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Abstract
In this work we present a method for generating ultra-intense Laguerre–Gauss laser beams,
using 3D direct laser writing of spiral phase plasma mirrors. These single-use mirrors provide
an economical and scalable solution for arbitrary spatial beam shaping at ultra-high laser
intensities. The use of these plasma-based optical devices is demonstrated for the case of an
orbital angular momentum of l = 1, with incident laser intensity of 1017 Wcm−2. We conclude
by discussing practical considerations for using these optical elements on petawatt-class laser
systems

Keywords: plasma mirror, laser-plasma interaction, beam shaping, orbital angular momentum,
direct laser writing

(Some figures may appear in colour only in the online journal)

1. Introduction

Laguerre–Gaussian (LG) light beams can have a rotating azi-
muthal phase, exp [−i(ωt − kz)− ilϕ], which carries a quant-
ized orbital angular momentum (OAM) of ℏl per photon, with l
being a positive or negative integer [1]. In the quarter of a cen-
tury since its discovery, OAM- carrying beams were applied
in various fields, including optical tweezers [2], microscopy
[3], optical communication [4] and quantum computing [5].

The introduction of OAM to laser beams in the relativistic
limit (above 1018 Wcm−2) is expected to drive new types of
laser-plasma dynamics, such as optical plasma cutters [6] or
drills [7], and may offer new means of accelerating electrons
[8] or ions [7], and generating attosecond electron pulses [9],
vortex harmonics [10, 11], and gamma rays [12].

Experimental realization of OAM beams at relativistic
intensities is challenging because of non-linear optical effects
and damage to conventional spatial phase modulators. These
effects can be mitigated by simply limiting the laser intensity
[13], or by placing the phase element early in the laser amp-
lification chain [14], or by the fabrication of large-diameter
reflective phase elements [15, 16]. Out of these mentioned
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solutions, the latter hold the most potential for wide-use
applications, as it does not require modifications to the laser
system itself. However, state-of-the-art multi-pettawatt (PW)
laser systems would require 10 s of cm size optical elements,
which are still a considerable fabrication challenge.

Plasma-based optical phase modulators, however, are not
subject to these limitations. To form a plasma mirror, one must
ensure that the plasma expansion prior to the main interac-
tion is negligible with respect to the light wavelength. Having
this condition fulfilled, plasma mirrors act much like metallic
mirrors, thus retain the original polarization and coherence of
the incident laser beam [17]. As one of the simplest plasma-
based optical element is the plasma mirror, its use for relativ-
istic OAM beams realization is natural. Indeed, PM-based
generation of an OAM beam was demonstrated by Leblanc
et al [18], who optically induced transient fork-pattern grat-
ing modulations to a flat PM. His method, however, suf-
fers from low coupling to the OAM modes because of low
diffraction efficiency. Other concepts of acquiring a rotat-
ing azimuthal phase during propagation in plasma, such as
the plasma q-plate [19] and plasma parametric amplification
[20], are highly challenging to implement and are yet to be
realized.

An alternative suggestion by Shi et al [21] is to imprint
OAM on a high intensity laser beam by reflection off a spiral
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Figure 1. Illustration of the SPPM beam shaping method. An
intense laser beam irradiates a microscopic 3D printed spiral phase
target, which reflect the beam with an added OAM as a SPPM. A
new target is positioned in the beam path before the next laser shot.

phase plasma mirror (SPPM). In this paper, we present the
first experimental realization of SPPMs, using 3D direct laser
writing (3D-DLW) fabrication. As illustrated in figure 1, upon
intense irradiation the 3D printed spiral phase targets ionize to
become SPPMs,which induceOAM to the reflected laser field.
These single-use mirrors provide an economical and scalable
solution for arbitrary spatial beam shaping at ultra-high laser
intensities.

2. Method

The total optical path difference induced by a spiral phase
optical element is given by:

δSPP (x,y; l) =
λl
2π

tan−1 (y,x) , (1)

where the tan−1 function is defined to eliminate the quadrant
ambiguity of the arctangent function. In the case of reflective
optic, the optical path difference is related to twice the ver-
tical displacement of the reflective surface. The angle of incid-
ence (AOI) imposes two design considerations for a reflect-
ive optical element. First, the height must be matched to the
cosθAOI reduction in the accumulated phase upon reflection.
Second, a one-dimensional stretch of 1/cosθAOI should match
for the stretch of the incident beam illuminating the surface in
the plane of incidence. With these corrections, the vertical dis-
placement becomes:

hSPPM (x,y; l) =
λl

4π cosθAOI
tan−1 (y,xcosθAOI) , (2)

where x is oriented along the plane of incidence. Simil-
arly, the lateral dimension of the target along the plane of
incidence must be extended by 1/cosθAOI to ensure that the
elongated focal spot is fully contained within the SPPM.
Equation (2) gives the vertical displacement along the rotation
angle. 3D-DLW fabrication of such continuous spiral phase

plate [22] would require a stage resolution better than 10 nm.
Since the SPPMs are destroyed at each laser shot, an eco-
nomic step-like design is favored to reduce fabrication time
and cost. The main disadvantage of a discrete design is a
reduction in the efficiency, defined as the amount of energy
in the designed LG mode relative to the total energy of the
reflected beam. Here, an eight-step discretization was chosen,
which is expected to induce up to a 5% efficiency degrad-
ation [23]. For higher OAM with |l| > 1, larger number of
steps will be favored. The designed height map of an l = 1
SPPM element for an AOI of 55◦ is presented in figure 2(a).
The eight-steps design results from a 100 nm discretization of
equation (2).

Fabrication of the 3D-DLW SPPMs was carried out using a
commercial femtosecond laser lithography system (Photonic
Professional GT, Nanoscribe GmbH, Germany). We fabric-
ated these optics with lateral dimensions of 40 × 60 µm2,
roughly twice larger than the focal spot. The designed struc-
tures were printed layer by layer on a 2 cm wide square
sapphire substrate, with 100 nm layer thickness increments.
For adequate adhesion, the SPPM surfaces were printed on
a 4 µm pedestal above the substrate. After fabrication the
targets were coated with a 50 nm layer of Au to increase
their low-intensity reflectivity and to protect the printed struc-
tures. The targets were examined with a SEM before and after
the final coating, to assure the structured targets were not
affected.

A topographic scan and an SEM image of one printed
SPPM, are shown in figures 2(b) and (c) respectively. The
eight-fold discrete helical surface is clearly seen on the image,
as well as the height discontinuity corresponding to a 2π phase
jump. The image reveals an overall convex curvature overlaid
on the helical structure, possibly a result of shrinkage of the
photoresist layers during the fabrication process. In mass pro-
duction of SPPM targets, such a curvature may be nullified
by optimizing the photoresist development procedure. For this
proof-of-concept campaign, however, we evaluated the spa-
tial phase induced by the fabricated SPPMs using the numeric
fit of equation (2) to the height map of figure 2(b). Here, a
second-order polynomial surface is added, and l is taken as a
free parameter:

z(x,y) = hSPPM(x,y; l) +
(x − x0)2

2Rx
+

(y− y0)2

2Ry
+

xy
Rxy

. (3)

The fitting procedure yields a topological charge value of l =
0.95 ± 0.005, with radii of curvature (ROC) Rx = −1290 µm
and Ry = −670 µm, along the x and y axes, respectively.
The residual shape error is 0.128 µm (RMS), roughly λ/6 for
a Ti:Sapphire laser system with 0.8 µm central wavelength.
The short-scale surface roughness was measured to be about
λ/13 (RMS). Although this value is somewhat higher than the
roughness of optically polished glass substrates, an order-of-
magnitude reduction of the short-scale roughness is expected
owing to plasma expansion [24].
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Figure 2. (a) Designed height map of the target, given by 100 nm discretization of equation (2). (b) Topographic scan (top view) of the
target; color scale is in micrometers. The magnification is similar to the SEM image. (c) SEM image of an SPPM target, designed for
l = 1 and θAOI = 55◦. Lateral dimensions of the target are 40 × 60 µm2.

3. Experimental demonstration

We first characterized the OAM imprinted by the SPPMs on
a low-power CW laser beam at λ = 785 nm. An f/20 lens
focused the beam onto an l = 1 SPPM at θAOI = 55◦. Near-
field (NF) patterns were imaged directly on a CCD positioned
a few cm downstream. Figure 3 shows the evolution of the NF
pattern as the SPPM position is varied with respect to the focus
position. When the SPPM is placed far enough out of focus,
the beam is larger than the SPPM and partially reflects off the
surrounding substrate. In the NF, the two parts of the beam
interfere to form a characteristic spiral pattern, indicating the
presence of OAM [25]. As the SPPM is translated closer to
focus, it reflects the beam completely, forming a donut-shaped
pattern.

Next, we tested the performance of the targets at laser
intensities above the plasma formation threshold, using a
multi-TW Ti:Sapphire laser system. In these experiments,
we used a 1.5 cm diameter aperture to maintain a nearly-
uniform flat-top beam, with 5mJ energy per pulse and 25 fs
duration. A low-power measurement of the collimated beam
profile is shown in figure 4(a). The beam was focused by
a 16.3 cm focal length off-axis parabolic mirror to form a
20 µm diameter Airy disk intensity pattern on the target,
shown in figure 4(b). The SPPM targets were irradiated at
peak intensity of 1017 Wcm−2. At this intensity, we expect
the plasma expansion to be a few times λ/100 [26], thus
having minimal effect on the reflected beam properties. The
laser pulses reflected from the targets were collected by a
15 cm focal length lens and split to collimated- and focused-
beam imaging systems. The collimated-beam imaging sys-
tem consisted of a white screen imaged by a CCD camera.
The focal–plane images were acquired directly by a CCD
detector, placed 225 cm beyond the collecting lens, providing
15× magnification.

Before each shot, the target manipulator was translated
to expose a fresh SPPM target. The targets were aligned
to beam center with a 1 µm resolution. The alignment at
each shot was performed with the laser operated at its low-
est intensity, to produce annular beam patterns in the beam
diagnostics. During the first shots, a systematic shift of the

Figure 3. (a) Illustration of co-linear interference in CW mode. A
low power CW beam reflect off the Au-coated front surface of an
l = 1 SPPM element at 55◦ AOI. Since the beam is larger then the
SPPM when out-of-focus, some light is also reflected from the
surrounding substrate. Away from the target plane, the two parts of
the beam interfere co-linearly. (b) CW interference patterns,
measured for different positions of the SPPM target. The cartoon
illustrates the position of the SPPM with respect to the incident laser
beam. Here, zR is the Rayleigh length of the incident beam. The
interference patterns clearly justify the topological charge l = 1
(see [25]) .

laser pointing was recognized, by comparing the pre-shot
and on-shot beam patterns. In the following shots, the targets
were positioned to pre-compensate for the expected pointing
shift.

At full power shots, shown in figures 4(c) and (d), the col-
limated and focused profiles clearly show that the annular pat-
tern characterizing an OAM beam is preserved when reflect-
ing from the plasma surface. The asymmetry of the focused
beam in figure 4(d) is a result of small misalignment between
the incident beam, and the SPPM. Following irradiation, the
SPPM and its vicinity are completely ablated, as shown in
figures 4(g) and (h). To validate these results, we calculated
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Figure 4. Beam profiles of a femtosecond laser reflected off an l = 1 SPPM. (a) and (b) Collimated and focused images of the incident
beam. (c) and (d) Collimated and focused beam profiles after reflection off SPPM at high-intensity I = 1017Wcm−2. (e) and (f) Simulation
of the expected collimated and focused intensity distributions after reflection off the SPPM. Images of an SPPM (g) before and (f) after a
shot.

the expected collimated and focused profiles by assigning a
phase term to the incident laser at the focus:

EOAM(x,y) = EL(x,y)exp(−iϕSPPM(x,y)) , (4)

with EL (x,y) being in the form of an ideal Airy disk pattern
and ϕSPPM(x,y) is the phase induced by the target, given by:

ϕSPPM(x,y) = cosθAOI z

(
x

cosθAOI
,y

)
× Θ

(
Dx

2
− |x|

cosθAOI

)
Θ

(
Dy

2
− |y|

)
. (5)

Here, z(x,y) is given by equation (3), and the Heaviside func-
tions Θ(x) define the SPPM boundaries, with Dx, Dy being
the length and width of the target. To simplify the calculation,
we approximated the phase-front curvature in equation (3) to
an ideal sphere by setting x0 = y0 = 1, Rxy = 0 and Ry =
Rx cos2 θAOI = R. For θAOI = 55◦, the average ROC is R =
−550 ± 123 µm.

The curved surface shifts the reflected beam waist to
z0 = (2/R + R/2z2R)

−1 [27]. Here zR = 1
2kw

2
0 is the Rayleigh

length of the incident beam, and w0 is its Rayleigh disk radius.
The focused beam profile is calculated by propagating the
beam from the focal plane to the new waist position in the
Fresnel approximation. The collimated profile is calculated
in the Fraunhofer approximation at one focal distance away.
The calculated collimated and focused profiles are shown in
figures 4(e) and (f). These results capture the main spatial
features of the measured beam, including the energy spread
around the original beam perimeter in the collimated beam,
and the secondary ring structure in the focused beam. These
featured indicate that the generated beam is not a pure LG
beam, which is a result of the finite size of the SPPM as well as
the original beam quality. The asymmetry of the focused beam
is captured by introduction of ≈0.5 µm lateral misalignment
between the laser beam and the SPPM, which is within our
alignment accuracy.

4. Discussion

Themain prospect for SPPMs is with PW laser systems, where
dielectric SPM optics become highly expensive. Scaling the
above demonstration from TW to PW lasers would require
additional considerations. First, pre-expansion of the target,
which may alter its spatial properties, must be mitigated by
ensuring that the laser intensity on-target does not exceed the
ablation threshold up to a few ps before the peak of the pulse.
For any realistic laser systemwith peak powerP0, the temporal
contrast ϵ is defined as the ratio of P0 to any preceding light,
e.g. pre-pulses, up to some time t0 prior to its peak, P(t) < ϵP0

for any t < −t0. To prevent pre-expansion, the focused intens-
ity of any preceding light must be limited to below the tar-
get’s ablation threshold Iab. We note that in the ultra-short,
ultra-intense laser parameters considered here, the damage
threshold is related to the on-target laser intensity (W cm−2),
rather than to the laser fluence (J cm−2), which is the typical
figure of merit in longer pulse durations. This constrains the
minimum lateral dimension of the laser spot, and correspond-
ingly the SPPM dimension to:

wSPPM > 2

√
ϵP0

πIab
. (6)

Figure 5 presents the minimal SPPM dimension predicted
by equation (6), as a function of the peak laser power and
the laser intensity contrast at t0 = 5 ps. The laser pulse spe-
cifications of several contemporary ultra-high-power laser sys-
tems are also indicated on the figure. Plasma pre-expansion
during this 5 ps interval would amount to a plasma scale
length shorter than 0.2λ [28], assuming an ablation threshold
of ∼1013Wcm−2 [29–31]. The minimal SPPM dimension
varies from tens of microns for very-high-contrast laser sys-
tems to a few millimeters in laser systems having moderate
contrast.

Although fabrication of SPPMs using 3D-DLW is feasible
in this entire range, a large target size involves prolonged man-
ufacturing, which could amount to several hours per target. A
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Figure 5. Contour plot of the minimal target size as a function of the laser peak power and contrast at t = −5 ps. The pulse specifications
of several ultra-high-power laser systems are also shown.

Figure 6. (a) Schematic 2f SPPM beam shaping. In a realistic setup the SPPM and focusing optics are all reflective. In (b) calculated
focused (top panel) and collimated (bottom panel) profiles following a reflection off an SPPM that is placed at different distances from the
focal point. The lateral scales of the unperturbed flat-top beam diameter in the focal plane and in the collimated beam are indicated by
orange bars. (c) Calculated beam diameters in the focal plane (blue) and collimated beam (orange) as a function of SPPM position. Beam
diameters are normalized to their value in the limit of zSPPM ≫ zR.

more feasible solution would be to use one or two flat PMs
before the SPPM to improve the temporal contrast. The effect
of this method on the required SPPM dimensions is illustrated
in figure 5 by arrows for two laser systems. In this calculation,
each PMwas assumed to have 75% reflectivity and to improve
the temporal contrast by two orders of magnitude.

The minimal spot sizes presented in figure 5 would be
impractical to achieve in most PW-class systems if the SPPM
is positioned at the focal plane. Thus, the SPPM would be
placed out of focus. Figure 6(a) illustrates an SPPM beam-
line. Varying the SPPM position relative to the focal plane can
affect the shaped beam profile, as suggested by the focused
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and collimated simulations of the reflected beam, shown in
figure 6(b) when the SPPM is placed at different distances
zSPPM from the focus. Here, the dimensions of the target were
kept to 150% of the beam diameter at each SPPM position. We
also assume ideal fabrication to neglect the overall curvature
of the target. The evolution of the beam diameter with the
SPPM position is shown in figure 6(c). In the focal plane,
the beam size was quantified according to the radius of max-
imum intensity. The collimated beam diameter was character-
ized using the ISO beam width definition [32], which offers
a more robust treatment of the irregular intensity distributions
at small values of zSPPM. The focused beam radius is highly
sensitive to the SPPM position near the focus, and it displays
an asymptotic behavior at a large distance. The collimated
beam presents irregular intensity spread, including hot spots
and awide energy scatter at small values of zSPPM which slowly
moderates at a few Rayleigh lengths from the waist. The irreg-
ularities originate from the finite size of the SPPM, relative to
the wide energy spread of the Airy pattern. At zSPPM ≫ zR,
the collimated beam diameter becomes similar to the original
aperture. This analysis indicates that placing the SPPM at a
few Rayleigh lengths away from focus would yield a stable
predictable OAM beam, and will not require changing the
downstream optics of the laser line. Another practical bene-
fit for out-of-focus SPPM position is the lower sensitivity to
the laser’s pointing stability away from the focal plane.

5. Conclusion

In this paper we demonstrated the generation of high intensity
OAM beams using 3D-DLW fabricated SPPMs. This method
provides an economic and scalable solution for ultra-high-
intensity laser systems, and it is relatively straightforward to
implement in PW-level beam lines. For the current proof-of-
concept, a single SPPM design was demonstrated, at specific
topological number, spot size and AOI. However, owing to the
versatility of the 3D-DLW technique, the SPPMmethod can be
easily extended to higher OAM modes as well as to Hermite-
Gauss and Bessel beams. These extensions will be the sub-
ject of future work. In a wider context, the demonstration of
DLW of structured PM targets paves the way for realization of
relativistic plasma optics, such as micro-tube lenses [33] and
relativistic high-order harmonics focusing [34].
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