift interference .
Taking Eq. (2a) for an example, by introducing a phase shift

)+ (1 + l)arctan(i) + 1y

(2a)

(2b)
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Figure 1. (a) Schematic of the hologram generation. The patterns of the holograms satisfy the conditions of Eq. (2a) with (b) l = 1 and (¢) I = 2,
respectively. The patterns of the holograms satisfy the conditions of Eq. (2b) with (d) [ = 1 and (e) [ = 2, respectively.

of 7m/2 in the phase of the object laser, the intensity of the
interference laser can be represented as>"!

I 7 /o = | Eoexp(in/2) + E,|?

= ‘EoeXp(iﬁ/2)|2 + |ET|2 + 2|E0HET|SiH(¢o - ¢r>

3

Combining Eqs. (1) and (3), the phase profile of the object
laser can be expressed as

_Ii,ﬂ/z + I, + I,
b0 = ¢r + arctan( P 4
Since w, > A,, the phase distribution of reference laser
can be approximated as a planar wavefront, e.g., ¢, = 0 for
convenience. Thus, the phase distribution of the object laser
can be retrieved by the four key parameters, i.e., I;, I; - /25
I,, and I,.

Figure 2 schematically illustrates the key features of
the SPH and vortex laser generation. To demonstrate the
feasibility of the proposed method, we performed full 3D-
PIC simulations with the open-source code EPOCHP!.
The grid size of the simulation box is 55\¢ x 40)\g X
40\, sampled by 1100 x 800 x 800 cells with 9 macro-
particles per cell. The coordinate of the left side of
the simulation box is * = —20)p. In this study, a
LP LG laser with mode (I = 1, p = 0) is used as
the object laser, while two LP Gaussian lasers serve as
the reference laser and read-out laser, respectively. The
object and reference lasers are incident simultaneously from
the left side of the simulation box. The dimensionless
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electric field amplitude of three lasers can be expressed as
8o = a0 (w0 /1w, ()| V2r Jw,(x)] exp|—r2 /w(x)]cos(ip+
bp)ey, a, = ap(w,/w.(x))exp(—r?/w?)e, and a,_, =
Ar—o(Wr—o/Wyr—o(x))exp(—r?/w?_ )e,, where a, =
4a, = 1.2 and a,_, = 12 are the peak amplitude of
the corresponding laser electric fields, respectively. The
normalization factor of the electric field of the laser can be
represented as a = (eE)/(mecwp). The space-dependent
phase is ¢10 = (kr?z)/[2(f2 + 2?)] + 2arctan(z/f,).
w, = 1.5)g and w, = w,_, = 12X are the laser focus spot
size, Tj is the laser cycle, wy is the laser frequency. e, me,
and c are the unit charge, the electron mass, and the speed
of light in vacuum, respectively. The focus of the lasers in
vacuum is located at z = 0. All three lasers have Gaussian
time profiles with duration of 7, = 7. = 3007} for the object
and reference lasers, and 7,_, = 71 for the read-out laser.
The read-out laser is incident with a time delay of 32075.
The flat target consists of fully ionized protons and electrons
within the region of 25\ < = < 32Xy, —18)y < vy,
z < 18)Xg. The density of the target has a longitudinal
linear increase from 6n. to 30n. between x = 25\
and z = 27.5)\g, and remains constant at 30n. between
z = 27.5)\ and © = 32\g, where n, = (mecow?)/e? is
the critical density and ¢ is the vacuum dielectric constant.
Noted that the vortex laser employed in the simulation can
already be generated in the laboratory by using reflected
phase plates or off-axis spiral phase mirrors 32461,
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Figure 2. Schematic of the surface plasma hologram (SPH) formation and ultra-intense vortex laser generation. (a) The object laser with mode LG1¢ and
the reference laser interfere at the surface of the flat plasma target. The target surface shows the intensity of the interfering laser. (b) The isosurface of the
proton density at the target surface at t = 0 ps, 0.5 ps, and 1 ps, respectively. (c) A read-out laser irradiates the SPH, is diffracted by the SPH, duplicates the

vortex phase of the object laser, and converts it to an ultra-intense vortex laser in the focus.

3. Simulation results
3.1. Surface plasma holograms formation

The object laser and the reference laser interfere on the
target surface, resulting in the formation of a standing wave
electromagnetic fields with a specific distribution. Figure
3(a) shows the transverse distribution of the electric field E,
of the interference laser at z = 25)¢. The electric field £, of
the interference laser has a helical distribution at the cross-
section. The maximum amplitude of E is a; = 0.3, corre-
sponding to the intensity of 10*7 W /cm?. When the target
surface is irradiated by the interference laser, the surface
electrons are primarily driven by the laser ponderomotive
force. We can calculate the transverse ponderomotive force
of the interference laser by F | = —e?/(4mew?)V|E;|* ~
(EoEre?)/(2mew?)sin|(kr?z) /2(f24+2?)+2arctan(z/ f,)+
ol[(krz)/(f2 + 2?)é, + (1/r)é,] which depends on the
azimuthal coordinate . As shown in Fig. 3(b), the intensity
of interference laser has the similar helical distribution,
which agrees well with Fig. 1(b). Furthermore, the
transverse ponderomotive force exhibits a helical pattern, so
that the surface electrons move sideways, forming a helical
structure, as shown in Fig. 3(c). However, due to the
different charge-to-mass ratio of protons and electrons, the
charge density distribution on the target surface as shown
in Fig. 3(d) generates a strong charge separation electric
field. This field strengthens with increasing differences in
the charge density and drives the evolution of proton density
towards electron density distribution. When the proton
density distribution closely matches the electron density
distribution, the electric field force exerted on the electrons
is balanced by the ponderomotive force of the interference
laser, resulting in the formation of SPH. Figures 3(e)-(f)
show the transverse distributions of electron and proton
density at ¢ = 3007). After the interaction between the
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interference laser and the plasma flat target, the electrons
and protons on the target surface are pushed aside along the
helical intensity distribution of the laser while their density
profile exhibits a helical groove pattern.

|E | (<107"°N)
0 15 3
1(x10" W/ecm?)
0 1 2

ek, /m.w,c ne (1)
0 3

-0.2

0
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Figure 3. (a) The transverse distribution of electric fields Fy of the
interfered laser at * = 25Xp. (b) The intensity distribution of the
interference laser and their transverse ponderomotive force at z = 23.9\g
att = 607p. (c) The distribution of electron density and (d) the difference
of electron density and proton density én = n. — n. at t = 607p.
The density distributions of electrons (e) and protons (f) at ¢ = 25)\¢ at
t = 3007p.

3.2. Vortex phase reconstruction

Since the SPH is formed by the laser irradiation on
the target, the depth of the SPHs is therefore positively
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correlated with the energy deposited by the interference
laser, i.e., dspu(y,z) x I;(y,z)To, Where I;(y, z) is the
intensity of interference laser at the target surface. Thus,
I;(y, z) can be inferred from dspy(y,z). To reconstruct
the vortex phase of the object laser, we have performed
three additional simulations, i.e., adding 7/2 to the phase
of the object laser, having only the object laser and only the
reference laser, respectively, while keeping other parameters
unchanged. Here, we take n, ~ n. as an example to get
the depth of the SPHs from the density distributions of the
SPHs in the four simulations (see Supplement 1 for more
details). Comparative analysis reveals that altering the phase
of the object laser does not change the pattern of the SPHs,
but it does cause the pattern to rotate. We use the same laser
duration in all four simulations, the phase of the object laser
can thus be expressed as

¢0(y7 Z) arctan dl (y, Z) - do(ya Z) - dr(y, Z)

Figures 4(a)-(d) respectively present the predicted and simu-
lated phase profiles of the object laser, as well as the laser
electric field derived from the phase. The helical phase
distribution and the corresponding electric field pattern of
the object laser are evident from the figures, demonstrating
a strong agreement between the theoretical predictions and
simulation results. By the use of data processing algorithms,
one can further enhance the precision and accuracy of the
phase reconstruction 2!, Accurate vortex phase information
is crucial for understanding precise electron dynamics in
the vortex laser plasma interaction. As far as we know,
it is the first time to provide such a precise method for
reconstructing the phase of relativistic vortex lasers, which
is of significance for generating high-quality relativistic
vortex lasers in laboratory and holds significant implications
for relativistic-vortex-laser-plasma interaction experiments.
For example, spatiotemporal vortex lasers, which possess
angular momentum perpendicular to the optical axis, have
attracted widespread interest due to their significant potential
in generating and accelerating isolated ultrashort electron
bunch 3!, This proposed method can be applied in detecting
the phase distributions of relativistic structured lasers such as
spatiotemporal vortex lasers, representing an indispensable
aspect of experimental investigation into the interactions
between relativistic structured lasers and plasmas 3!,

We also considered the cases of higher-order mode laser
and oblique incidence of the object laser. When [ = 2,
the SPH exhibits two helical arms. When the object laser
satisfies the condition given by Eq. (2b), the SPH shows
a fork pattern. In both cases, the patterns of the SPHs are
consistent with those shown in Figs 1(b)-(c). Especially,
we have also validated the applicability of Eq. (5) in
these two cases and depicted the phase reconstruction of the
object lasers from theoretical calculations (see Supplement

_di,w/Q(yv Z) + do(yv Z) + dr(ya Z))
)
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1 for more details). It should be noted that this phase
reconstruction method is theoretically applicable to low-
density plasma, and experimental techniques now allow for
the detection of plasma density distribution using visible
light, near-infrared light or X-rays#$34371 For reference,
an experimental setup has been proposed for generating and
detecting the SPHs (see Supplement 1 for more details).

Yl Yl

Figure 4. The reconstructed phase profiles of the object laser obtained
through (a) theoretical calculations and (b) numerical simulations, as well
as the laser electric fields obtained through (c) theoretical calculations and
(d) numerical simulations.

3.3. Ultra-intense vortex laser generation

When the SPH is formed, the read-out laser is incident
from the left side of the simulation box at ¢t = 3207y. Due
to the helical density distribution of the SPH, the reflected
laser by the SPH reproduces the phase of the vortex laser.
Ultimately, the output laser transforms into a vortex laser
near the focal volume. Figure 5(a) shows the 3D isosurface
distribution of the electric field £, at ¢ = 388Tj. It is shown
that Fy, of the output laser exhibits a typical helical feature.
To evaluate the performance of SPH, we approximate the
isosurface (e.g., n, ~ 5n.) of the target surface protons
as an ideal mirror, and substitute its spatial distribution into
the Fresnel-Kirchhoft’s diffraction formula to calculate the
diffracted electric field of the output laser,

ik
B = [ uo<yzz’>k<9>%f”)dy’dzt ©)

where p = Az —tW,2)2+ @y —v)>+(z—2)2%
up(y',2') = C’exp( -7 /og) is the incident Gaussian
laser, (3, 2") represents the spatial distribution of the SPH
isosurface, and k(f) = M;OS(MO) is the inclination
factor. We select three positions within the region between
x = 7.1\ to 8.1)\ along the z-axis to calculate the
diffraction electric field E, of the output laser. Figures 5(b)-
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(d) and (e)-(g) show the simulation results and the theoretical
calculations, respectively. One sees that both demonstrate
transverse helical electric fields with an approximately 7
phase distribution and a hollow electric field structure, which
are in excellent agreement with the characteristic of a clear
LG;p mode laser. Note that part of the laser distributed in
the outer ring will focus towards the central axis at an angle
during the output vortex laser focusing. This may lead to a
slight increase in the duration of the output vortex laser.
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Figure 5. (a) 3D isosurface distribution of the electric field Fy at t =
388Tp. The (y, z) projection plane on the right side is taken at x = 8.25\¢.
The (z, y) projection plane of laser intensity at the bottom is taken at z =
0o, and the (z, z) projection plane at the backside is taken at y = 0Ag. (b)-
(d) The distribution of transverse electric field F; at different cross-sections
ranging from x = 7.1\g to 8.1\ at t = 3887 (simulation results). (e)-
(g) Same as (b)-(d) but from Fresnel-Kirchoft’s diffraction formula.

Meanwhile, the output laser is focused near x = 6\ after
replicating the phase of the object laser, with the focal spot
size decreasing from 12\ to around 2, and its intensity
increasing by an order of magnitude compared to the incident
read-out laser. Figure 6(a) shows the intensity distribution
of the output laser in the transverse section at ¢ = 3907p.
Ones see that the vortex laser is amplified as expected with
the maximum intensity up to 1.7 x 102" W/cm?. This
tightly focused relativistic vortex laser pulses have diverse
applications in high energy density physics(>**! and novel
optics, etc.

In order to investigate the weights of different modes in the
output vortex laser, we select a cross-section of the electric
field E,, of the output laser at the position of x = 6)g att =
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3907 and evaluate the corresponding weights of different
LG modes from [=0 to [=4. Here, the weight of an LG mode
can be expressed as

I = < Eip(r, ¢, )| Ey(r, ¢, ) >
T <E(r,6,2)[By(r ¢, 7) >

where E, (7, ¢, x) and Ej,(r, ¢, x) are the transverse electric
fields of the output laser and the LG;, mode laser at the
cross section, respectively. In the following calculation, p
is set to O while [ is considered as variable values. As shown
in Fig. 6(b), the dominant mode of the output vortex laser
is LGyg with a weight of 76.6%, which is in agreement
with the simulation results in Fig. 5. We also calculated
the total AM of the vortex laser, the energy conversion
efficiency to the vortex laser and the averaged AM of the
laser photons in the focal volume (3\g < x < 10Ag).
Here, the electromagnetic AM and energy of a laser pulse
can be estimated as L 5o, = €0 fr x (ExB)dV =L, +
Ly+L.and Ejgeer = 5 | (50E2 + ﬁBQ)dV, respectively,
where [y is the vacuum permeability. Then the photon’s
averaged AM can be written as Lpnoton = Hhwp(€o f r x
(E x B)dV)/(3 [ (coE® + £B?)dV) = (5 + I} , where
0 and [ represent the spin and orbital angular momentum of
a photon, respectively. Given that the AM carried by the
laser pulses is predominantly along their propagation axis,
the AM referred to in this study primarily corresponds to L.
Figure 6(c) shows the evolution of the laser AM and energy
conversion efficiency to the vortex laser. Upon entering the
focal volume, the read-out laser gradually transforms into
a vortex one, with its AM increasing to a maximum of
3.67 x 10~ 0kg - m? /s at t = 388Tp. As the laser exits the
focal volume, it diverges and loses the vortex phase, leading
to a decrease in AM. The evolution of energy conversion
efficiency to the vortex laser is consistent with the AM, with
a maximum value of 13.66%, which is obviously higher than
the previous study 44,

)

4. Discussion

To investigate the effects of the laser parameters on the
SPHs and the generation of output vortex lasers, we vary
the parameters of the interference laser in the (a, ,, Tor)
plane. This involves varying the normalized amplitude and
duration of the interference laser from a, = 4a, = 0 to 3,
and 7, , from O ps to 2.5 ps, respectively. Figure 7(a) and (b)
show their effect on the average depth (dy) of the SPHs and
the ratio of output vortex laser intensity to incident read-out
laser intensity (I/1y). As mentioned previously, SPHs record
and convey the vortex phase of the object lasers through the
surface plasma density distribution. Therefore, we calculate
the average depth, i.e., dy = (X dgria/Ngria)(r < wo )
from the original target surface position to the formed SPHs
surface (n, ~ 5n.), where dg,;q and Ny,;q are the depth of
simulation box grid and the number of grids, respectively.
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Figure 6. (a) Transverse distribution of the vortex laser’s intensity at z =
6o att = 3907). (b) Laguerre-Gaussian (LG) mode spectrum at z = 6o
at t = 3907p. (c) Evolution of the laser total angular momentum (AM)
(black line) and energy conversion efficiency to the vortex laser pulse (red
line). (d) Evolution of averaged AM of laser photons. Here the gray area
marks the stage when the laser is in the focal volume.

Since, the motion of the surface ions is propelled by the
charge separation electric fields, a sufficiently long laser
duration is required to effectively modulate the surface ion
density. In this sense, the intensity and duration of the drive
lasers are two critical parameters for the formation of SPHs.
When the pulse duration or intensity of the interference
lasers can not reach a certain value, the interference laser
struggles to produce SPHs with sufficient depth, as shown
in Fig. 7(a). Under such circumstances, the ratio I/1
is also small, as shown in Fig. 7(b). Once the duration
and intensity of the interference lasers reach the value, the
produced SPHs can amplify the intensity of the output vortex
laser by an order of magnitude. However, with further
increases in the duration and intensity of the interference
laser, the amplification of the vortex laser intensity decreases
instead. This indicates that there exists an optimal parameter
region for amplifying the intensity of the vortex laser.

We also considered the effects of target material and laser
pre-pulses on the SPHs formation. As the modulation of
target surface plasma is driven by the ponderomotive force
of the interference laser and the charge separation fields,
the charge-to-mass ratio of ions significantly affects the
time required for plasma density modulation. Ions with
lower charge-to-mass ratios require a longer modulation
time. Taking the hydrocarbon targets for example, a longer
duration of laser pulses is required to achieve effective
modulation of SPHs (see Supplement 1 for more details).
Since long duration interference laser is preferred for the
formation of SPHs, the laser pre-pulses effect can thus
be ignored, facilating the future experiments. Meanwhile,
the expansion of the plasma due to thermal diffusion can
be alleviated through multiple measurements during the
experimental phase detection process. In addition, we also
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Figure 7. (a) The averaged depth of the SPHs in the (ao,r, To,r) plane.
(b) The ratio of output vortex laser intensity to the incident read-out laser
intensity (I/Ip) in the (ao,r, To,r) plane. Scaling of the laser total AM (L,
black circles), the energy conversion efficiency to the vortex laser (7, red
circles), and the ratio of output vortex laser intensity to the incident read-
out laser intensity (I /1o, blue circles) with regard to the laser electric field
amplitude a,—, (c) and the focus spot size w,—, of the incident read-out
laser (d).

considered the lifetime of SPH. After the interference laser
leaves the target surface, the surface plasma undergoes an
expansion process. Based on the average energy density of
surface protons, we calculated the average thermal motion
velocity approximately to be 0.001c (0.33um/ps). Con-
sidering that the width of the helical arms of the SPH is
approximately 3 pm, the theoretical predicted lifetime of
the SPH is estimated to be around ten picoseconds. We
increased the delay time of the read-out laser to 3207, and
the electric field of the reflected vortex laser still exhibited
prominent vortex laser characteristics (see Supplement 1 for
more details).

Finally, we investigate the effects of the parameters of the
read-out laser on the vortex laser generation. Figure 7(c)
shows the scaling of the output vortex laser AM (L., black
circles), the energy conversion efficiency to the vortex laser
pulse (n, red circles), and the ratio of output vortex laser
intensity to the incident read-out laser intensity (I/Iy, blue
circles) with regard to the laser electric field amplitude a,._,,.
With the increase in amplitude of the read-out laser, the AM
of the output vortex laser exhibits an approximately linear
growth, while the energy conversion efficiency to the vortex
laser decreases approximately linearly. However, the ratio
1/1, is insensitive to the laser normalized amplitude a,._,. It
slightly increases with the increase in ag before decreasing,
reaching its maximum value of 8.57 at a,_, = 12. In
Fig. 7(d) the laser spot size is varied from w,_, = 8¢
to 16\, while all other parameters keep unchanged. It
is shown that the AM of the output vortex laser increases
with the incident laser spot size w,_,. However, the energy
conversion efficiency to vortex laser decreases significantly.
This can be attributed to the decreased SPH depth from
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the z-axis outward, which makes it inefficient to diffract
the peripheral laser. Consequently, the energy conversion
efficiency of generating vortex laser decreases gradually.
Additionally, the ratio I/1j is insensitive to changes in the
laser spot size, indicating a robustness in an oblique incident
laser cases.

5. Conclusion

In summary, we demonstrate the generation of SPHs
by the interference of a vortex laser and a Gaussian laser
on the plasma target surface, and confirm its capability
of reconstructing the vortex phase and generating ultra-
intense vortex lasers. 3D-PIC simulation results indicate
the generated ultra-intense vortex laser possesses ultra-high
intensity (1.7 x 102! W/cm?), small spots size (~ 2)\g),
and large AM (3.67 x 1070kg-m?/s), with an energy
conversion efficiency up to 13.66%. It is the first time to
provided such a novel method to retrieve the vortex phase
of relativistic vortex lasers, which holds critical significance
for experimental research on relativistic-vortex-laser-plasma
interaction. Especially, we demonstrates that plasma can
serve not only as a medium for manipulating relativistic
intensity laser pulses but also as a detector for precise
measurements of laser phase. This can facilitate future
experimental research of vortex-laser-plasma interaction and
shall open a new avenue of plasma optics in the ultra-
relativistic regime.

Acknowledgement

This work was supported by the National Natural Sci-
ence Foundation of China (12375244, 12305265, 12135009,
12174047)

References

1. D. Strickland and G. Mourou. Compression of amplified
chirped optical pulses. Optics Commun. 55, 447-449
(1985).

2. G. Mourou. Nobel lecture: Extreme light physics and
application. Rev. Mod. Phys. 91, 030501 (2019).

3. E. Esarey, C. B. Schroeder, and W. P. Leemans. Physics
of laser-driven plasma-based electron accelerators. Rev.
Mod. Phys. 81, 1229-1285 (2009).

4. A. Macchi, M. Borghesi, and M. Passoni. Ion
acceleration by superintense laser-plasma interaction.
Rev. Mod. Phys. 85, 751-793 (2013).

5. W. Wang, K. Feng, L. Ke, C. Yu, Y. Xu, R. Qi, Y. Chen,
Z. Qin, Z. Zhang, M. Fang, J. Liu, K. Jiang, H. Wang,
C. Wang, X. Yang, F. Wu, Y. Leng, J. Liu, R. Li, and
Z. Xu. Free-electron lasing at 27 nanometres based
on a laser wakefield accelerator. Nature 595, 516-520
(2021).

6. G. Gregori, A. Ravasio, C. D. Murphy, K. Schaar,
A. Baird, A. R. Bell, A. Benuzzi-Mounaix, R. Bingham,

https://doi.org/10.1017/hpl.2025.9 Published online by Cambridge University Press

10.

11.

12.

13.

14.

15.

16

H. Zhang et al.

C. Constantin, R. P. Drake, M. Edwards, E. T. Everson,
C. D. Gregory, Y. Kuramitsu, W. Lau, J. Mithen,
C. Niemann, H.-S. Park, B. A. Remington, B. Reville,
A. P. L. Robinson, D. D. Ryutov, Y. Sakawa, S. Yang,
N. C. Woolsey, M. Koenig, and F. Miniati. Generation
of scaled protogalactic seed magnetic fields in laser-
produced shock waves. Nature 481, 480483 (2012).
. B. Albertazzi, A. Ciardi, M. Nakatsutsumi, T. Vinci,
J. Béard, R. Bonito, J. Billette, M. Borghesi, Z. Burkley,
S. N. Chen, T. E. Cowan, T. Herrmannsdorfer, D. P.
Higginson, F. Kroll, S. A. Pikuz, K. Naughton,
L. Romagnani, C. Riconda, G. Revet, R. Riquier, H.-P.
Schlenvoigt, I. Yu. Skobelev, A.Ya. Faenov, A. Soloviev,
M. Huarte-Espinosa, A. Frank, O. Portugall, H. Pépin,
and J. Fuchs. Laboratory formation of a scaled
protostellar jet by coaligned poloidal magnetic field.
Science 346, 325-328 (2014).
bibinfoauthorX. Xu, Y. Zhang, H. Zhang, H. Lu,
W. Zhou, C. Zhou, B. Dromey, S. Zhu, M. Zepf, X. He,
and B. Qiao. Production of 100-tw single attosecond
x-ray pulse. Optica 7, 355-358 (2020).
A. B. Zylstra, O. A. Hurricane, D. A. Callahan, A. L.
Kritcher, J. E. Ralph, H. F. Robey, J. S. Ross, C. V.
Young, K. L. Baker, D. T. Casey, T. Doppner, L. Divol,
M. Hohenberger, C. H. Wilde, B. M. Van Wonterghem,
D. T. Woods, B. N. Woodworth, M. Yamaguchi, S. T.
Yang, and G. B. Zimmerman. Burning plasma achieved
in inertial fusion. Nature 601, 542-548 (2022).
T. Yu, K. Liu, J. Zhao, X. Zhu, Y. Lu, Y. Cao, H. Zhang,
F. Shao, and Z. Sheng. Bright x/v-ray emission and
lepton pair production by strong laser fields: a review.
Reviews of Modern Plasma Physics 8, 24 (2024).
C. Thaury, F. Quéré, J.-P. Geindre, A. Levy, T. Ceccotti,
P. Monot, M. Bougeard, F. Réau, P. d’Oliveira,
P. Audebert, R. Marjoribanks, and Ph. Martin. Plasma
mirrors for ultrahigh-intensity optics. Nat. Phys. 3, 424—
429 (2007).
J.Ren, W. Cheng, S. Li, and S. Suckewer. A new method
for generating ultraintense and ultrashort laser pulses.
Nat. Phys. 3, 732-736 (2007).
R. M. G. M. Trines, F. Fiiza, R. Bingham, R. A.
Fonseca, L. O. Silva, R. A. Cairns, and P. A. Norreys.
Simulations of efficient raman amplification into the
multipetawatt regime. Nat. Phys. 7, 87-92 (2011).
D. Turnbull, P. Michel, T. Chapman, E. Tubman, B. B.
Pollock, C. Y. Chen, C. Goyon, J. S. Ross, L. Divol,
N. Woolsey, and J. D. Moody. High power dynamic
polarization control using plasma photonics. Phys. Rev.
Lett. 116, 205001 (2016).
A. Leblanc, A. Denoeud, L. Chopineau, G. Mennerat,
Ph. Martin, and F. Quéré. Plasma holograms for
ultrahigh-intensity optics.  Nat. Phys. 13, 440443
(2017).
. G. Lehmann and K. H. Spatschek. Transient plasma


https://doi.org/10.1017/hpl.2025.9

Accepted Manuscript

Intense vortex laser generation and phase detection

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30

photonic crystals for high-power lasers. Phys. Rev. Lett.
116, 225002 (2016).

bibinfoauthorG. Lehmann and K. H. Spatschek. Plasma
volume holograms for focusing and mode conversion
of ultraintense laser pulses. Phys. Rev. E 100, 033205
(2019).

M. R. Edwards, V. R. Munirov, A. Singh, N. M. Fasano,
E. Kur, N. Lemos, J. M. Mikhailova, J. S. Wurtele, and
P. Michel. Holographic plasma lenses. Phys. Rev. Lett.
128, 065003 (2022).

M. R. Edwards, S. Waczynski, E. Rockafellow,
L. Manzo, A. Zingale, P. Michel, and H. M. Milchberg.
Control of intense light with avalanche-ionization
plasma gratings. Optica 10, 1587-1594 (2023).

Y. X. Wang, S. M. Weng, P. Li, Z. C. Shen, X. Y. Jiang,
J. Huang, X. L. Zhu, H. H. Ma, X. B. Zhang, X. F. Li,
Z. M. Sheng, and J. Zhang Depolarization of intense
laser beams by dynamic plasma density gratings. High
Power Laser Sci. Eng. 11, €37 (2023).

M. S. Hur, B. Ersfeld, H. Lee, H. Kim, K. Roh, Y. Lee,
H. S. Song, M. Kumar, S. Yoffe, D. A. Jaroszynski, and
H. Suk. Laser pulse compression by a density gradient
plasma for exawatt to zettawatt lasers. Nat. Photonics
17, 1074-1079 (2023).

C. Riconda and S. Weber. Plasma optics: A
perspective for high-power coherent light generation and
manipulation. Matter Radiat. Extrem. 8, 023001 (2023).
Y. Shi, X. Zhang, A. Arefiev, and B. Shen. Advances
in laser-plasma interactions using intense vortex laser
beams. Science China Physics, Mechanics & Astronomy
67, 295201 (2024).

E. Hemsing and A. Marinelli. Echo-enabled X-ray
vortex generation. Phys. Rev. Lett. 109, 224801 (2012).
E. Hemsing, A. Knyazik, M. Dunning, D. Xiang,
A. Marinelli, C. Hast, and J. B. Rosenzweig. Coherent
optical vortices from relativistic electron beams. Nat.
Phys. 9, 549-553 (2013).

J. Vieira and J. T. Mendonca. Nonlinear laser driven
donut wakefields for positron and electron acceleration.
Phys. Rev. Lett. 112, 215001 (2014).

X. Zhang, B. Shen, Y. Shi, X. Wang, L. Zhang,
W. Wang, J. Xu, L. Yi, and Z. Xu. Generation of
intense high-order vortex harmonics. Phys. Rev. Lett.
114, 173901 (2015).

L. Zhang, B. Shen, X. Zhang, S. Huang, Y. Shi, C. Liu,
W. Wang, J. Xu, Z. Pei, and Z. Xu. Deflection of a
reflected intense vortex laser beam. Phys. Rev. Lett. 117,
113904 (2016).

Y. Shi, J. Vieira, R. M. G. M. Trines, R. Bingham,
B. F. Shen, and R. J. Kingham. Magnetic Field
Generation in Plasma Waves Driven by Copropagating
Intense Twisted Lasers. Phys. Rev. Lett. 121, 145002
(2018).

. L.X.Hu, T. P. Yu, H. Z. L1, Y. Yin, P. McKenna, and

https://doi.org/10.1017/hpl.2025.9 Published online by Cambridge University Press

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42

9

F. Q. Shao. Dense relativistic electron mirrors from a
Laguerre—Gaussian laser-irradiated micro-droplet. Opt.
Lett. 43, 2615 (2018).

W. P. Wang, C. Jiang, B. F. Shen, F. Yuan, Z. M. Gan,
H. Zhang, S. H. Zhai, and Z. Z. Xu. New Optical
Manipulation of Relativistic Vortex Cutter. Phys. Rev.
Lett. 122, 024801 (2019).

W. P. Wang, C. Jiang, H. Dong, X. M. Lu, J. F. Lij,
R. J. Xu, Y. J. Sun, L. H. Yu, Z. Guo, X. Y. Liang,
Y. X. Leng, R. X. Li, and Z. Z. Xu. Hollow plasma
acceleration driven by a relativistic reflected hollow
laser. Phys. Rev. Lett. 125, 034801 (2020).

L.B. Ju, T.W. Huang, R. Li, K. Jiang, C.N. Wu,
H. Zhang, S.Z. Wu, M.Y. Yu, B. Qiao, S.P. Zhu,
C.T. Zhou, and S.C. Ruan. Topological control of laser-
driven acceleration structure for producing extremely
bright ion beams. Nucl. Fusion 61, 066006 (2021).

H. Zhang, J. Zhao, Y. Hu, Q. Li, Y. Lu, Y. Cao,
D. Zou, Z. Sheng, F. Pegoraro, P. McKenna, F. Shao,
and T. Yu. Efficient bright y-ray vortex emission from
a laser-illuminated light-fan-in-channel target. High
Power Laser Sci. Eng. 9, €43 (2021).

J. Zhao, Y. Hu, Y. Lu, H. Zhang, L. Hu, X. Zhu,
Z. Sheng, 1. C. E. Turcu, A. Pukhov, F. Shao, and
T. Yu. All-optical quasi-monoenergetic gev positron
bunch generation by twisted laser fields. Commun. Phys.
5, 15 (2022).

Y. Shi, D. R. Blackman, P. Zhu, and A. Arefiev.
Electron pulse train accelerated by a linearly polarized
laguerre—gaussian laser beam. High Power Laser Sci.
Eng. 10, e45 (2022).

Y. Ji, C. Lian, Y. Shi, R. Yan, S. Cao, C. Ren, and
J. Zheng. Generating axial magnetic fields via two
plasmon decay driven by a twisted laser. Phys. Rev.
Research 5, 1.022025 (2023).

Y. Wu, X. Xu, C. Zhang, Z. Nie, M. Sinclair, A. Farrell,
K. A. Marsh, J. Hua, W. Lu, W. B. Mori, and C. Joshi.
Efficient generation of tunable magnetic and optical
vortices using plasmas. Phys. Rev. Research 5,1.012011
(2023).

S. Jin, Y. L. Yao, B. F. Lei, G. Y. Chen, C. T. Zhou,
S. P. Zhu, X. T. He, and B. Qiao. High-energy quasi-
monoenergetic proton beam from micro-tube targets
driven by laguerre—gaussian lasers. New J. Phys. 25,
093030 (2023).

Y. Shi, B. Shen, L. Zhang, X. Zhang, W. Wang, and
Z. Xu. Light fan driven by a relativistic laser pulse. Phys.
Rev. Lett. 112, 235001 (2014).

J. Vieira, R. M. G. M. Trines, E. P. Alves, R. A. Fonseca,
J. T. Mendonca, R. Bingham, P. Norreys, and L. O.
Silva. Amplification and generation of ultra-intense
twisted laser pulses via stimulated Raman scattering.
Nat. Commun. 7, 10371 (2016). 1603.02930.

. K. Qu, Q. Jia, and N. J. Fisch. Plasma g-plate for


https://doi.org/10.1017/hpl.2025.9

10

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Accepted Manuscript

intense laser beam shaping. In Frontiers in Optics 2017,
FW5B.5 (Optica Publishing Group, 2017).

T. Long, C. Zhou, L. Ju, T. Huang, M. Yu, K. Jiang,
C. Wu, S. Wu, H. Zhang, B. Qiao, S. Ruan, and X. He.
Generation of relativistic vortex laser beams by spiral
shaped plasma. Phys. Rev. Research 2, 033145 (2020).

H. Zhang, Q. Li, C. Zheng, J. Zhao, Y. Lu, D. Li,
X. Xu, K. Liu, Y. Tian, Y. Lin, F. Zhang, and T. Yu.
Ultra-intense vortex laser generation from a seed laser
illuminated axial line-focused spiral zone plate. Opt.
Express 30, 29388-29400 (2022).

Y. Wu, C. Zhang, Z. Nie, M. Sinclair, A. Farrell, K. A.
Marsh, E. P. Alves, F. Tsung, W. B. Mori, and C. Joshi.
Efficient generation and amplification of intense vortex
and vector laser pulses via strongly-coupled stimulated
brillouin scattering in plasmas. Commun. Phys. 7, 18
(2024).

A. Longman, C. Salgado, G. Zeraouli, J. I. Apifianiz,
J. A. Pérez-Herndndez, M. K. Eltahlawy, L. Volpe,
and R. Fedosejevs. Off-axis spiral phase mirrors for
generating high-intensity optical vortices. Opt. Lett. 45,
2187-2190 (2020).

Z. Chen, S. Zheng, X. Lu, X. Wang, Y. Cai, C. Wang,
M. Zheng, Y. Ai, Y. Leng, S. Xu, and D. Fan. Forty-five
terawatt vortex ultrashort laser pulses from a chirped-
pulse amplification system. High Power Laser Sci. Eng.
10, €32 (2022).

K. Dai, Q. Cui, and J. Zhang. Single-shot probing
of sub-picosecond solid-to-overdense-plasma dynamics.
Light. Sci. Appl. 13, 162 (2024).

L. B. Kevin, A. S. Eddy, C W. Scott, E. Y. Peter,
T. G. Donald, W. T. Jack, A. S. Dennis, and S. O. Scot.
Open- and closed-loop aberration correction by use of a
quadrature interferometric wave-front sensor. Opt. Lett.
29, 47-49 (2004).

H. Huang, Y. Ren, Y. Yan, N. Ahmed, Y. Yue,
A. Bozovich, B. 1. Erkmen, K. Birnbaum, S. Dolinar,
M. Tur, and A. E. Willner. Phase-shift interference-
based wavefront characterization for orbital angular
momentum modes. Opt. Lett. 38, 2348-2350 (2013).

T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-
Douglas, M. G. Ramsay, N. J. Sircombe, P. Gillies,
R. G. Evans, H. Schmitz, A. R. Bell, and C. P. Ridgers.
Contemporary particle-in-cell approach to laser-plasma
modelling. Plasma Phys. Control. Fusion 57, 113001
(2015).

V. Bianco, P. Memmolo, M. Leo, S. Montresor,
C. Distante, M. Paturzo, P. Picart, B. Javidi, and
P. Ferraro. Strategies for reducing speckle noise in
digital holography. Light. Sci. Appl. 7, 48 (2018).

F. Sun, W. Wang, H. Dong, J. He, Z. Shi, Z. Lv, Q. Zhan,
Y. Leng, S. Zhuang, and R. Li. Generation of isolated
attosecond electron sheet via relativistic spatiotemporal
optical manipulation. Phys. Rev. Research 6, 013075

https://doi.org/10.1017/hpl.2025.9 Published online by Cambridge University Press

54.

55.

56.

57.

58.

H. Zhang et al.

(2024).

D. Ress, L. B. DaSilva, R. A. London, J. E. Trebes,
S. Mrowka, R. J. Procassini, T. W. Barbee, and D. E.
Lehr. Measurement of laser-plasma electron density
with a soft x-ray laser deflectometer. Science 265, 514—
517 (1994).

R. Tommasini, O. L. Landen, L. Berzak Hopkins, S. P.
Hatchett, D. H. Kalantar, W. W. Hsing, D. A. Alessi,
S. L. Ayers, S. D. Bhandarkar, M. W. Bowers, D. K.
Bradley, A. D. Conder, J. M. Di Nicola, P. Di Nicola,
L. Divol, D. Fittinghoff, G. Gururangan, G. N. Hall,
M. Hamamoto, D. R. Hargrove, E. P. Hartouni, J. E.
Heebner, S. I. Herriot, M. R. Hermann, J. P. Holder,
D. M. Holunga, D. Homoelle, C. A. Iglesias, N. Izumi,
A. J. Kemp, T. Kohut, J. J. Kroll, K. LaFortune,
J. K. Lawson, R. Lowe-Webb, A. J. MacKinnon,
D. Martinez, N. D. Masters, M. P. Mauldin, J. Milovich,
A. Nikroo, J. K. Okui, J. Park, M. Prantil, L. J. Pelz,
M. Schoft, R. Sigurdsson, P. L. Volegov, S. Vonhof,
T. L. Zobrist, R. J. Wallace, C. F. Walters, P. Wegner,
C. Widmayer, W. H. Williams, K. Youngblood, M. J.
Edwards, and M. C. Herrmann. Time-resolved fuel
density profiles of the stagnation phase of indirect-drive
inertial confinement implosions. Phys. Rev. Lett. 125,
155003 (2020).

K. L. Baker. Tomographic reconstruction of high-
energy-density plasmas with picosecond temporal
resolution. Opt. Lett. 31, 730-732 (2006).

D. G. Jang, M. S. Kim, I. H. Nam, H. S. Uhm, and
H. Suk. Density evolution measurement of hydrogen
plasma in capillary discharge by spectroscopy and
interferometry methods. Appl. Phys. Lett. 99, 141502
(2011).

Y. Guo, X. Zhang, D. Xu, X. Guo, B. Shen, and
K. Lan. Suppression of stimulated Raman scattering
by angularly incoherent light, towards a laser system of
incoherence in all dimensions of time, space, and angle.
Matter Radiat. Extrem. 8, 035902 (2023).


https://doi.org/10.1017/hpl.2025.9

