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Abstract
Achieving complex pulses with high-power lasers necessitates rigorous testing of specially designed optical components.
The qualification of these components using complementary devices to access both the high-resolution and the large-
aperture properties, followed by validation using propagation simulations, is proposed here. In particular, the topology
of a large-aperture staircase-like Fresnel phase plate used to generate vortex pulses is qualified using a non-contact
optical profiler and a large-aperture wavefront measurement setup based on a Shack–Hartmann sensor. The resulting
topography is further used for simulating the focus of laser beams after passing through the phase plate. Step height
distribution effects on the doughnut-shaped focus are identified, and avoiding the indicated pitfall in the design of the
phase plate provides at least a 10-fold reduction of the irradiance modulation on the circumference of the focus in the
super-Gaussian case.
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1. Introduction

Since the 1990s, significant progress has been made in
the development of ultra-fast laser technology[1,2], with
today’s sources capable of producing peak output powers
of the order of petawatts[3,4] and pulse duration of less than
10 femtoseconds (fs) from a relatively simple laser setup[5–8].

This is achieved through the use of broad-spectral-
bandwidth pulses, which are amplified using the chirped
pulse amplification (CPA) technique[9]. This new method
has had a significant impact on both basic research and
industrial applications, enabling the emergence of novel
areas of science, such as high-energy-density physics[10,11],
laboratory astrophysics[12–15], laser accelerators[16–18] and
laser nuclear science[19,20], together with the exploration of
previously inaccessible states of matter[21].
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Over the last 30 years or more, the beam shape of high-
irradiance lasers used in a wide range of applications has
been characterized by an ideal flat-top beam, a Gaussian
or super-Gaussian near-field fluence distribution, and
a Gaussian-like focus. Nowadays, emerging techniques
do not require standard Gaussian-like laser beams, but
rather tailored spatial distributions in the far field (FF)[22],
often generated by optical elements with phase jumps. In
particular, the most basic light fields with a focal fluence
shaped like a ring contain an optical vortex located at the
beam’s core. It is often modeled by Laguerre–Gaussian LGpl

beams[23] of radial index p and azimuthal order l, or modified
versions, wherein the near-field irradiance distribution is
transformed to a super-Gaussian profile to enhance energy
extraction efficiency, in particular within laser chains.

Laguerre–Gaussian modes, known in the literature as
helical beams, have a hollow irradiance profile and carry
orbital angular momentum (OAM)[24]. An electromagnetic
wave with OAM travels with a spiral-shaped wavefront, as
opposed to the flat wave fronts that are typical of many
high-powered lasers currently in use. Beams with a helical
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wavefront structure carry, in their cross-section, a specific set
of points where the irradiance is zero and, as one traverses
these points, the phase increases by the following:

�� = 2π l. (1)

The non-zero integer l determines the topological charge of
the helical surface.

The investigation of the characteristics of optical vortices
has prospered following the publication of a comprehensive
paper by Nye and Berry in 1974[25], which delineated the fun-
damental attributes of dislocations in wave trains. The study
of generating and utilizing OAM laser beams has lately seen
a significant increase in research; specifically, ring-shaped
focus irradiance distributions have the potential to have
numerous practical applications in high-intensity laser tech-
nology, utilizing OAM in the interaction processes[26]. This
particular type of beams has already been applied in mul-
tiple domains, including particle confinement[27,28], optical
communication[29], quantum computing[30], high-resolution
microscopy[31,32] and astronomical observation[33–35].

Twisted helical phase beams are seen as a solution to
enhance conventional ion acceleration[36] outcomes and as a
potentially cost-effective alternative to circular polarization.
This is because shaping the phase of a large-diameter laser
beam is a more economical solution compared to modifying
its polarization[37].

Despite the significant theoretical interest[38], there have
been limited experimental studies[39] due to the difficulties
encountered in generating and propagating large-aperture
OAM beams in high-power laser systems (HPLSs). Nev-
ertheless, despite the desirable features of doughnut-like
beams, the efficacy of the experimental investigations has
been hindered due to degradation of the irradiance pattern
in the FF[40] and low damage thresholds and non-linearity
effects induced by the propagating ultra-short laser pulses.

Ever since the first experimental generation of a beam
with phase dislocation by Allen et al. in 1992[41], multi-
ple techniques have been continuously developed and sug-
gested[42,43]. The early methods focused on modifying the
Gouy phase shift of the light beam, converting the arbitrary
orders of Hermite–Gaussian modes into Laguerre–Gaussian
modes by a pair of cylindrical lenses[44]. Later on, classi-
cal approaches included continuous[45,46] and discrete[47–51]

optical elements, computer-generated holograms[52], digi-
tal devices (spatial light modulators (SLMs)[53] and digital
mirror devices (DMDs)[54]), more recent schemes such as
metasurfaces[55] and even s/q-plates[56–58]. In most appli-
cations, these techniques use conventional small-diameter
optical elements with phase jumps, as compared to large-
size devices that present technological challenges either in
manufacturing or when implemented in experiments.

As the use of OAM focal spot irradiance distributions
gains growing interest, accurate manufacturing and

qualification of versatile and diverse optical elements
inducing wavefront dislocations are required.

The goal of this paper is to identify proper ways to qualify
large-aperture optical elements inducing phase jumps. In
this respect, three complementary methods are combined.
Firstly, optical component discontinuities are mapped with
high lateral resolution using non-contact optical profilome-
try. Then, the useful aperture of the optical phase plate is
characterized using a setup based on a wavefront sensor.
Finally, the obtained information is used as input for the
simulation of propagation and compared with the ideal
pattern of the field generated when no distortions are present.
To properly illustrate this, we present the challenges and
results related to high-resolution wavefront characterization
of pulses generated with a large-diameter helical staircase-
like phase plate (SPP).

The paper is structured as follows. In Section 2, we present
the method to generate vortex waves and the tools used
to qualify them: profilometry, wavefront sensing and the
simulation approach implemented. The results concerning
the characterization of the large-aperture optical component
are presented in Section 3. Subsequently, in Section 4 we
use the result as input for the propagation towards the focus
of an ideal super-Gaussian or a real measured beam and
compare the outcomes of various scenarios. The conclusions
are presented in Section 5.

2. Methods

A laser beam with a flat wavefront passes through an
uncoated phase plate with a diameter of 150 mm and
thickness of 2.3 mm to acquire OAM. The choice of a flat
wavefront is motivated by the fact that the experimental
setups usually include a deformable mirror (DM) to
compensate deviations from flatness. In the FF, the beam
is expected to produce an annular field distribution. The
phase plate, specified by the producer company for 800 nm
and l = 1 in transmission, single-pass configuration, was
manufactured from fused silica (FS) with one of the optically
active surfaces having a topography similar to a spiral
staircase. The staircase profile was obtained by lithographic
methods and reactive ion etching (RIE). The design is such
that the light that passes through the pair of steps with the
highest height difference acquires a phase delay equivalent
to one wavelength, according to Equation (1), due to the
retardation when propagating through the material.

A comprehensive characterization of the topography
involves at least two measurements. The first one should
obtain the heights of all the steps that comprise the staircase.
The second measurement determines the slowly varying
background arising from the imperfection in the flatness of
the substrate used for the phase plate.

The step height distribution was statistically measured
by optical profilometry using a Sensofar S neox profiler,
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Figure 1. Schematic representation of the experimental setup used to generate Laguerre–Gaussian beams and characterize diffractive optical elements. The
fundamental Gaussian beam, emitted by a He-Ne laser source (λ = 632.8 nm, P = 5 mW), was relay imaged and collimated onto an SPP, transformed into
an optical vortex and detected by a high-resolution S-H wavefront sensor (HASO4 126 VIS, Imagine Optics, number of sub-pupils 126 × 172, pupil size
10.2 mm×13.8 mm, 3×12 bit RGB color depth) placed in the Fourier plane of the SPP element. RI, collimating relay imaging system; L1–L11, plano-convex
lenses; M1, M2, plane mirrors; DM, deformable mirror; BS, beam splitter; BD, beam dump; HASO, wavefront sensor; PRM, on-axis parabolic mirror; SPP,
spiral phase plate; RM, reference plane mirror. The values f1–f11 and fPRM are the focal lengths of lenses L1–L11 and of the PRM.

specified with an uncertainty of 4 nm for a step height stan-
dard of 186 nm. Since RIE can achieve a depth uniformity
of a few percent, with the largest deviations occurring close
to the edges of the patterned area, the center was deemed
representative for the height distribution across the aperture
of interest.

Measuring the deviation from a perfectly flat substrate
with the optical profiler is not practical and is error-prone,
since it requires stitching together a large number of images
acquired over days or weeks. It can be done instead by send-
ing a flat wavefront through the phase plate and measuring
the result with a Shack–Hartmann (S-H) sensor. As shown
in Figure 1, the experimental setup comprises a collimated
beam generation system and an S-H sensor.

A coherent, linearly polarized, continuous (TEM00 >99%)
light beam, emitted by a He-Ne laser source (REO,
Model 31005) of central wavelength 632.8 nm, 5 mW
power and 0.8 mm beam diameter, is used. The Gaussian
beam is expanded and collimated through a series of
4f -configuration relay imaging systems and telescopes. The
geometry of the beam expanders enables, in the first place,

the preservation of the beam properties during transport
throughout the optical system and, secondly, provides
the capability to measure with different apertures, up to
approximately equal to 10 cm.

A flexible bimorph piezoelectric DM (Boston Microma-
chines, model Multi-DM DM140A-35-IM01, active array
size 12 × 12 actuators, Au-coated material, stroke 3.5 μm,
active aperture 4.4 mm × 4.4 mm) was used in a factory-flat
configuration.

The experimental setup allows for the samples to be placed
at different locations, in transmission or in reflection, thus
enabling wavefront qualifications at different apertures. The
residual wavefront error of the complete system is subtracted
from the actual qualification measurement of the phase plate.
The SPP was illuminated in a double-path transmission
geometry in the Fourier plane of the wavefront sensor.
The recorded wavefront data were divided by 2 in order
to obtain the actual distortion induced by the phase plate
when used in an experiment. The smallest possible distance
between the SPP and reference plane mirror (RM) (≈2 mm)
was used in order to minimize the wavefront measurement
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error, but small measurement uncertainties do not change
the conclusion of the present study. As the incident beam
passes through the surface of the phase plate, it undergoes
a transformation from a fundamental Gaussian beam to a
vortex beam.

To evaluate the quality of the phase discontinuity of the
light field generated by the vortex element and the propa-
gation characteristics, we measured the resultant waveform.
A high-resolution wavefront sensor (HASO4 126 VIS) was
used. It consists of 126 × 172 sub-pupils and it has an aper-
ture size of 10.2 mm × 13.8 mm. The sensor is placed on an
XYZ translational stage in the conjugated plane of the laser
source and the DM. The concept used to increase sampling
density is based on the linearized focal plane technique
(LIFT)[59,60], which performs a phase retrieval algorithm on
each micro-lens image.

The best-fit third-degree polynomial surface was deter-
mined from the measured wavefront over a diameter of
70 mm. The height distribution of the steps, superposed on
the polynomial function, was used to simulate the propa-
gation of the beam in the FF. The results were compared
with the propagation through an ideal plate, where the steps
have equal heights and the substrate is perfectly flat. The
simulations were done using the package LightPipes for
Python by calculating the Fresnel–Kirchhoff integrals.

For the initial field distribution, two types of data were
used. Firstly, a super-Gaussian function of the eighth order
with radial symmetry was calculated (for a discussion of
super-Gaussians of different orders see Ref. [61]). Secondly,
the beam profile of the 100 TW HPLS (the HPLS of
the Extreme Light Infrastructure – Nuclear Physics (ELI-
NP) facility) output[3] recorded on 26 November 2022
was applied, for a wavelength of 800 nm in air. The
analysis is restricted to narrow-bandwidth pulses and the
optical component quality at the central wavelength. It has
been shown[48] that even for a bandwidth of 10% of the
central wavelength, the conversion efficiency to a vortex
beam drops by only a few percent compared with the
monochromatic case. For rigorous results, the analysis of
the wavefront should be extended to include full spatial-
temporal description[62,63].

The quantitative evaluation of the ring pattern in focus was
done by computing a circular section of the irradiance[40].
The radius of the circular section was the one where the
azimuthally integrated radial profile had the highest value.
The focus quality was tied to the coefficient of variation
(CV) or the relative standard deviation (RSD) of the circular
section, using the following formula:

CV = σ

μ
, (2)

with σ being the standard deviation and μ the mean value
of the section. A flat profile or perfect focus corresponds to
0% RSD. Complementarily, the quality of the helical beam

focal spot was monitored using the azimuthal integration of
the doughnut.

3. Phase plate characterization

The topography of the central section with an area of
10 mm × 10 mm of the phase plate was measured with the
optical profiler. This was necessary for assessing whether
the step heights were equal, as required in the ideal SPP case.
The topography, shown in Figure 2, was obtained by stitching
more than 2300 smaller, overlapping scans of the surface.

The curved background of the image hinders the cal-
culation of the step height distribution. For background
removal, the gradient of the surface was first calculated.
The discontinuities in the gradient image generated at the
step borders were then replaced by interpolating between the
neighboring areas. Finally, the background was obtained by
integrating the filtered gradient image.

The height distribution was obtained using a Gaussian
kernel density estimator (KDE) on the image data without
the background. A KDE was preferred over a histogram
because the maximum of the latter depends on the choice of
bin size and starting position. For each data point, the KDE
method adds up the values of a kernel function (in this case
a Gaussian) centered at that point. The resulting sum is an
estimate of the distribution function.

For extracting the average heights of the steps, the result
of the KDE was fitted with the sum of 15 Gaussian functions
(not related to the kernel of the KDE), corresponding to the
intermediate step heights, where the centers of the Gaussians
are allowed to vary during the fitting process.

The maximum height difference across the phase plate
is 1.754 μm. For FS (refractive index n = 1.4534 at λ =
795 nm), this yields a maximum phase shift of 2π (one
wavelength optical path difference), for a beam with an
initially flat wavefront. The 2π phase shift is considered also
in the design of helical phase plates in reflection[64]. It should

Figure 2. A 10 mm×10 mm optical profiler image with a height range of
3 μm. The height was exaggerated to observe the curved background and
the stitching artifacts.
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Figure 3. Relative error of the step heights across the phase plate, com-
pared with the average value.

Figure 4. Wavefront distortion as measured with the Shack–Hartmann
setup: (a) initial wavefront; (b) wavefront after masking out the disconti-
nuities.

be noted that each of the 16 terraces of the SPP corresponds
to a constant phase of the wavefront.

Assuming 15 equal step heights, the maximum height of
1.754 μm should yield a single step height of 116.9 nm.
This value, as well as the overall step height, is close to that
proposed by Sueda et al.[47], also using an FS plate in trans-
mission. The measured step heights have the same average
value but with a standard deviation of 14.7 nm. They range
between 101 and 167 nm, with the largest gap occurring
between the eighth and the ninth steps. The distribution of
the height error to the mean is shown in Figure 3.

The complementary analysis of the wavefront was per-
formed over a 70 mm central aperture. This was required
as it is known that thin optical components often introduce
residual wavefront distortions (RWDs) as a consequence
of imperfect polishing of the surfaces. Figure 4(a) shows
the wavefront measurement result. The RWD was estimated
in the form of a polynomial obtained from the wavefront
measured with the S-H setup by first masking out the discon-
tinuities generated at the step boundaries using the wavefront
sensor’s software (Figure 4(b)). The resulting surface is
approximated with a coefficient of determination R2 = 0.81
by the following function:

f (x,y) = 10−2
3∑

i,j=0

ai,jxiyj, (3)

with ai,j being the elements of the matrix:

⎛
⎜⎜⎝

a0,0 3.24 −1.50 −0.164
2.59 −0.250 −0.111 0.014
−2.11 −0.029 −0.103 0.046
−0.244 0.036 0.093 −0.039

⎞
⎟⎟⎠, (4)

where x, y are in centimeters, f (x,y) is in micrometers and
the center of the phase plate is in the origin. The value of a0,0

is irrelevant since it only adds a piston term to the phase.

4. Impact of staircase-like phase plate imperfections on
focus

For beam propagation simulations, a square region with a
size of 150 mm and a lateral resolution of 2501 pixels was
used. Figure 5(a) shows the eighth-order super-Gaussian
irradiance distribution, with a full-width at half-maximum
of 48.5 mm and wavelength 795 nm, and the 100 TW HPLS
output irradiance pattern (Figure 5(b)). The staircase-like
phase distribution is shown in Figure 5(c). The polynomial
background from Equation (3), in units of wavelength, is
shown in Figure 5(d).

For the first set of simulations, a spiral phase filter, with
the distribution of step heights as measured with the profiler
(Figure 3) and having the polynomial background given by
Equation (3), was applied to the super-Gaussian and HPLS
fields. The resulting field was propagated for a distance of
40 m to a perfect lens with a focal distance of 150 mm.
The irradiance distribution was then calculated in the back
focal plane of the lens, where the computed square region

Figure 5. Starting field distribution of irradiance (a), (b) and equi-
distributed phase (c). Image (d) shows the phase distortion corresponding
to the fitted polynomial. The squares have a size of 80 mm. The irradiance
distributions in (a) and (b) are normalized to the same power and share the
same intensity scale. The unit of phase distributions is one wavelength.
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Figure 6. Simulated irradiance profiles in focus and the relative standard deviation (in percent RSD) of the circular sections through the points with the
highest value. The 2π phase jump in the initial phase distribution was, for all images calculated, in the upper left quadrant, at an angle of 36.6◦ with the
vertical. The rows index the initial spatial distribution of the field: super-Gaussian (a)–(d) or measured in the HPLS (e)–(h). The columns index the step
height distribution across the spiral: nonuniform as measured, with the wavefront background being polynomial (a), (e) or flat (b), (f); uniform between the
total height difference measured (c), (g); uniform, with corrected total height (d), (h). For the last two columns, no polynomial distortion of the wavefront
was applied. The images share the same range of values for the color map.

size reached a value of 22 μm. Values of 15.1% RSD
and 17.6% RSD of the circular section were obtained for a
super-Gaussian beam and the HPLS beam, respectively (see
Figures 6(a) and 6(e)). If the phase filter has a flat back-
ground instead, the values drop by about 10% RSD and the
focal spot becomes more annular, as shown in Figures 6(b)
and 6(f).

For further refining the focus quality, the step height
distribution was considered to be uniform. Neither the super-
Gaussian nor the HPLS beam achieved a better focal pattern
(Figures 6(c) and 6(g)), and a modulation in the ring shape
remains, even for the perfect super-Gaussian field.

Trying to pinpoint the source of the remaining modulation,
it was realized that it lies in the distribution of step heights
across the staircase. There are two possibilities of approx-
imating a continuous phase plate with a uniformly stepped
structure. In the first case, shown in Figure 7(a), which
corresponds to the SPP as measured with the optical profiler,
the largest phase jump corresponds indeed to one wavelength
as for a continuous plate. To simplify the drawing, a four-step
SPP was considered. The phase, however, is not uniformly
distributed, because the phases on the first and last steps
are equivalent, being one wavelength apart, thus effectively
doubling the area of the zero phase-shift step. The correct
step height distribution (Figure 7(b)), as presented also in
the work of Longman et al.[50], results in a phase plate
whose overall height is lower than for a continuous plate. The
difference comes from the last step of height lλ/N which, as
seen in Figure 7(b), is ‘virtual’. It follows that the previously

Figure 7. Two ways of approximating a continuous phase plate of l = 1
(dashed green line) with a discrete, N = 4-step plate (orange in (a) and
blue in (b)) and the resulting optical path length difference (OPLD) as a
function of the azimuth φ. The largest phase jump is λ in (a), but in (b) it is
λ(1−1/N).

determined height of 1.754 μm should be divided between
16 equal steps, instead of 15; hence the heights of the steps
for the next simulations were decreased by 7.3 nm, from
116.9 to 109.6 nm.
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Figure 8. Coefficient of variation of the circular section in the focus as a
function of the relative lateral shift between the phase plate and the HPLS
beam.

The CV for the super-Gaussian beam was thus reduced to
1.5% RSD, a value limited by aliasing and diffraction at the
simulated field boundaries. With 8001-pixel resolution and
the initial space size of 600 mm, the RSD of the circular
section in focus is only 0.3% (Figure 6(d)).

In practice, however, the doughnut focus quality for the
HPLS beam is limited by the nonuniform cross-sectional
irradiance distribution. Even with the correct distribution
of the step heights, the focus quality remains at 7.8% RSD
(Figure 6(h)). It should be noted that an incorrectly dis-
tributed step height like that in Figure 7(a) is, in effect,
a phase plate that acts correctly at a different (longer)
wavelength. Equivalently, it can be considered as having
a non-integer charge for the working wavelength. For the
investigated SPP, the correct wavelength would be 847 nm.

When performing the propagation simulations, the angular
position of the largest phase jump in the spiral phase dis-
tribution was chosen arbitrarily, avoiding multiples of π/2.
It was set at an azimuth of 126.6◦, like in Figures 4(a) and
5(c). Any asymmetry resulting from a nonuniform irradiance
distribution of the starting field, like in Figure 5(b), or from
a non-integer charge[48], can be partially compensated with a
lateral displacement of the phase mask. The position of the
phase mask was therefore chosen to be the one that gives
the minimum value of the RSD in focus. As an example,
Figure 8 shows the dependency of the RSD value on the dis-
placement for a flat background phase mask with step height
distribution as measured with the profiler (Figure 6(f)). It can
be approximated by a quadratic two-dimensional polynomial
up to a relative root mean square of residuals of 0.13%. The
optimization of the phase mask position was done for all the
cases considered. The figure also shows the sensitivity, about
0.4 mm, of the doughnut quality with respect to the position
of the phase plate.

The circular profiles obtained at the radius of maximum
value for the azimuthally integrated irradiance profiles are

Figure 9. Circular sections (a) through the irradiance profiles in focus for
several cases, and azimuthal integration (b) of the respective profiles. The
legend refers to the images from Figure 4 and their respective RSDs.

shown in Figure 9(a). The best scenario (super-Gaussian, flat
wavefront, optimized step heights) is depicted by the curve
denoted Figure 6(d). The low-amplitude, fast modulations
present in the profile are coming from numerical noise, due
to the limited size and resolution of the computed input
field, and set the limit of calculations. For the other three
cases (Figures 6(b), 6(e) and 6(h)) analyzed in Figure 9,
slower modulations are observed. For the Figure 6(b) case
(super-Gaussian, measured nonuniform steps), the associ-
ated modulation is 3%, while for the Figure 6(h) case
(measured beam profile, optimized step heights) the modu-
lation is higher at 7.8%. When adding the polynomial wave-
front to nonuniform steps and a measured beam profile, the
RSD is 17.6%. It should be noted that a DM can compensate
the wavefront background, leading to an achievable RSD of
8.4% (Figure 6(f)).

The azimuthally integrated irradiance profiles are shown
in Figure 9(b). One can observe the overall decrease in the
irradiance across the ring, more than 30%, in the worst
case analyzed (Figure 6(e)). This can significantly impact
the estimated particle acceleration processes[37]. Analyzing
the polynomial background of the wavefront and removing it
using a DM would lead to a higher quality doughnut focus.
Both can be achieved, for example, using the ZEHBRO
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method[40]. Comparing the cases in Figures 6(b) and 6(d) in
Figure 9(b) shows that the step height distribution does not
impact significantly the integrated peak irradiance around
the ring. A nonuniform irradiance profile of the laser, how-
ever, with or without the wavefront background, illustrated
respectively in Figures 6(e) and 6(h), leads to a significant
decrease in the irradiance. This decrease can be used to
quantify the doughnut quality, like the Strehl ratio in the case
of vortex-free pulses.

A final remark is related to the depth of the doughnut
hole, which was indicated as a signature of distortions in
the case of helical pulses with spatial-temporal couplings[63].
The relative depth of the hole in the worst-case scenario (see
Figure 9(b)) is only 4%, making it difficult to distinguish in
experiments.

5. Conclusions

In this paper, a qualification method for large-aperture opti-
cal elements inducing phase jumps has been proposed, and is
of great interest in applications such as laser-driven charged
particle acceleration and optical metrology. The method is
based on three complementary approaches: high-resolution
topography of the optical component, large-aperture charac-
terization of the useful wavefront and numerical propagation
of the reference laser pulse to the Fourier plane using the
gathered information. To illustrate the method, we consid-
ered the case of a large-aperture, 16-step vortex phase plate,
in the context of the 100 TW output from the HPLS.

Unexpected, non-negligible variations in the step heights
of the phase plate and also a flaw in the design, related to the
overall phase jump for the chosen wavelength, were iden-
tified using high-resolution optical profilometry. The low-
resolution, high-aperture wavefront determination allowed
one to take into account the residual low-order wavefront
distortions on the overall focus of the pulses. Further, prop-
agation code based on Fresnel–Kirchhoff integrals was used
to assess the modification of the focus after the measured
phase plate, including the positioning accuracy of the phase
plate in order to minimize the RSD of the modulation. When
using a super-Gaussian beam, the impact on the focus of each
of the observed characteristics above could be quantified.

Furthermore, the deleterious effects of amplitude modula-
tions in the used beam profile were studied. Two parameters
were identified for practical use. The irradiance modulation
around the doughnut profile in the focus, also used in the
ZEHBRO technique[40], affects the symmetry of the interac-
tion of the laser with the target. The azimuthal integration of
the focused pulses shows that the peak irradiance suffers a
significant decrease of more than 30% when compared with
the optimized case. It is mostly introduced by the residual
wavefront background.

Applying this method to the large-aperture discrete optical
phase plate shows that the efforts in improving the quality
of the optical component have to be doubled by the proper
control of not only the beam wavefront, but also the beam
irradiance modulations in the near-field in order to achieve
the highest irradiance in focus.
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