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In laser-plasma interactions (LPI), the laser beam mode is a critical parameter when trying to explore new
physical phenomena. Of the various spatial beam modes, the Laguerre-Gaussian (LG) mode with vortex phase has
attracted considerable attention due to its unique features, including the ability to carry an orbital angular
momentum. Due to this, it has been actively applied to LPI, which mainly utilize ultrashort intense laser pulses.
However, existing transmissive phase-manipulating optical elements have several limitations when applied in
LPI due to critical issues such as pulse broadening, attenuation, and beam shape-all of which have an influence
on the beam quality, as well as, geometry, size, simplicity, and cost-all of which are related to processing
technologies. In this paper, we present a series of procedures to obtain high-quality low-order (I = 1 and 2) LG
vortex beams from large-sized off-axis reflective spiral phase plates (ORSPPs). The geometric designs for various
surface structures, electromagnetic wave simulations in the extra-large domain, hybrid-mechanical processing
technique attempted newly, and experimental demonstrations are involved. Experimental observations of LG
intensity distributions and interference fringes were verified with the simulation results of Poynting vector,
phase, and angular momentum densities. The beam quality of LG intensity distributions was analyzed quanti-
tatively through the investigation of an annular zone formed from the uniformity of the stepped and continuous
surface structures of ORSPPs. Furthermore, we numerically investigated the physical phenomena on the high-
intensity angular momentum transfer from light to matter, considering ORSPP-driven low-order LG vortex
laser pulses, by performing 3D particle-in-cell simulations.

Introduction

The spatial beam mode of an ultrashort and intense laser pulse is a
crucial parameter when trying to characterize laser-plasma interactions
(LPI) [1]. Of the various spatial beam modes, the Laguerre-Gaussian
(LG) mode with vortex phase has attracted remarkable attention in the
fields of optics and photonics, due to its unique features which can carry
the orbital angular momentum (OAM) that is equivalent to [h per photon
(l is the topological charge number or quantum number, and h is the
reduced Planck constant) and can form a doughnut-shaped intensity
distribution that arises from converting the phase of the beam into a

* Corresponding author.
E-mail address: ijkim@Xkbsi.re.kr (I.J. Kim).

https://doi.org/10.1016/j.rinp.2020.103499

vortex shape. Consequently, these characteristics of the LG mode could
provide a new way to control ultrashort intense LPI. Recently, LG vortex
laser pulses have played a critical in number of fascinating research
results, such as laser wakefield for efficient positron acceleration [2],
intense high-harmonic vortices generation [3], efficient & low diver-
gence ion acceleration [4,5], and plasma hologram [6], together with
fundamental interests such as the angular momentum (AM) transfer
from light to matter [7].

In research works related to optical vortices over the last 30 years,
various phase-manipulating optical elements such as spiral phase plates
(SPPs), g-plate, computer-generated holograms, metasurfaces,
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plasmonic nanostructures, and spatial light modulators (SLMs) have
been implemented to realize LG vortex beams [8]. Almost all of these
elements have used nanostructures on their surfaces for effecting the
phase manipulation, and they are mainly utilized in widespread appli-
cations on optics and photonics researches [9-12] that are based on
relatively weak intensity laser beams. For LPI, however, mostly ultra-
short high-intensity laser pulses could be applied to the surface of these
optical elements. Thus, the nanostructures on the surfaces must be able
to withstand laser damages without collapse in their structural integrity.
To generate LG vortex laser pulses by applying ultrashort high-intensity
laser pulses, Sueda et al. [13] developed, for the first time, a multilevel
SPP manufactured using multi-stage vapor deposition processes that
allowed the fabrication of relatively large-sized devices. This multilevel
SPP, which is a transmissive optical element deposited by SiO,, enables
higher laser damage resistance against ultrashort high-intensity laser
pulses. Unfortunately, apart from the issue about the securement of
higher laser damage resistance via the fabrication of relatively large-
sized devices, the ideal LG vortex laser pulse is not easily generated by
merely applying transmissive optical elements that are predominantly
fabricated via consecutive semiconductor processes [13,14]. This is
because as the beam passes through a transmissive optical element,
generally, the optical quality inside and outside the optical element can
affect the transmitted beam shape, and beam attenuation due to ab-
sorption can occur. In addition, the pulse broadening caused by the
material dispersion along with high-intensity driven nonlinear phe-
nomena should be considered when applying ultrashort (e.g., femto-
second) high-intensity laser pulses [15]. Hence, the consideration of
reflective optical elements that complement these weaknesses of trans-
missive optical elements is indispensable for the formation of LG vortex
laser pulses in ultrashort intense LPI.

As a part of efforts to establish reflective optical elements, Campbell
et al. [16] developed a spiral phase mirror for obtaining high-order LG
vortex beams (mostly a few tens of I) at the normal incidence (on-axis)
configuration. They manufactured the spiral phase mirror using the
diamond turning based mechanical processes, bringing to the fore its
advantages of structural design flexibility, high cost-effectiveness in
large-size fabrication, and process simplicity, compared to ordinary
semiconductor processes. Nonetheless, for ultrashort intense LPI, high-
order LG vortex beams and an on-axis configuration are inappropriate
when trying to acquire the highest intensity of LG vortex laser pulses and
to organize the experimental setup, respectively. Therefore, the devel-
opment of low-order LG vortex beams with an off-axis configuration is
required. In 2019, we proposed and verified geometric designs for off-
axis reflective SPPs (ORSPPs), used for generating low-order LG vortex
beams, by performing numerical simulations [17]. However, from the
point of view of fabrication, the realization of these designs for large-
sized (over 100 mm diameter) ORSPPs is quite challenging regardless
of the processing technique employed, unlike in the case of high-order
vortex beams. The main reason for this is that the total spiral height of
ORSPP (h,) is proportional to L. In other words, in the case of the design
having a stepped spiral structure with low-order I (=1 or 2), each
stepped spiral height of ORSPP (h;.sp) is within a few tens of nanome-
ters, which makes its precise control very difficult during
manufacturing. Particularly, SPPs designed to have a continuous spiral
structure can be even more difficult to manufacture-regardless of being
transmissive or reflective type. Because of this inscrutable difficulty, the
fabrication of continuous SPPs has been thought to be unquestionably
unfeasible, despite a theoretical possibility that can ideally acquire high-
quality LG vortex beams [18]. It is because of this reason that most
studies related to LG vortex beams using manufactured SPPs are
confined to the utilization of stepped spiral structures [19]. Conse-
quently, the ultra-precisely manufactured high-quality SPPs have to be
preceded to obtain low-order uniformed LG vortex laser pulses with
well-defined OAM, which are vital for ultrashort intense LPI.

Herein, we show a series of procedures, to obtain high-quality low-
order LG vortex beams generated by large-sized ORSPPs, and to
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demonstrate numerically and experimentally their characteristics. As
one of the most effective ways to actualize the aforementioned concepts
of the ORSPPs, we adopt the hybrid-mechanical processing technique
that is ultraprecision diamond turning machining-fast tool servo (DTM-
FTS) processes and magnetorheological-fluid (MRF) polishing process.
Characteristics of ORSPPs introduced in this study are proved by
calculating the time-averaged Poynting vector, phase changes, and time-
averaged AM densities, and by measuring the intensity and the inter-
ference fringes. As a preliminary study prior to full-scale experiment of
LPI, we further analyze the physical phenomena occurred during AM
transfer from light to matter for various low-order LG vortex laser pulse
modes by conducting 3D particle-in-cell (PIC) simulations.

Geometric design of ORSPPs

The equation that determines h, is different from the total spiral
height of a transmissive SPP (h,). For a transmissive SPP, the difference
of the optical path length (AL) between two normally incident beams
becomes AL = (n, — 1)h;, where n, is the real part of refractive index (see
the top of Fig. 1A). Considering the phase difference A¢, = (2n/A)AL =
(27/A)(n. — 1)h; in a transmissive SPP, h, becomes hy = A/(n, — 1) for =1
(A¢ = 2r). In contrast, for ORSPP (here, the reflection angle equals to the
incident angle regardless of material absorption [20,21]), the difference
in the optical path length AL (sum of the blue line x and red line y)
between two obliquely incident beams becomes AL = 2h,cosf, where 6 is
the incident angle (see the bottom of Fig. 1A) by applying the relation 6
= 0 (reflected angle) and the trigonometrical functions regardless of
absorption of SPP. Considering the phase difference A¢, = (27/2)AL =
(27/2)2h;cos0 in ORSPP, h, for [ = 1 (A¢ = 2x) is given by:

A
h. =
" 2cos0

@

For a He-Ne laser with a wavelength of 1 = 632.8 nm, as n, = 1.46
(fused silica at A = 632.8 nm) and = 45°, h;and h, for [ =1 are 1376 nm
and 447 nm, respectively. Note that h, is as thin as 32% of h; at 0 = 45°
and the tendency h,/h; = (n, — 1)/(2cos6) < 1 continues up to § = 76.5°.

A laser beam with an arbitrary angle of incidence 6 is obliquely
incident on the surface of ORSPP, as shown at the top of Fig. 1B. In this
case, the circular cross-section of the incident beam is changed to an
elliptical cross-section (see yellow line) on the surface of ORSPP. As can
be seen at the bottom of Fig. 1B, the inner circle with a violet solid line
on the x-y plane denotes the cross-section of the incident beam, whereas
the ellipse with a yellow solid line (the minor radius of the ellipse in the
y-axis is the same as the radius of the inner circle) indicates the beam
cross-section on the surface of ORSPP. The large circle denoted by a
dotted line represents the whole mechanical size of ORSPP. When the
position (x, y) on the inner circle and the angle ¢ with respect to the x-
axis are defined, the position of projection on the ellipse is (x’, y) and the
angle with respect to the x-axis is ¢’. Hence, the projection direction
from the circle to the ellipse does not correspond to the point where the
ellipse intersects with the extension line that connects (0, 0) with (x, y).
The position (x’, y) corresponds to the point where the ellipse intersects
with the extension line parallel to the x-axis, which passes through the
position (x, y).

The equation of the inner circle given by radius cosd is x> + y? =
cos20, and the equation of the ellipse given by major radius 1 and minor

= 1. If the coordinates are transformed from

. N /9 )'2
radius cosf is x* + 2o

Cartesian to polar coordinate system, the position (x’, y) is converted to
(rcosg’, rsing”), and accordingly x, y, and ¢’ become x = =+

2 g . ’ Lo
Vcos20 —y2 = £ OO0 1y — tpsing =+ IwO0 __ apg
cos2¢’ cos20+sin?¢ \/ cos2¢’ cos?0-+sin2 ¢’

@ = tan~! [tang/secO], respectively. As a result, the local height (H) at a
certain angle (¢°) in ellipse is given by:
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Fig. 1. A) Schematic diagrams for determination of h, (top) and h,. (bottom) considering their differences in AL. B) Geometry of the elliptical shape on ORSPP
determined by obliquely incident beam. C) Variation of H according to the rotation angle of CORSPPs (top) and SORSPPs (bottom). Lowercase alphabetical letters (a,
b, ¢, and d) in the bottom figure represent a notation of a circular sector divided into 16-circular sectors and have the central angle of each circular sector (¢") such as
16.3, 18.9, 24.4, and 30.4°, respectively. D) Various types of designed ORSPPs for [ = 1 and 2, considering conditions such as 4 = 632.8 nm and 6 = 45°.

H=¢ /(2r) x h, = ¢' [ (27) x A/ (2c0s0)
=1/(27) x A/(2cos0) x tan™"[tang/sec)] )

The variation of H according to the rotation angle of continuous
ORSPPs (CORSPPs) and stepped ORSPPs (SORSPPs) with I = 1 and 2,
which is given by Equation (2), has been plotted in Fig. 1C. To be more
exact, H variations for each ORSPP behave along the profile which
curvature direction is varied per mz/2 (where m is integer) due to the
elliptical beam shape on ORSPP. For SORSPP, when using a He-Ne laser
(4 = 632.8 nm), each hy.gep of 16-SORSPP for I = 1 and 2, and that of the
2-sections SORSPP for | = 2, becomes ~ 30 nm (=447/15), ~60 nm
(=894/15), and ~ 64 nm (=447/7), respectively.

The central angles of circular sectors in SORSPP are different from
one another because, as previously stated, the beam cross-section on
ORSPP is elliptical. At the bottom of Fig. 1B, the blue dotted line that
connects (0, 0) to (x’, y) determines the central angle of each circular
sector (¢’) in a large circle. If the inner circle is divided into 16-circular
sectors with equal angles of 22.5°, the large circle at the bottom of
Fig. 1B is divided into 16-circular sectors with different central angles of
each circular sector. As ¢’ = tan_l[tanq;/sece] (where ¢ = 22.5°, 45°,
67.5°, and 90°, and 0 = 45°), the angle (¢’) of each circular sector in the
first quadrant of the Cartesian coordinate system increases gradually,
such as 16.3° (a) —» 18.9° (b) - 24.4° (c) — 30.4° (d). Subsequently, the

angle (¢") increases and decreases repeatedly during a single revolution
(see the bottom of Fig. 1C).

On the basis of the geometry described above, we designed various
types of ORSPPs for [ = 1 and 2 considering conditions such as 4 = 632.8
nm and 6 = 45°, as shown in Fig. 1D. ORSPPs with [ = 1 have a structure
in which h, corresponding to a phase difference of 27 (447 nm) within
one revolution (360°) is attained by a continuous rise or a 16-stepped
rise. In the case of ORSPPs with [ = 2, two different design approaches
were adopted to produce [ = 2: one in which h, corresponding to a phase
difference of 4z (894 nm) is reached monotonically within one revolu-
tion (360°), and another in which one section for which h, corresponding
to a phase difference of 27 (447 nm) is divided into 8 steps is repeatedly
placed two times in one revolution (360°). These designs can help obtain
a clear insight into the difference in optical characteristics between
ORSPPs having the same [ but dissimilar structure.

Results and discussion
Verification via numerical simulation
It is imperative to validate the design described above by confirming

whether the designed ORSPPs generate beams with characteristics of LG
vortex beams. To do so, we performed 3D electromagnetic (EM) wave
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simulations based on the finite element (FE) method. To mimic the laser
beam reflection that occurred by ORSPP, each 3D FE model was con-
structed with fairly large dimensions of 13 pm x 13 pm x 12 pm (from
the perspective of wave optics simulation) with over 108 degrees of
freedom, and was comprised of two calculation domains: the ORSPP and
the surrounding air domain. To reduce the computational cost, the
ORSPP domain was modeled as a diameter of 7.5 pm maintaining h, of
each ORSPP structure, and the surrounding air domain was truncated by
the scattering boundary condition, which makes a boundary transparent
for all outgoing EM waves with mathematically small reflections. We
considered that the uniform plane wave (linearly polarized (LP) and
circularly polarized (CP) incident beams) with a wavelength of 632.8
nm was incident on a surface of the ORSPP at an angle of 45°. FE ana-
lyses were implemented by solving the full-field formulation in the
frequency domain, defined as:

>

Time averaged Poynting vector
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2
_ )
(VxE) 7?(8,4 P
0

V xpu _ iOelec

JE=0 ®

r

where p, is the relative permeability; E is the electric field; w is angular
frequency; cg is the speed of light in a vacuum; &, is relative permittivity;
Oelec 1S electrical conductivity; and ¢ is the permittivity of a vacuum.
Here, p, was assumed to be 1, and the frequency-dependent complex
refractive index (n) was applied to each calculation domain instead of

(&r — i”ﬂ"—“) (the Johnson model [22] for Ni and the data of Ciddor [23]

wey

for air). Then, the distributions of the time-averaged Poynting vector,
phase, and time-averaged AM densities of the laser beam propagating in
free-space were numerically calculated by employing the obtained FE
results. Here, the commercial FE software COMSOL Multiphysics
(Version 5.5, COMSOL Inc., Palo Alto, CA) was employed to perform the

Phase
Linear pol.

1 (27 continuous)

5

I=2 (47 continuous)

=1 (2n mono_stepped)

I

I=2 (47 mono_stepped)

I=2 (27 2-sections)

Fig. 2. Distributions in the transverse plane of A) the time-averaged Poynting vector normalized by the arbitrary value of the global time-averaged Poynting vector,
and B) the phase plotted from 7z to —z, for each laser beam reflected by the designed ORSPPs. Note that the positions of the transverse plane that acquired calculation
values were fixed to the top surface of the 3D FE models constructed with the same dimension for each ORSPP; however, the propagation distance from the ORSPP
center (z4) was somewhat different according to each h,; zg = 8.84 and 8.68 pm for h, = 447 and 894 nm, respectively.
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FE analyses.

Fig. 2 depicts the distributions of the normalized time-averaged
Poynting vector and the phase in the transverse (x-y) plane located at
the far-field zone (exactly 8.84 ym for h, = 447 nm and 8.68 pm for h, =
894 nm away from ORSPP center), for all designed ORSPPs, under LP
and CP incident beams. As can be seen from Fig. 2A, patterns of the time-
averaged Poynting vector distributions formed into an exact annular
shape in all designed ORSPPs regardless of I, geometric structure of
ORSPP (having the same [ but different surface structures), and the state
of polarization (SOP) of the incident beam. With increasing L, the outer
diameter and dark central region of the beam expanded and the in-
tensities distributed tended to decrease. Also, in the comparison be-
tween ORSPPs with the same [ but different structures, we found that
there were no significant intensity differences despite the change in
diffraction characteristics in accordance with the disparate geometric
structures. Strangely, in the case of h, = 894 nm, we found the local area,
where the exorbitantly high values of the time-averaged Poynting vector
were distributed, within an annular zone. However, it was assumed to be
negligible as it may be induced by the excessive scattering that occurred
from the drastic alteration of the spiral height at the end of the spiral
surface. Also, this phenomenon may be due to the considerably close
position of the transverse (x-y) plane, which can contain light that is
irrelevant to the formation of LG vortex mode. Fig. 2B reveals the total
phase change in the transverse plane perpendicular to the beam axis.
Depending on I, continuous phase changes of 2z appeared cyclically
with the spiral shape on one rotation around the optical axis. The total
phase change for ORSPPs with [ = 1 was obviously 2z, and that for each
ORSPP with | = 2 was undoubtedly 4x. Similar to the time-averaged
Poynting vector distributions, no significant differences in the phase
distributions were found under different geometric structures or SOP of
the incident beam. These EM simulation results for the time-averaged
Poynting vector and the phase showed the characteristics of typical LG
vortex modes, and they are well coincident with literature [13,24].
Consequently, at least numerically, the designed ORSPPs were able to
reproduce the LG vortex beams.

We further analyzed the optical AM, which is one of the dynamic
characteristics of EM waves and plays a vital role in light-matter in-
teractions [25-27]. It is now well understood that optical AM generates
an optical torque on particles, causing their dynamic rotation

Results in Physics 19 (2020) 103499

[10,28,29]. It consists of two components: spin angular momentum
(SAM), which is possessed by right-handed or left-handed CP light, and
OAM, which originates from the azimuthal phase gradient of the light
[28,29]. Analogously, the physical quantity representing the time-
averaged AM per unit volume (called the time-averaged AM density,
<j>) can be separated into the spin part <jspi;> and orbital part
<jorbitar™- For a monochromatic light field, these two components can be
expressed as:

i >= Iim[efw X E] @
Im[eoE"-(V)E]

2w

<jorbiml >=rx (5)
where r is the position vector; and E-(V)E = E,VEx+E, VE, +E,VE,
[26,30-34]. Using Egs. (4) and (5), we separately calculated these two
AM densities on the basis of the FE results obtained from the EM wave
simulations described above. Note that because SAM does not physically
exist under LP light (it means that <j> equals <jorpirai>), we only plotted
the calculated results on the CP incident beam.

Fig. 3 exhibits the distributions of the time-averaged SAM and OAM
densities in the transverse (x-y) plane located in the same position as
Fig. 2. Overall, patterns of the time-averaged SAM and OAM densities for
each ORSPP were almost identical to each other, except that the mag-
nitudes of the time-averaged OAM densities were approximately 1-1.5
orders of magnitude higher than those of the time-averaged SAM den-
sities. These are in good agreement with the previous results [34,35].
Moreover, patterns of these AM densities were similar to those of the
time-averaged Poynting vector (see Fig. 2A). As the AM densities are
theoretically derived from the Poynting vector, which represents the
rate of EM energy per unit area [35,36], the obtained patterns of these
AM densities may be a naturally expected result. From the calculated
results for the time-averaged AM densities, we confirmed the existence
of these densities in the laser beam reflected by the designed ORSPPs.

The aforementioned numerical results depicted archetypal LG vortex
beam characteristics: 1) annular intensity distributions with the singular
point, where the phase is undefined (called the phase singularity), were
indicated; 2) the size of the dark central area of the beam enlarged with
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Fig. 3. Distributions in the transverse plane of A) the normalized SAM density, and B) the normalized OAM density, for each laser beam reflected by the designed
ORSPPs, when applying the CP incident beam. Note that the values of the SAM density are normalized by the same value used in the OAM density.
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an increase of [; 3) the phase rotated azimuthally around the phase
singular point, characterized by the phase factor e'®, where ® is the
azimuthal angle; and 4) the SAM and OAM components existed in the
laser beam propagating in free-space. Therefore, we confirmed that each
beam reflected by the designed ORSPPs was clearly an LG vortex beam
and we finally concluded that our geometric designs were suitable for
fabricating large-sized ORSPPs.

Hybrid-mechanical fabrication

Unlike transmissive SPPs with micro-scale h; values, which are
generally produced by a series of lithographic processes, the fabrication
of large-sized (over 100 mm diameter) ORSPPs with sub-micro-scale h,
values using metallic materials is particularly challenging using con-
ventional technologies. In this study, the large-sized ORSPPs using
nickel-phosphorus plated aluminum with a diameter of 100 mm were
incarnated by utilizing the hybrid-mechanical processing technique. For
SORSPPs, the combined machining system, composed of a three-axis
ultraprecision DTM (Nanoform 1000, Precitech) and FTS (FTS-1000,
Precitech), was used, as shown in Fig. 4A. This combined machining
system, through only one machining process, enabled us to mechani-
cally manufacture metallic materials with low surface roughness over a
large area and to obtain a high form accuracy, especially the sharp
edges, in segments of ORSPPs. The large-sized ORSPPs had an asym-
metric geometry joined by fan-shaped segments having each hy. e, of a
few tens of nanometers around the axis of rotation. Therefore, the
aforementioned technique for manufacturing the non-rotationally
symmetric surface, in which the diamond tool of the machining sys-
tem moved along the arc direction on cylindrical coordinates during
machining (different from a typical machining process that adopts
Cartesian coordinates [37,38]), was considered. This technique dimin-
ished the tool interference around the center of an ORSPP and was ad-
vantageous in making the sharp edges of the ORSPP segments. For
CORSPPs, the MRF polishing process was supplementally taken into
account in addition to the DTM-FTS processes that performed the role
here to manufacture the base of the continuous surface (see Fig. 4B). The
base of the continuous surface and the edge positioned at the end of the
spiral surface were precisely formed within the performance limits of the
DTM-FTS machining system. Afterward, the MRF polishing machine (Q-
Flex 300, QED Technologies) was used successively to correct the sur-
face figure errors that occurred during the DTM-FTS processes to the
designed continuous surface (see the top of Fig. 1C).

All ORSPP designs (see Fig. 1D) were fabricated and then the 3D
geometric structures (including hy.ep for each fabricated ORSPP) were
confirmed using Fizeau interferometer (S150, Apre). As shown in
Fig. 5A, the spiral patterns of all fabricated ORSPPs were almost iden-
tical to the designed ones, although the diameter of all fabricated
ORSPPs is quite large to be a diameter of 100 mm. In particular, it is not
difficult to find that each hy.gp of a few tens of nanometers in SORSPPs
and smoothly and continuously increased spiral height in CORSPPs were
certainly formed. From the obtained 3D surface topographies displayed
in Fig. 5A, line profiles for the spiral height variation along with the
rotation angle with respect to the center of each ORSPP were acquired
(see Fig. 5B). In this figure, for CORSPPs with [ = 1 and 2 (denoted by the
solid lines with blue and magenta colors, respectively), the spiral heights
within a single revolution increased up to ~450 nm and ~900 nm,
respectively. These results were similar to the theoretical values formed
by Equation (2) (see the top of Fig. 1C). For 16-SORSPPs with [ =1 and 2
(denoted by the red and olive solid lines, respectively), the spiral heights
formed 16 steps along the continuous line profiles. The 2-sections
SORSPP formed a spiral height of ~450 nm (in response to 2z) at
rotation angles of 180° and 360° (see the orange solid line). Overall, all
SORSPPs showed that the width of each step repeatedly increased and
decreased four times within one revolution, as mentioned above. And
each hy.gp for the 16-SORSPP with [ = 1 and 2, and the 2-sections
SORSPP with | = 2 was ~30, ~60, and ~65 nm, respectively.
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Fig. 4. A) Machining system that includes: three-axis ultraprecise DTM
(Nanoform 1000, Precitech) and FTS (FTS-1000, Precitech). During machining,
the maximum rotational speed of c-axis (the spindle rotational direction about
the z-axis) is 500 rpm, and the maximum FTS stroke frequency of w-axis (the
feed direction into the surface of the ORSPP and parallel to the z-axis) is 0.5 kHz
with the maximum stroke length of 2 pm. B) MRF polishing is an optical
fabrication method that uses the magnetorheological fluid and is well known as
the deterministic process in the optical manufacturing field. During corrective
polishing, a 20 mm dia. magnetic wheel rotates at 1857 rpm and the flow rate
of the magnetorheological fluid sprayed at the wheel surface is 0.18 Ipm. These
machining conditions generate a removal function that is 0.6550 pm/min in
peak removal rate and 0.0023 mm®/min in volume removal rate. During both
processes, a temperature control system was used to minimize form errors by
restricting the temperature fluctuation within +0.02 °C inside the
machining systems.

However, for 16-SORSPP with [ = 1, the manufacturing process becomes
more difficult due to the half-height of h;.s, compared to that with [ = 2;
hence, its edge slope that forms hy.s, was a little gentle compared to 16-
SORSPP with [ = 2 and the 2-sections SORSPP.

The improvement in surface roughness by the MRF polishing process
in addition to the DTM-FTS processes was noticeable. The surface
roughness was measured using a coherence correlation interferometer
(CCI Optics, Taylor Hobson) for two ORSPPs: 1) 16-SORSPP with [ =1
manufactured via the DTM-FTS processes, and 2) CORSPP with [ = 1
manufactured via sequential DTM-FTS processes + MRF polishing pro-
cess. As shown in Fig. 5C, the 2D image of the surface roughness
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Fig. 5. A) 3D surface topographies of the fabricated ORSPPs observed using Fizeau interferometer. Note that because the spiral height of each ORSPP is relatively
very small compared with a diameter of that, we plotted using different dimension scales as x, y = mm and z = pm. B) Line profiles on the variation of the spiral
height according to an increase of the rotation angle from 0 to 2z. Five cases are presented according to their ORSPPs in Fig. 5A. C) 2D surface roughness for two
ORSPPs. The left figure denotes the result of SORSPP with [ = 1 manufactured via the DTM-FTS processes and the right figure shows that of CORSPP with [ = 1

manufactured via the DTM-FTS processes + MRF polishing process.

obtained via the DTM-FTS processes + MRF polishing process (right
figure) was improved compared to that obtained via the DTM-FTS
processes (left figure). In the left of Fig. 5C, the modulation by the
toolmark of the DTM occurred with a height of ~ +10 nm (this value is
vastly superior to the results obtained from the typical DTM process)
along the oblique direction. In the right of Fig. 5C, on the other hand, it
can be seen that this modulation almost disappeared and the height
distribution as a whole was within ~ £2 nm, as can be seen from the
color bar. Quantitatively, for these two cases, the Sa (arithmetic mean
height) values, which are used generally to evaluate the area surface
roughness, were 2.6 nm and 0.6 nm, respectively.

Experimental demonstration

Next, we experimentally demonstrated the optical performance of
the fabricated large-sized ORSPPs through 2D far-field imaging (see
Fig. 6). Fig. 7A shows far-field images of the intensity distributions
observed under LP and CP incident beams. As we intended and expected,
all reflected beams presented annular intensity distributions with a dark
central region, regardless of SOP of the incident beam. In addition, one
can see that the outer diameter and dark central region of the beam
enlarged with increasing I. These experimental results approximately
corresponded with the EM wave simulation results reporting the dis-
tributions of the time-averaged Poynting vector and AM densities (see

Fig. 2A and 3). We additionally demonstrated that all beams reflected by
ORSPPs were the vortex mode by identifying the number of branches of
fork interference fringes, which were obtained from the superposition of
the plane reference beam and the beam reflected by ORSPP. As ex-
pected, the fork interference patterns, which depend on the quantity of [
for the LG vortex beams, were clearly observed around the central
interference fringes, as shown in Fig. 7B. As the number of extra fringes
at each singular point equals the number of 27 azimuthal phase change,
two and three fork branches observed in this figure correspond to the
quantity of [ =1 and 2 of the LG vortex beams, respectively, regardless of
the SOP [10,39]. These results also coincided with the simulation results
showing the total phase change, according to [, of all designed ORSPPs.
Consequently, judging from the obtained surface topography (see Fig. 5)
and far-field imaging (see Fig. 7) results, we conclude that large-sized
ORSPPs with | = 1 and 2 were successfully made based on the pro-
posed geometric design and hybrid-mechanical processing technique.
As mentioned earlier, the highest intensity LG vortex laser pulse,
which is essential for ultrashort intense LPI, originated from low-order
uniformed LG vortex laser pulses with well-defined OAM. In partic-
ular, as the LG vortex beam is extremely sensitive to wavefront defor-
mation [40], not only the beam shape but also the uniformity of beam
distribution formed along with the circumference of an annular zone
could directly affect the focusability (and accordingly, peak intensity) of
the LG vortex beam. Therefore, we analyzed in detail the intensity
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uniformity of the LG vortex beams with [ = 1 obtained from the exper-
imental demonstration described above. Fig. 8 illustrates the intensity
profiles along the x-axis, y-axis, and the circular lines for three radii
(11.25, 15, and 18.75 pm) within an annular zone, plotted for CORSPP
and 16-SORSPP. As shown in Fig. 8A, the intensity profiles along each
axis (x- and y-axis) on both ORSPPs were similar to the shape of the LG
mode beam profile with | = 1. However, there were some differences
between two ORSPPs. For CORSPP, no significant differences between
the two intensity peaks on the beam, which are represented by the
height of the red box, were found in both axes profiles. However, for 16-
SORSPP, these differences (represented by the height of the blue box)
were considerably large in both axes profiles. This means that the in-
tensity distributions within an annular zone were relatively uniform
compared with 16-SORSPP. Fig. 8B shows the variations of the beam
intensities along the circular lines within an annular zone. Three cir-
cumferences corresponding to the radii r = 11.25, 15, and 18.75 pm
denote the inner, middle, and outer position on an annular zone,
respectively. On this account, it can be seen that the intensity distribu-
tions were going upward and downward on the whole with respect to
zero. In all three circular lines, the intensity profiles of CORSPP pro-
duced relatively low fluctuations with respect to zero value, compared
to that of 16-SORSPP. The standard deviations for the red solid line and
the blue solid line for r = 11.25 pm were 2.98 and 6.76, respectively. For
r =15 pm, they were 2.55 and 5.60, respectively; whereas for r = 18.75
pm, they were 1.64 and 3.69, respectively. These results led to the fact
that the intensity fluctuation within an annular zone of 16-SORSPP was
more than 2.2 times compared to that of CORSPP. This difference in the
uniformity of intensity distributions may be attributed to two factors.
One is the geometric structure of ORSPP surface; the stepped structure
having each hy.gep of a few tens of nanometers unavoidably raises an
involuntary scattering and this phenomenon may get exacerbated by
increasing hy.sep, which is related to the number of spiral steps and L. The
other factor is whether the MRF polishing process after the DTM-FTS
processes adds or not; an unfavorable surface roughness according to
the fabrication processes leads to random scattering that negatively in-
fluences the formation of a uniform beam distribution (see Fig. 5C).
Eventually, both factors could be concluded in the irregular scattering

mirror
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Fig. 6. Experimental configuration for

measuring the images of the LG vortex

beams and the interference fringes be-
Flat tween the Gaussian and LG vortex
beams using ORSPP. As a light source,
an He-Ne laser (1 = 632.8 nm) was
used. A wave plate (/2 or A/4) and
lens neutral density (ND) filter were used to
change the polarization and attenuate
the beam energy, respectively. For the
spatial filtering of the beam, an objec-
tive lens (f = 200 mm, 20x) and two
pinholes were applied. In addition,
through a convex lens (f = 150 mm), an
enlarged collimated beam was obtained.
After reflection on a flat mirror (gold-
coated), the collimated beam was inci-
dent on a modified Michelson-typed
interferometer, which consists of two
beam splitters. Among them, one arm
includes the ORSPP to form the LG
vortex beams. And at second beam
splitter, two beams (Gaussian and LG
vortex beams) are combined. The beams
are reduced via a convex lens (f = 500
mm), and it is imaged by a CCD behind
the objective lens (f = 200 mm, 10x).
For measuring the 2D images of the LG
vortex beams, beam block is inserted in
the arm that includes ORSPP.

Convex

Objective

lens
He-Ne Laser
(632.8 nm)

caused by the surface structure and roughness of ORSPP.

Exploration of high-quality low-order LG vortex laser pulses in ultrashort
intense LPI

In ultrashort intense LPI, the spatial beam modes of the laser pulse
are a crucial parameter when trying to characterize the interactions
[41,42]. Recently, much attention has been paid to the use of LG vortex
laser pulses in ultrashort intense LPI. For momentum transfer from light
to matter in ultrashort intense LPI, SAM and OAM could play important
roles in terms of the total AM. To realize these ideas, it is crucial to have
an SPP that can withstand intense laser pulses as existing transmissive
SPPs can easily get damaged by ultrashort intense laser-induced
nonlinear self-focusing, unlike ORSPPs, as previously stated. There-
fore, ORSPPs described in this study can prove to be promising candi-
dates for generating ultrashort intense laser pulses with AM.

In this regard, we now present a numerical study on AM transfer
from light to matter in ultrashort intense laser-plasma interactions—one
of the main applications of ORSPPs driven low-order (I = 1) LG vortex
laser pulses. Specifically, we conducted 3D PIC simulations in which
ultrashort intense laser pulses in LG vortex beam mode are focused onto
a near-critical-density plasma foil. In this simulation, the laser pulse had
a center wavelength of 800 nm, a sin? temporal profile with a pulse
duration of 20 fs (FWHM), a focal spot size of 3.0 pm (FWHM), and a
pulse energy of 4.1 J. In Gaussian mode, the focal intensity was 102! W/
cm?. The plasma foil as thick as the laser wavelength consisted of
electrons and protons with a density of 2n. for each species, where n. is
the critical density for the wavelength of 800 nm. The whole simulation
domain had a volume of 16 pm x 16 pm x 24 pm, which was divided
into cells with a volume of 20 nm x 20 nm x 20 nm. Each cell had four
computational particles for each species, and the absorbing boundary
conditions were applied both to the field and to the particles. The time
was set so as to make the pulse reach the foil at t = 0. The LG modes were
specified with two integers, i.e., the OAM quantum number [ and SAM
quantum number s with respect to the laser propagation axis (the z-axis
with x =y = 0). In the paraxial approximation, the ratio of the total AM
to the total energy equals to h(l + s)/hw [43]. This is reminiscent of the
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Fig. 7. A) 2D intensity distributions of LG vortex beam modes with OAM of topological charges [ = 1 and 2 obtained under LP and CP incident laser beams by
applying ORSPPs. B) Fork interference fringes obtained from the superposition of the plane reference beam and the LG vortex beam. Both distributions (Fig. 7A and

5B) were normalized by an arbitrary value of global intensity.

interpretation that each photon carries an AM of h(l + s) and an energy
of hw. For example, (I =0, s = 0) refers to the linearly polarized Gaussian
mode, and (0, +1) do to the circularly polarized Gaussian modes. The
modes (0, 0), (1, 0), (0, —1), (1, —1), and (-1, —1) were considered in
our simulation.

The left of Fig. 9A shows the electrons on a plane containing the laser
propagation axis (the horizontal line with y = 0) after a pulse in the
mode (1, —1) passes through the foil. Around and along the beam axis,
the electrons gather forming dense regions, but, far from the axis, they
spread outward (the regions unaffected by the pulse are neglected in the
discussion). This behavior is attributed to the ponderomotive force near
the focus. As the LG vortex mode with |I| = 1 has a hollow intensity
profile at the focal plane [44], the mode provides an inward ponder-
omotive force near the beam axis and an outward force far from the axis.
The right of Fig. 9A shows the protons in the same condition, which are
displaced much less than the electrons because of their much larger mass
(proton-to-electron mass ratio ~1836). Although the ponderomotive

force on the protons is weaker than that on the electrons by the mass
ratio, the Coulomb field due to the difference in displacement drives the
protons so that the foil is shaped to conform the hollow intensity profile;
the density is higher near the beam axis; and the foil near y = £2 pm is
bent in the pulse’s propagation direction.

The evolution of the plasma’s AM around the beam axis is shown in
Fig. 9B. Despite a much smaller displacement than electrons, the protons
were found to have a larger AM. As the total AM is conserved for the
combined system of the laser pulse and the plasma, we can interpret the
sign changes in the plot as exchanges of AM between the laser pulse and
the plasma. For the modes (1, —1) and (1, 0), the material AM changed
its sign almost twice per optical period, and the maximum values were
larger than those in the cases of other modes. Compared with the modes
(1, —1) and (1, 0), the modes (0, —1) and (—1, —1) induced less frequent
sign changes and lower maximum values. The interaction ceased at T =
16 cycles (~40 fs), after which the material AMs were virtually constant:
Ll,—l = 70.63, L()’_l = 71.9, L—l,—l = 74.2, Lo’o = 70.018, and LI,O =
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Fig. 8. Variations of the intensity profiles along A) the x-axis and y-axis, and B)
along the three circular lines varied by three radii (r = 11.25, 15, and 18.75 pm)
within an annular zone. In Fig. 8B, the x-axis indicates the normalized
circumference and the y-axis represents the deviation value that subtracts its
average value from the actual beam intensity distribution.

2.2, where L; refers to the material AM induced by the mode (I, s) in
units of 10717 kg-m?/s. These values are ordered roughly according to
the value of total AM (j = [ + s), indicating that the sum of the material
AM and the total AM of laser is approximately conserved regardless of
the specific field configuration. In Fig. 9B, we find interesting features.
Both modes (1, —1) and (0, 0) have a null total AM (j = 0), but mode (1,
—1) vigorously exchanges AM with the plasma in the course of inter-
action, whereas the mode (0, 0) has negligible exchange throughout.
Similarly, both modes (0, —1) and (1, 0) have the same magnitude of
total AM (|j| = 1), but mode (1, 0) is more vigorous in exchange. These
observations imply that OAM and SAM are transferred in different
manners, a clear understanding of which requires further investigation.

Conclusions

In this study, based on our own geometric designs of ORSPP, we
successfully obtained high-quality low-order (I = 1 and 2) LG vortex
beams with well-defined OAM generated from large-sized ORSPPs
fabricated by applying the hybrid-mechanical processing technique.
Through performing 3D EM wave simulations, the ORSPP designs were
validated by calculating the Poynting vector, spiral phase changes, and
AM densities. Characteristics of LG vortex beams that obtained from
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Fig. 9. Interaction of an ultrashort intense laser pulse with a near-critical-
density plasma foil. The left figure of A) electron and right figure of 9A) pro-
ton distributions on the y-z plane with x = 0 after passing of a pulse in the LG
mode (1, —1) (t = 30 fs). B) The variation in material angular momentum for
the LG modes (1, —1), (0, —1), (-1, —1), (0, 0), and (1, 0).

hybrid-machined ORSPPs were experimentally verified by observing of
2D intensity distributions and interference fringes. In particular, we
analyzed the uniformity of annular beam shape in detail. The analyzed
results showed that the intensity profiles of the LG vortex beams ob-
tained from CORSPP produced relatively low fluctuations compared to
that obtained from SORSPP, which may be due to the geometric struc-
ture of ORSPP and its surface roughness. As one of the main applications
of ORSPPs driven low-order LG vortex laser pulses, in near future, it is
expected that these results could prove to be essential in enabling re-
searches to investigate high-intensity AM transfer from light to matter
for various low-order LG vortex laser pulse modes—one of the funda-
mental interests in LPI. We believe that the high-quality low-order LG
vortex beams generated using the large-sized ORSPPs introduced here
have the potential to become one of the essential optical elements for
research studies trying to discover novel phenomena in ultrashort
intense LPI.
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