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Abstract
This supplemental document comprises information of the depth distribution of surface plasma holograms (SPHs), the
generation of SPHs in the cases of higher-order modes, oblique incidences of object laser, the reflected vortex laser in
the case of a longer time delay of read-out laser, and hydrocarbon targets. The proposed experimental setup is included
as well.
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After obtaining the SPH density distributions for the cases
of the object laser with initial phase (a) 0, (b) π/2, (c) only
having the object laser, and (d) only having the reference
laser, we calculated the distance from the initial target
surface position to the location where the SPHs density
is approximately 1nc. Figures S1 show the SPHs depth
distribution in four cases. As shown in the Figs. S1(a)-(b),
when varying the initial phase of the object laser, the pattern
of the SPHs remains unchanged but undergoes rotation.

To verify the generation of SPHs under the conditions of
high-order laser modes, we carried out two simulations by
changing the object laser parameter l to 2 at first. Figures
S2(a)-(c) show the transverse distribution of the interfer-
ence laser intensity and its transverse ponderomotive force,
electron density, and proton density for the case of l = 2,
respectively. The observed two spiral arms in Fig. S2(b)
and (c) are in excellent agreement with the theoretical
prediction as shown in Fig. 1(b). In order to explore the
influence of the laser incident angle on the SPH formation,
we assume an obliquely incident object laser at an angle of
θ = 20◦ with respect to the x-axis, with the focus spot of
w0 = 12λ0 and the amplitude of object laser ao = 0.356.
Figures S2(d)-(f) show the transverse distribution of the
interference laser intensity and its transverse ponderomotive
force, electron density, and proton density for the case Eq.
(3b), respectively. When the object laser is changed to
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a large focus spot with oblique incidence, the transverse
distribution of the interference laser intensity changes from
a spiral pattern to a fork pattern. Similarly, the electron and
proton density distribution of the SPH also transforms into a
fork pattern.

Figure 1. The distributions of the SPHs depth dSPH in the case of object
laser with the initial phase of 0 (a), π/2 (b), only having the object laser (c),
and only having the reference laser (d), respectively.

In order to validate the applicability of this phase re-
construction method for higher-order modes and oblique
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Figure 2. Transverse distribution of the interference lasers intensity and their transverse ponderomotive force at t = 60T0 in the l = 2 case (a) and oblique
incident case (d), respectively. Transverse distribution of the electron and proton density at t = 300T0 in the l = 2 case ((b) and (c)) and oblique incident
case ((e) and (f)), respectively.

incidence, we conducted theoretical calculations of the re-
constructed phase and corresponding electric field distribu-
tions in these two cases. As shown in the Fig. S3(a)-(d),
the theoretical results illustrate the phase and electric field
distributions of the object laser for l = 2 modes and oblique
incidence, demonstrating the robustness of this method.

We also proposed an experimental setup for realizing the
vortex phase generation and detection study, as shown in Fig.
S4. In experiment a primary pulse of a laser is incident from
the left and is divided into two sub pulses by a spectroscope.
Employing the current laboratory settings for generating
relativistic vortex lasers, one of the pulse is reflected off an
off-axis phase plate and is transformed into a vortex laser.
The other pulse is reflected by a mirror. These two pulses
are then combined into one interference laser with a beam
combiner and focused onto the target by an off-axis parabolic
mirror. Depending on the plasma density of the target, either
visible light, near-infrared light or X-rays can be used to
detect the distribution of the plasma density on the target
surface [1–5].

To investigate the lifetime of surface plasmon holography,
we adjusted the delay time of the laser to 320T0. As shown
in Fig. S5, the electric field distribution of the reflected
laser still maintains distinct vortex laser characteristics. This
indicates that SPH has a lifetime exceeding the picosecond
scale.

To investigate the effect of target material on SPH for-
mation, we employed a hydrocarbon target. As previously
discussed, SPH is formed under the ponderomotive force
of the interference laser and the charge separation fields.
Consequently, ions with lower charge-to-mass ratios require
a longer duration of the laser for modulation. We utilized
a hydrocarbon target composed of fully ionized carbon and
hydrogen ions, with a density ratio of carbon to hydrogen
of 1 : 4, and the duration of object and reference pulses

Figure 3. The reconstructed phase profiles of the object laser obtained
through theoretical calculations in the l = 2 case (a) and oblique incident
case (b), respectively. The laser electric fields obtained through theoretical
calculations in the l = 2 case (c) and oblique incident case (d), respectively.
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Figure 4. Proposal of an experiment set-up to acquire surface plasma hologram. A main pulse of the laser is incident from the left and is split into two sub
pulses via a spectroscope. In accord with current experimental setups for generating relativistic vortex lasers, one laser pulse is reflected off an off-axis phase
plate and converted into a vortex laser. The other laser pulse is reflected by a mirror. These two pulses are then combined into one interference laser pulse by
a beam combiner and are focused on the target by an off-axis parabolic mirror. Depending on the plasma density of the target, visible light or X-rays can be
used to detect the plasma density distribution.

Figure 5. Distribution of electric field Ey on the (a) x− y plane and (b) y − z plane (at x = 7.75λ0) and t = 688T0.

Figure 6. Transverse distribution of the electron ((a), (d)), proton ((b), (e)), and carbon ions ((c), (f)) density at t = 720T0, respectively.
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is 750T0, while keeping other parameters unchanged. As
shown in Figs. S6, the density distributions of electrons,
protons, and carbon ions on the target surface exhibit a
helical structure consistent with that of Fig. 1(b). This
indicates that the material of the target affects the formation
time of SPH, but does not alter the patterns or characteristics
of the SPH.
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