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Abstract: Shaping or splitting of a Gaussian beam is often desired to optimise laser-material
interactions, improving throughput and quality. This can be achieved holographically us-
ing liquid crystal-on-silicon spatial light modulators (LC-SLMs). Until recently, maximum
exposure has been limited to circa 120 W average power with a Gaussian profile, restricting
potential applications due to the non-linear (NL) phase response of the liquid crystal above
this threshold. In this study, we present experimental tests of a new SLM device, demon-
strating high first-order diffraction efficiency of n = 0.98 £ 0.01 at 300 W average power and
a phase range Ag > 2 at P = 383 W, an exceptional performance. The numerically calcu-
lated device temperature response with power closely matches that measured, supporting
the higher power-handling capability. Surface modification of mild steel and molybdenum
up to P = 350 W exposure is demonstrated when employing a single-mode (SM) fibre
laser source. Exposure on mild steel with a vortex beam (m = +6) displays numerous
ringed regions with varying micro-structures and clear elemental separation created by
the radial heat flow. On molybdenum, with multi-spot Gaussian exposure, both MoOs3
films and recrystallisation rings were observed, exposure-dependent. The step change in
device capability will accelerate new applications for this LC-SLM in both subtractive and
additive manufacturing.

Keywords: spatial light modulator; holographic laser-materials modification; high-power
single-mode laser; thermal lensing

1. Introduction

The ability to dynamically control the wavefront of a high-power laser beam is re-
garded as essential for future high-technology applications in laser-materials processing,
such as the fourth industrial revolution (4IR), which includes breakthroughs in artificial
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intelligence (Al), automation, and advanced manufacturing technology. The 4IR involves
the “integration of technologies across the physical, digital, and biological domains” [1,2].
In this regard, liquid crystal spatial light modulators (LC-SLMs) are ideal devices. As
digital, programmable adaptive optics, they are able to modulate both phase/amplitude
and polarisation with a high resolution to create the desired optical light fields. When
addressed with appropriate computer-generated holograms (CGHs), incident light can be
shaped to the required intensity distribution, including vector and scalar vortex beams
with helical wavefronts, the latter carrying orbital angular momentum (OAM) where the
light wave now carries L, = mfi/photon (m = topological charge), as well as spin angular
momentum (SAM) carrying S, = 7 /photon when circularly polarised [3-7].

At lower powers, the breadth of current applications for SLMs ranges from classical
and quantum computing [4,5], increased communications bandwidths [8,9], linear and
NL optical microscopy [10,11], and Raman spectroscopy [12] to high-energy (HE) ultrafast
pulse amplification [13-16] and materials micro-structuring [17-35]. Although nematic LC-
based SLMs are typically limited to <50 Hz bandwidth, an unprecedented CGH address
rate on a ferroelectric binary LC device at >6 kHz was recently demonstrated [36]. As
flat-top profiles are highly useful, for example, in thin film processing or HE laser-pulse
amplification, a near-perfect uniform round flat-top profile with transmission >92% was
recently demonstrated when combining a refractive beam shaper and SLM for ultrafine
intensity modulation [37]. In the case of high average power and high-throughput ultrafast
parallel beam laser ablation, high quality can also be achieved using diffractive optical
elements (DOEs) or beam modulation with acousto-optic and SLMs by careful process
parameter optimisation [38].

With the introduction of liquid cooling, the power handling capability of LC-SLMs
has steadily improved [39-44]; however, until recently, there has been a serious limitation
on device performance due to the residual absorption in the SLM chip, with heat diffusing
to the LC layer so that above P ~ 120 W with a Gaussian beam and 1/ e? beam diameter of
D ~ 7 mm, the phase range drops dramatically, severely limiting diffraction efficiency [43].
By converting a Gaussian to a flat-top intensity profile with dimensions of ~8 X 8 mm at the
SLM, reducing peak intensity and thermal gradients, the range was extended to P ~ 200 W
average power when combined with an ultrafast laser system [44].

As the SLM has been the limiting factor in integration with higher-power laser man-
ufacturing systems, the device physics and thermal management to handle much higher
powers have required significant optical and thermal re-engineering [45]. The dielectric
reflective multi-layer stack was altered to place the peak electric field within the lower
index quarter wave (QW) layer, increasing the laser-induced damage threshold (LIDT)
while the front window, previously of amorphous fused silica, has been replaced with
single-crystal sapphire, which has a much higher thermal conductivity and comparable
absorption coefficient o« ~ 3 ppm/cm [46]. These critical developments increased the power
handling capability by at least fivefold, a remarkable achievement. Hence, it is now pos-
sible to reach circa P = 700 W with full phase response from a 5.5 mm 1/e? Gaussian
beam [45]. This opens the door to many new possibilities in laser—-materials processing,
such as high-throughput, ultrafast materials micro-structuring [38] or with CW fibre laser
sources, flexibly shaping the incident beam to optimise intensity distribution, for example
in powder bed fusion [47,48] or laser welding [49]. A timely, recent review on progress in
“high-power and high intensity structured light” created by direct intra-cavity or by external
modulation, such as using LC-SLM and digital mirror devices (DMD), highlighted relevant
application areas such as high-energy physics, quantum physics, optical communications,
and material processing in manufacturing [50]. To enable applications, characterisation of
the LC-SLM performance with increasing laser exposure is required prior to experiments
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on laser—materials modification. To the best of our knowledge, no such work has been
published in the range above P ~ 200 W.

In this paper, we present detailed measurements of the phase response of a cooled
SLM up to an average power of P = 383 W, the observed thermal response, and comparative
numerical modelling and experimental results of efficient multi-beam and shaped-beam
processing on metals with increasing average power up to P = 350 W.

2. Materials and Methods

A schematic diagram of the experimental setup for measuring laser processing and
phase response is shown in Figure 1. The collimated output from a high-power, single-
mode CW fibre laser (YLR-1000-SM, IPG Laser, Coventry, UK, A = 1070 nm, randomly
polarised) was expanded %2, and passed through a thin film polariser (TFP;, Altechna
2-HC45TPF-1064-0254, Vilnius, Lithuania) and a half-wave plate (HWP, Altechna 2-CPW-
TZ0-L2-1064), transmitting ~ 50% of the incident radiation in horizontal | H > polarisation
while the unwanted vertical |V > polarised component was directed to a beam dump.
After transmission through a reducing telescope (x0.5), the beam was directed to the liquid-
cooled SLM (Hamamatsu X15213-03, 1280 x 1024 pixels, 12.5 pm pixel size, 255 addressable
grey levels). On reflection from the SLM, a 4f optical system (f5 = fg = 400 mm) re-imaged
the modulated beams to a water-cooled scanning galvo (Scanlab Hurryscan 20, Puchheim,
Germany) with a ZnS aspheric lens (f; = 320 mm) for materials processing. To enable phase
response measurements, a QWP (Altechna 2-CPW-TZ0-L4-1064) and thin film polariser
(TFPy, Altechna 2-HC45TPF-1064-0254) separated orthogonally polarised components
when incident linear polarisation was set to 6 = 45.0° on the SLM by the HWP, along
with the application of fixed grey-level (GL) CGHs. The transmitted | H> and reflected

| V> components were measured by air-cooled power meters (Gentec UP55G-500F-H12,

Quebec, QC Canada), while above P = 300 W, a kW level power meter (Gentec UP55C-
2.5KW-HD-D0) was employed to measure transmitted power. To avoid potential damage to
the TFP; optic, the fibre laser beam was expanded from circa @ = 5.5 mm 1/e? by x2, hence
requiring demagnification ahead of the SLM. The telescope lenses in the beam expander
had f; = —100 mm, f, = 200 mm, and M = X2, while in the reducing telescope, the lenses
had f3 = 200 mm, f; = —100 mm, and M = x0.5, bringing the beam diameter close to the
original. While telescope lenses were initially made from BK7, these were replaced by
UV-grade fused silica, AR-coated (Newport/Optoman).
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Figure 1. Schematic of experimental set-up with cooled SLM for holographic materials process-
ing/phase measurements. The beam is expanded x2 (L1/L2), passes through TFP; and HWP, is
reflected from mirrors M2/M3 (Z fold), and is directed to the SLM after passing through a reducing
telescope (x0.5, L3/L4). A 4f system (L5/L6) re-images diffracted beams to the galvo input aperture.
With QWP /TFP, added, the phase response could be measured with increasing power when the
incident linear polarisation direction was set to 45° (HWP) relative to the SLM director and fixed
GL maps applied. Reflected states of polarisation are then elliptically polarised and analysed by the
QWP /TFP, combination.
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A Spiricon CCD camera was placed near the focal plane of the 4f lens, L5. The low-
intensity beam transmitted through M5 was directed to the CCD. Thus, one could observe
the multi-beam /shaped-beam intensity distribution during laser processing. OD filters
allowed attenuation of this monitor beam as laser powers were increased.

Optical microscopy (Nikon, Tokyo, Japan) and a Keyence digital microscope, VHX-X1,
(Osaka, Japan) were used for 2D /3D surface imaging as well as white-light interferometers
(Polytec GmbH TMS-A-MVS-01, Waldbronn, Germany, WYKO 1100 (New York, NY, USA).
For SEM imaging, we used a Zeiss Gemini 450 (FEG-SEM) and an EDX (Oxford Instruments
X-Max 50 mm? EDX detector, Abingdon, UK) for surface elemental measurements.

3. Results
3.1. Chip Temperature with Exposure

The SLM reflectivity with the Gaussian beam was measured to be R = 0.98 £ 0.01 with
24 W exposure. This is in accord with the device specification [51]. The observed tempera-
ture profiles of the SLM chip measured with a FLIR SC660 thermal camera (Wilsonville,
OR, USA) are shown in Figure 2a—f over the range 20 W < P < 247 W. A calibration test of
the FLIR camera was implemented by measuring both the temperature of boiling water
and melting ice when setting the emissivity to ¢ = 0.96 for distilled water. This simple test
confirmed the recorded absolute temperatures to be accurate to <1 °C in this temperature
range. The beam profile at the SLM was measured at low power (P ~ 1 W) with a copper
pinhole centred on the beam, yielding D (1/€?) = 6.7 &= 0.1 mm. Up to 51 W exposure, the
chip temperature appears quite uniform, as seen in Figure 2a,b. However, at about 150 W,
a round central spot has a temperature differential and is higher than the rest of the chip
by approximately 1.5 °C; hence, a thermal gradient exists (Figure 2d). At 200 W exposure,
the whole chip reaches approximately uniform temperature due to thermal diffusion and
effective cooling of the micro-structure by the liquid-cooled copper heat sink. At 247 W
exposure, the chip temperature reached almost 32 °C (Figure 2f). The emissivity was set to
& = 0.57, relevant to single-crystal sapphire [52].

Figure 2. FLIR images of the cooled X15213-03 SLM with increasing laser exposure showing measured
temperature at the chip centre (spot), (a) 20 W, (b) 51 W, (c) 100 W, (d) 149 W, (e) 200 W, and (f) 247 W.
Emissivity was set to & = 0.57 relevant for the single-crystal sapphire window. Note the much lower
temperature of the side wall of the copper cooling block, highlighting effective cooling of the chip
enclosure. There is an increasing thermal background from the scattered radiation dumped by TFP;.

Figure 3 shows the measured front-window peak temperature with exposure us-
ing a FLIR 660 thermal camera, which is linear. The estimated temperature gradient is
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dT /8P = 0.035 °C/W. This value is close to that observed previously on a cooled X10468-03
model [43]; however, the high thermal conductivity of sapphire implies that the front
surface temperature more likely reflects the LC temperature—approximately 33.5 °C with
250 W exposure—still well below the critical temperature for the nematic—isotropic phase
transition, T, > 65 °C [43]. Nematic LCs tend to have their anisotropic molecules aligned in
the same direction (termed the director), so that they have a long-range directional order.
The resulting birefringence, which can be controlled by an electric field, is employed to
alter the wavefront. Each pixel in the SLM can be individually addressed, hence yielding
the required diffraction pattern. The LC temperature rises with increasing laser exposure,
and eventually, thermal agitation leads to the complete loss of this order and birefringence;
hence, a transition to an isotropic phase results, with complete loss of birefringence and
beam-shaping ability.

34

8 ¥

Temperature (°C)
N
(<]

26

T T

0 50 100 150 200 250
Incident Exposure (W)

Figure 3. Measured temperature response at the centre of the cooled X15213-03 with incident
exposure, showing that this is linear in the range up to 250 W. Window emissivity was set to that of
sapphire, & = 0.57.

3.2. Numerical Modelling of SLM Chip Temperature with Laser Exposure

With the aid of COMSOL multi-physics, (v 6.2) taking into account the physical details
of the SLM micro-structure known to us, including a 2 mm thick sapphire window, we have
numerically calculated the expected temperature rise of the LC layer and the front surface
of the sapphire window with increasing power in a Gaussian intensity distribution. The
calculation takes into account the SLM window, micron-thick alignment layers, LC layer,
dielectric mirror with reflectivity R = 0.98, CMOS chip, ceramic cooling plate (SiN, 2 mm
thick), and the 15 mm thick water-cooled copper heat sink with a flow rate of 2 L /min.

To achieve an accurate thermal computation, a non-uniform mesh grid with 1 mm
(minimum) and 5 mm (maximum) element size was utilised, depending on the component
layer within the SLM structure, optimising computational efficiency while capturing key
thermal gradients. The simulation used the heat transfer in solids/fluids and turbulent
flow package, ensuring a comprehensive evaluation of heat dissipation mechanisms.
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Figure 4a—f shows the calculated 2D temperature distribution of the front sapphire
window surface at thermal equilibrium with exposures of 50 W < P < 383 W and a
D = 6.5 mm (1/e?) beam. The profiles reflect the spherical symmetry of the incident
Gaussian beam.

306

(a) 50W

304

1302

11300

11298

296

294

Figure 4. Calculated 2D temperature distribution on sapphire window with exposure (D = 6.5 mm
Gaussian beam) after SLM has reached thermal equilibrium (a) 50 W, (b) 100 W, (c) 150 W, (d), 200 W,
(e) 250 W, and (f) 383 W. The peak temperature at the centre Tmax ~ 306 °K (Tmax ~ 33 °C), with
P =383 W exposure.

Figure 5a—f shows the calculated temperature profile across the CMOS chip centre
line for both the LC layer and sapphire window after reaching thermal equilibrium, while
Figure 5g shows the simulated maximum temperature Tray at the chip centre with exposure.
A Gaussian beam with a diameter D = 6.5 mm 1/e? is assumed. As expected physically,
the LC temperature exceeds that of the front window while the temperature gradient
is linear with exposure, (6T/6P);c ~ 0.08 °K/W. For the sapphire window, the gradient
(0T /6P)s = 0.034 °K/W, in excellent agreement with the experiment, Figure 3. The profiles
show a peaked distribution in accordance with the incident Gaussian intensity distribution.
The LC layer temperature exceeds that of the sapphire front surface by approximately 10 °C
at P =250 W.

The calculated dynamic temporal response of the LC layer and sapphire window is
also of great interest; see Figure 6a,b with P = 250 W exposure, which highlights the rapid
temperature rise of the LC after laser exposure, 5T /6t ~ 7.5 °K/s, followed by a slower rise
to equilibrium over approximately 6t = 20 s due to thermal diffusion to the large thermal
mass of the CMOS structure with the water-cooled heat sink. The sapphire, having a much
higher thermal mass than the LC, reaches thermal equilibrium on the same timescale with
a much slower 6T/bt ~ 0.9 °K/s response after laser exposure. Heat diffusion takes place in
both directions from the LC layer. The effect of altering the beam diameter, hence intensity,
on the SLM yields realistic physical results with Figure 6a, D = 6.5 mm, and Figure 6b,
D = 4.4 mm 1/e? diameter, primarily increasing the LC temperature.
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Figure 5. Simulated LC and sapphire window temperatures (°K) across chip centre with exposure at
thermal equilibrium (a) 20 W, (b) 50 W, (c) 100 W, (d) 150 W, (e) 200 W, (f) 250 W, and (g) 0-250 W,
simulated Tyax at the centre for the LC and sapphire window (centigrade scale) and comparison
of latter with experimental results. (AT/AP)Lc ~ 0.08 °C/W while (AT/AP)sapphire ~ 0.034 °C/W,
close to that observed with the FLIR camera. The sapphire window shows only a small temperature
differential across the window, supporting the FLIR observations of nearly uniform temperature
across the chip.

315
(b)
310 Kr
=3 |v_:: Idayer =3 P =250W LC Layer
- — ——  Window —
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Figure 6. Numerically estimated temporal temperature responses of the LC layer and sapphire
window at chip centre using COMSOL multi-physics, with exposure of P = 250 W (a) D = 6.5 mm and
(b) D = 4.4 mm. Note the initial rapid LC temperature rise after laser exposure, while the sapphire
window reaches thermal equilibrium after approximately 6t = 20 s. As expected, the LC temperature
exceeds that of the sapphire window.

3.3. Phase Response with Exposure

With the incident linear polarisation set to 8 = 45° AQOI relative to the SLM director,
the QWP was set to ¢ = 45° (relative to horizontal) + TFP; tilted to ¢, = 45° (relative to
optic axis), and the phase response was measured while altering the grey level (GL) of
uniform CGHs applied. The reflected states of polarisation (elliptical and GL dependent)
are converted to linear polarisations by the QWP, which rotates with applied GL and is
analysed by the TFP;. In this case, we set the SLM blazing function to be 255:255, hence
there is no pre-set calibration of the applied GL. This means a GL value of 255 will produce
the maximum phase delay achievable by the SLM rather than a calibrated 27t phase shift.
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The observed responses with exposure, i.e., the transmission/reflection from TFP,, are
shown in Figure 7a—f. On the horizontal axis, GLs are converted to phase shift ¢ in radians
and calibrated so that the value 27t is achieved once the measured transmitted /reflected
powers return to their original values at GL = 0. This range increased from A(GL),, =200
at 20 W to 239 at 383 W.
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Figure 7. Measured phase response with increasing powers on the X15213-03 (a) P = 20 W,
(b)P=50W, (c) P =150 W, (d) P = 200 W, (e) P = 327 W, and (f) P = 383 W. The cos? (sin?) fits
(dashed lines) are generally in excellent agreement, although a deviation from linear response is
evident below ¢ = 0.5m, even at P = 50 W. The sum of P (T) and P (R) is constant within experimental
error up to P = 200 W. However, at 327 W and 383 W, the observed phase shifts deviate further,
along with a drop in the DOP. Error bars represent 1o. For clarity, the grey levels on the x-axis were
converted to phase shift in radians by setting the A(GL) required to bring laser powers P (T) and R
(T) to the same level as that measured at GL = 0.

The measured data are shown along with the fits to ideal transmission/reflection
functions (DOP < 1), T (¢) = Acos?[(¢ — ¢g)/2] + B, and R (@) = A’ sin? [(¢ — @p)/2] + B’
for a linear response. These confirm that the phase range Ag > 27 even at 383 W, which is
already a factor of 3 higher than with a Gaussian beam on previous SLM models [43], and
the DOP = (Pmax — Pmin)/ (Pmax + Pmin) = A/(A +2B) =1/(1 + 2B/A). A deviation from a
linear response is already evident at 200 W below ¢ = 0.57, while at 327 W and 383 W, the
observed phase shifts deviate further, along with a drop in DOP. These power-dependent
non-linear (NL) deviations of the optical response may occur in the polarising optics as
well as from the SLM itself.

The measured reflected degree of polarisation, DOP, with power, calculated from the
data and fits, is summarised in Figure 8. DOP = 0.97 £ 0.01 for P < 280 W, while above
300 W, the DOP drops rapidly, reaching 0.69 at P = 383 W. Error bars represent 1o.

This significant drop in DOP above P = 300 W signifies that something is amiss here. At
P =407 W, TFP; suffered catastrophic damage simultaneously with AR coating damage on
lens L of the expanding telescope. The ensuing thermal absorption when the concave lens
AR coating exceeded its LIDT likely resulted in thermal lensing, reducing beam diameter,
hence increasing peak intensity on TFP; above the LIDT for the polarising film. These
optics were replaced with products from Optoman [53], which may well have higher LIDTs.
The QWP /TFP, may also be under stress.
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Figure 8. Measured degree of polarisation (DOP) after SLM with laser exposure. The fit is a fourth-
order polynomial. The DOP remains high ~0.97 up to 280 W but deteriorates rapidly above P = 300 W.

Thermal lensing can occur not only from the low absorption in transmissive fused
silica optics, but also from the AR coatings, which require careful design to minimise
absorption [54,55]. The decision here to expand the fibre laser beam to reduce peak inten-
sities, followed by a reducing telescope ahead of the SLM, added to possible sources of
thermal lensing in the telescope and polarising components. Thermal lensing was apparent
when observing the low-angle off-axis SLM thermal image from the FLIR camera when
increasing the laser power. The effective spot size was reduced to approximately 4.5 mm
(estimated) with a hot centre. The CCD camera images also displayed this lensing effect, so
that the camera required displacement towards the focal point as powers were increased.
We observed a focal shift Aszggw ~ 80 mm towards the first 4f lens L5 (fs = 400 mm); hence,
using the thin lens equation, we can estimate an “effective” focal length of the thermal lens
at P =300 W (600 W from the fibre laser) to be fth ~ 1.6 m.

For a given optical element, the focal shift Af relative to the Rayleigh length Z; can
be estimated by [55], (%) = (D" Psy)/AM? where D* is a lens-specific constant, and Pay
is the average power exposure. For UV-fused silica with an anti-reflection (AR) V coat,
D* = ~0.5 x 10~ mm/W. For comparison, D*gx7 (V coat) = ~1.93 x 10~ mm/W. On
the other hand, for a neutral density filter, D*\p = ~3.32 X 10~* mm/W, two orders
of magnitude higher. If we compare the product (D Py,) for fused silica and our ND
filter, allowing for a 0.1% transmission of mirror M6, the ratio (D* P)gs/(D* P)np = ~1.6
at P =300 W, but as the ND filter is much nearer lens L5’s focal plane, where the beam
diameter is much smaller, thermal lensing from the ND filter could well contribute much
more to the observed focal shift on the CCD.

3.4. Multi-Spot Blind Drilling, Mild Steel

With QWP /TFP; /power meters removed, polished mild steel samples (10 cm x 10 cm
x 1 cm), Ra =1.4 £+ 0.3 pm, were exposed to the modulated beams with the 4f system
bringing the reflected complex E field after the SLM to the galvo input aperture. An
aspheric ZnS lens (f = 320 mm) brought the diffracted beams to focus on the substrate
mounted on a vertical table. ZnS has a much higher thermal diffusivity than fused silica,
while thermal lensing for this element matches that of fused silica at high powers [56]. The
transmission from the 4f lens L6 to the substrate was measured to be T = 0.98 £ 0.01. This
is very satisfactory, allowing for four mirror reflections (periscope and galvo X, y) plus
two AR-coated lenses (4f and aspheric focus lens), hence reflection loss R < 0.25% per
optical surface.
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Figure 9a—f shows images of a five-spot (Gaussian) blind drill pattern machined on mild steel
with CGH generated by the Gerchberg-Saxton (GS) iterative algorithm [57]. Before processing,
the CCD camera image of spot separations is shown in (a). Power and exposures ranged from
20 W/20 s (b), 50 W/10 s (c), 100 W/5 s (d), 200 W/5 s (e), and 300 W /5 s (f). Uniformity from
ablated crater volumes yields <U> = <(1 — o(V)/V)> = 0.72 & 0.04 over 200-300 W, while
a weak zero order appears at P > 100 W. The measured first-order diffraction efficiency
over the range 200 < P < 300 W, based on observed evaporated volumes, including zero
order, yields DE, n =1 — (V(0)/(X'=3 V(n)) = 0.98 + 0.01, where V(0) is the zero-order
evaporated volume; a satisfactory result. The contribution diffracted to higher orders also
appears to be low, as seen in Figure 9a. The thermal diffusion between spots is apparent
from the observed surface colouration in Figure 9f, where the surface colouring around
and between spots highlights the surface tempering due to the transient temperature
field. Blue/purple implies that these regions have reached 250-300 °C [58]. The average
focus spot ellipticity from the ratio of the semi-minor radius/semi-major radius was
<&>=0.88 £ 0.04 over the range of 50 W-300 W. The total evaporation rate on mild steel
for a 5 s exposure with a five-spot pattern at P = 300 W, 5V /5t ~ 0.7 mm? min—!, which
was low due to significant thermal diffusion during exposure.

Figure 9. Optical images of five-spot Gaussian beam processing on mild steel. (a) Spiricon image
before processing, near 2f plane, (b) 20 W/20's, (c) 50 W/10 s, (d) 100 W/5 s with appearance of
zero order, (e) 200 W/5 s, (f) 300 W/5 s with evidence of surface thermal diffusion between spots.
Diffracted spot ellipticity during processing was measured to be <€> = 0.88 + 0.04. Scale bar 1 mm,
maximum spot separation (1-4) = 4.9 mm with typical spot-spot distance ~ 2.2 mm.

Figure 10a—c shows typical 2D /3D profiles of blind drilled spot geometries at total
powers P =100 W, 200 W, and 300 W, respectively (five-spot, 5 s exposures) with evapo-
rated volumes/spots measured to be 309 £ 70, 2221 + 690, and 4429 + 1208 um3 W11,
respectively. Variations are therefore approximately 25-30%. Burrs here appear mini-
mal, while profile width increases significantly, a possible sign of thermal lensing in the
optical system.

The average spot ellipticity <€>1_5 = <(Rmin/Rmax)> and evaporation volume rates,
pm3 W1 s~ per spot, are summarised in Table 1. The large uncertainty here in evaporation
rates (10) is connected with CW exposure, creating melting, plasma absorption, and the
variation in spot uniformity.
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Figure 10. Optical 2D/3D profiles of single spots from five-spot blind drilling on mild steel at
(a)P=100W, (b) P =200 W, and (c) P = 300 W, 5 s exposure. Evaporated volumes/spot are 309 + 70,
2221 + 690, and 4429 + 1208 um3 W—1s—1, respectively. At 100 W, the profile resembles an inverted
Gaussian, while at higher exposures, the profile widens significantly, likely due to thermal lensing.

Table 1. Average spot uniformity (five-spot pattern) and evaporation rate, um® W1 s~! spot~! with
5 s exposure.

P(W) <e>1-5 = (Rpmin/Rmax) (8V/8t)/W [um3*W-15-1]/Spot
50 0.88 + 0.04 25.5 +20.3

100 0.84 £+ 0.05 309 +£70

200 0.82 +0.04 2221 + 690

250 0.90 £+ 0.05 4618 + 1471

300 0.94 4+ 0.04 4429 + 1208

3.5. Multi-Beam Surface Scanning, Mild Steel

Figure 11a—c shows optical images of five parallel spot scanning on mild steel with
power P = 100-300 W, a scan speed of 30 mm/s, and 10 overscans. Processing here
demonstrates that the effect of zero order is insignificant with high first-order diffraction
efficiency approaching unity, 1 ~ 1. The spot pattern was created in the LabVIEW software
(v. 2022 Q3) interface with the Roberto—GS algorithm [59]. The surface has been melted
and tends to rise above the pristine surface due to melt flow during exposure, mainly
driven by surface tension, which depends on the temperature gradient created by the heat
source and the material’s thermal properties. Thus, the amount of surface rise gives an
indirect indication of the effect of the laser beam profile and its imposing thermal attributes.
Figure 11d presents a 3D Wyko image of the scanned lines, while Figure 11e shows a higher

magnification profile of a single line.

Figure 11. Multi-beam galvo scanning on mild steel at speed s = 30 mm/s and 10 overscans, optical
and surface profiling, (a) optical 100 W, (b) 200 W, and (c) 300 W. Scan lines are fairly uniform with no
indication of zero order, even at P = 300 W with first-order diffraction efficiency close to unity; (d) 3D
Wyko image with 300 W exposure, and (e) 3D surface profile of line 1 at higher magnification, 300 W.
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3.6. Vortex Beam Processing, Mild Steel

By using CGHs with an azimuthal phase variation, ¢ = e1™m®, we generated ring
modes with a helical wavefront, m = £ 6, carrying orbital angular momentum, OAM. The

expected intensity profile for Im| = 6 is given by [3],
I= 10(26/6!) (rlz/wgz) *exp(—z(rz/wg)) (1)

where Ij is the initial Gaussian peak intensity with 1/e? radius wp, while the radius at
which the ring intensity is maximum is given by Rmax = v/3wp. The ring peak intensity
is given by Iye = 6°Iy/ (6!66) = 0.161. Figure 12a shows the 2D intensity cross-section
expected for m = 6, where the ring peak reaches 16% of the Gaussian peak intensity, set
here to unity. The calculated 3D ring beam intensity in MATLAB (v.2022b) is shown in
Figure 12b.

1.0
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Figure 12. Intensity distribution of vortex beam with m = 6, (a) 2D cross section and Gaussian with
same total energy, and (b) 3D intensity plot showing that ring peak intensity Imax = 0.16 Iy, where I
is the peak intensity of the Gaussian from which it is derived (2w = 6.5 mm). The ring peak intensity
appears at a radius Ryax = /3wy = 1.73 wy, where wy is the 1/ e? Gaussian radius.

Average powers in the range of P = 100-350 W were used with a 1 s exposure. The
observed resulting micro-structure at the highest power exposure was found to be most
interesting and is reported here in Figure 13a—f. Figure 13a shows an optical image of the
surface modification of mild steel with 350 W/1 s exposure and a ring mode m = 6 vortex
beam. Spiricon’s image of the m = 6 vortex beam at the 2f plane is shown in Figure 13c.
Figure 13b,d shows higher magnification images of the complex circular symmetry which
developed during exposure. There is a definite component of hexagonal symmetry in
Figure 13a; however, this may be connected with the ring intensity asymmetry, as seen in
Figure 13c. The results are interesting, as five regions with different surface micro-structure
are discernible. At the centre, individual single micro-crystals are evident within a radius
r; ~ 65 pm surrounded by a circular reflective region with a radius r, ~ 290 pm, while
radial cracks are also apparent here, then three additional thin ring regions which appear
out to r5 = 680 um. The dark-ringed, highly oxidised region, Figure 13a, corresponds to the
ring intensity diameter, D ~ 1.0 mm.

SEM imaging yields complementary data to those from optical imaging, while EDX
yields surface layer elemental analysis, as seen in Figure 14a. The cylindrical symmetry
already observed is confirmed, while the elemental composition shows remarkable evi-
dence of elemental segregation. Figure 14b shows that the Fe concentration drops both
at the centre and in the ring intensity region due to significant oxidation there. In this
hexagonal region, the Mn atoms appear to have diffused here as well as at the centre, as in
Figure 14d. The average EDX elemental concentrations are shown in the EDX spectrum,
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also in Figure 14f. Strong Mn segregation can be linked to the unique vortex ring beam
intensity profile, which influences how energy is delivered to the mild steel surface. This
intensity profile creates temperature gradients within the small molten metal pool, gen-
erating considerable surface-tension-driven flow at the scales, observed in Figure 14. As
Mn is rejected from the solidifying phase, it is transported by this flow and accumulates
in the regions which solidify last. Additionally, higher Min concentrations can lower the
local equilibrium melting point, further influencing segregation patterns. While these
effects suggest strong links among beam profile, induced flow, material characteristics, and
metallurgical behaviour, a detailed investigation of liquid metal transport mechanisms at
the sub-millimetre scale is required for the future.
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Figure 13. Processing of mild steel with vortex beam, m = 6 and 350 W/1 s exposure. (a) Low
magnification optical image showing complex multi-ring surface micro-structuring, (b) digital optical
image of ring structures, (c) CCD image of m = 6 vortex beam intensity distribution at lens focal plane
(f =400 mm) with m = 6 vortex CGH inset, (d) digital optical image of centre and first ringed region,
which shows radial micro-cracks and crystallisation in different directions, (e) 3D colour-coded digital
image of the surface profile with the highest ring region 15-20 um above the pristine surface, and
(f) Wyko 3D colour-coded image at lower magnification, highlighting that the overall geometry
resembles a crater on the moon.
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Figure 14. SEM image and EDX maps (Fe, O, Mn, and C) of mild steel, processed with 350 W /1 s exposure
and m = 6 vortex ring mode: (a) combined SEM and EDX image, (b) Fe K, (c) O K¢, (d) Mn K, and
(e) C K«. The Mn elemental distribution forms a ring and central dot, while the Fe level in the first large
ring nearly matches that of the pristine material. Optically, this region looks bright in reflection. The x-ray
spectrum and average elemental composition over the region are shown in (f).
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This hexagonal symmetry developing on the mild steel surface was quite unexpected
with a ring mode. However, the m = 6, CCD profile also displays aspects of this symme-
try, possibly due to phase discontinuity at 0/2m transitions, which may account for this
observation. The ring mode creates radial thermal diffusion inwards and outwards.

3.7. Multi-Beam Exposure, Molybdenum

Molybdenum has the third-highest melting point of all metals, Tr, = 2622 °C, a boiling
point Teyap =4639 °C [60,61], density p =10.2 gem ™3, and relatively high thermal diffusivity,
D =0.55 cm? s~ ! at room temperature, decreasing monotonically to D = 0.21 cm? s~ ! at
T = 2200 °C [62,63]. The five-spot pattern was next applied to pure molybdenum
(50 x 50 x 1 mm) with a surface roughness R, = 0.48 £ 0.04 um. Figure 15a—d shows the
results with 300 W/1 s exposure. Figure 15a shows a tilted 3D digital optical image of the
five-spot pattern, while Figure 15b shows an optical image of a single spot, highlighting the
yellow/gold oxidised surface observed in reflection, likely the formation of a thin film of
MoOs [64]. Mo is evaporated out to a radius r; ~ 30 um, while the oxidised region extends
out to rp ~ 70 um. Figure 15¢ shows a combined SEM and EDX elemental map, while
Figure 15d shows the EDX spectra of the Mo and O elemental fractions, confirming that at
the centre (Spectrum 1), the oxide is MoO3, a semiconductor. MoOj3 can also be produced
by high-repetition-rate (MHz), low-energy (n]) fs laser exposure on Mo in air [65,66].

2500.00

——— Spectrum 1
103 (d) —— Spectrum 2

: At%

O 750 623

Mo 25.0 37.7

Figure 15. Mo processing, multi-spot with P = 300 W/1 s Gaussian exposure. (a) 3D digital microscope
image of five-spot pattern highlighting Mo evaporation near spot centres, (b) optical image of single
spot showing gold colour in reflection, scale bar 25 um, (c¢) combined SEM image and EDX elemental
map (Mo, O) displaying a central circular region with surrounding ring, (d) EDX spectra of the two
regions, confirming that the centre has a surface layer of Mo0O3; (Spectrum 1), while the outer ring
(Spectrum 2) has a lower oxygen concentration.

Figure 16a,b and Figure 16¢,d are optical and SEM images, respectively, of a 55s/300 W
exposure on pure Mo (five-spot pattern) showing a gold spot at the centre with two
surrounding ringed regions, the inner ring containing micron-sized and slender rod-like
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crystals. The outer ring has an inner radius Ry ~ 260 pm and outer radius Rz ~ 490 pm.
Figure 16c shows an SEM image of the first ring, while Figure 16d shows the boundary
region between the rings. The recrystallisation takes place after the laser is switched off
rapidly, effectively quenching the material. Note also the intense blue colour (molybdenum
blue) which appears at the periphery and the inner boundary of the outer ring. This is
likely an oxide of molybdenum, termed Mos5014xH,0O, the monohydrate suggesting that a
reaction with water vapour in the air may also have occurred [67].

~ 300W/5s, \ Moi(d) =, . ~300W/5s
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Figure 16. Optical and SEM images of single spot during five-spot Gaussian exposure on molybde-
num, P =300 W, 5 s exposure: (a) optical image with gold colour appearing at the centre, the oxide,
MoQOs, and two surrounding rings displaying recrystallisation on the surface, (b) higher magnification
optical image of the rod-like crystals, (c) SEM image of inner ring with small micron-sized and slender
rod-like crystals, scale bar 2 um, and (d) SEM image, the boundary between the rings where a clear
change in surface micro-structure occurs. Scale bar 3 pum.

4. Discussion and Conclusions

Current and future industrial laser applications require high-efficiency, high-throughput
surface processing at multi-hundred-watt and kW levels, since these average power levels
are already available [68-71]. A device which can dynamically structure the optical field
for different applications is therefore highly useful for optimising any given laser-surface
process, whether ultrafast ablation [38], CW thermal exposure for AM [48], or materials
welding where the Gaussian profile is far from optimal. The holographic performance
of the X15213-03 tested here at CW powers approaching 400 W is superior to that from
any other LC device, as far as we are aware. This performance in terms of phase range,
A > 27, exceeds by a factor of three our previous experience with an incident Gaussian
beam distribution. This significant technical advance has come about by re-engineering the
thermal capability of the SLM combined with optimising micro-structure, including the
highly reflective dielectric coating near the CMOS back plane, and increasing LIDT while
maintaining a full-phase stroke, even up to P = 700 W [51]; however, the phase response
here does show some deviations from linearity.
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The measured phase response here is affected by thermal lensing in coated UV-fused
silica optics, resulting in decreasing spot diameter on the SLM with increasing exposure.
Hence, in any given experimental set-up, a calibration of the phase response will be required
for optimisation as powers increase. Almost all optical materials have a temperature-
dependent refractive index response dn/8T > 0 so that focal lengths decrease with laser
intensity. The introduction of an optical material in the beam line with a én/8T < 0, such
as N-PK-51, could be used to provide passive compensation for the observed thermal
lensing [54]. In addition, negative Fresnel lens CGHs could be added to the SLM to
partially compensate thermal lensing at the highest powers. Reducing the number of optics
ahead of the SLM will be beneficial in the future. Clearly, the sources of thermal lensing, its
modelling and compensation, need to be considered in more detail.

The deviation from the fit to ideal phase response, T (9) = A cos’[(¢ — @¢)/2] + B,
R (@) = A’ sin® [(¢ — @o)/2]+ B’ should allow a recalibration of the SLM to linearise its
response, improving beam-shaping efficiency at the highest powers.

A multi-beam Gaussian and a ring-shaped beam carrying OAM (m = +6) were used
to laser process mild steel and the high melting-point metal, molybdenum. First-order
diffraction efficiency with multi-beam exposure was measured to be 1 = 0.98 £ 0.01 based
on the evaporated volumes during blind drilling, including a small zero-order component
observed above P = 200 W. No zero order was observed up to 300 W during multi-beam
scanning. The observed surface micro-structures with the vortex ring mode on mild steel
reflect the radial heat diffusion from this intensity distribution and the temperature history,
both during exposure and after the fast laser switch-off. At such high laser power, the light
is also carrying significant angular momentum (OAM), L, = 6 i/photon, which, as angular
momentum must be conserved during absorption, might well result in some observable
physical effect on developing micro-structure, perhaps at higher numerical aperture (NA)
when reversing helicity [72-74].

With optimised beam shape and scan parameters, it should be possible, for example, to
harden mild steel efficiently over large areas by keeping the temperature during scanning
to T > 850 °C, well below the melting point. Heat treatment allows the crystal structure to
change from the ferritic phase (with body-centred cubic structure) to the high-temperature
austenite (face-centred) phase, where C atoms diffuse to the centre. Rapid cooling prevents
the C atoms from diffusing out, producing the hard martensite phase, where crystals are
distorted and stressed. With the relatively small beam diameters here, combined with
fast laser scanning and gating, one could create surfaces patterned geometrically with
alternating micro-hardness.

The source of the depolarisation observed at exposure above 300 W is interesting.
Until recently, we assumed that the source of this depolarisation was likely the SLM
itself. However, as the phase range observed here, Ap > 27 up to P = 380 W and almost
independent of exposure, the actual source may not be the SLM liquid crystal at all, but
the polariser, TFP, thin film, which experiences a factor of four times higher intensity than
TFP;. It may be that under stress at high intensity, the polarising film is unable to separate
the radiation efficiently to horizontal |H> and vertical polarisations | V>, respectively.
This observed depolarisation, which warrants further investigation, illustrates the need for
careful characterisation of the full optical beam path.

One should also note that recently, a high dynamic beam-shaping capability at MHz
bandwidths has been demonstrated using coherent beam combining of single-mode fibre
lasers with average powers P > 6 kW, an impressive achievement [75].

While a randomly polarised CW single-mode fibre laser was the source employed here,
we expect that high-power linearly polarised CW, pulsed, and ultrafast systems at the multi-
100 W level should present fewer issues for this LC-SLM. As quoted LIDT > 400 GWcm 2
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peak intensity, so the incident peak intensity should be kept to Iy < 80 GWem ™2 to avoid
multi-photon absorption, which would lead to device damage through electron excitation
to the conduction band, followed by impact ionisation and plasma generation. The fluence
damage threshold can therefore be estimated to be (D, /62 =5.5 mm), Fth ~ 0.2 Jem ™2, with
a T =1 ps pulse length, while at T = 10 ps, one would expect Fth ~ 2 Jem~2. Operating peak
intensities and fluence should be kept to <1/5 of damage thresholds (circa 80 GWcm 2
and 0.04 Jem ™2, respectively, with a 1 ps pulse length). Extreme care should still be
observed when increasing pulse energies to detect any stress on the device (e.g., phase
range loss) well before damage occurs. One must also employ lenses and waveplates with
the highest quoted LIDTs. At CW exposure of P = 383 W, with estimated spot size on the
SLM Dth ~ 4.5 mm due to thermal lensing, the peak CW intensity can be calculated to be
I, ~ 4.8 kWem ™2, with no sign of damage to the Hamamatsu X15213-03 SLM. This confirms
that the redesign of the dielectric mirror coating and the improved cooling, including the
sapphire window, have been very effective. The telescopes and waveplates are all UV-
fused silica optics with ultra-low absorption coefficients o ~ 10~° cm~!. The AR coatings,
although very thin, are more likely the weakest link in the LIDT, which are often specified
in terms of fluence with a 10 ns pulse length. This was our experience with the failure of
the first AR optical coating on the first lens element. The LIDT for CW exposure is not
always specified [53].

A linearly polarised, collimated laser source could avoid the need for two telescopes,
hence reducing potential sources of thermal lensing and the 50% light loss during polar-
isation. Ultimately, the use of active feedback [76]; real-time thermal compensation [77];
the use of more advanced algorithms [78,79]; and the compensation of pixel cross-talk [80],
including the use of neural networks [81]; will play an increasing role in applications
of this SLM technology at high power. The results observed here are very encouraging
and represent a major step in the uptake of this technology for future digital, industrial,
and scientific applications for the Fourth Industrial Revolution. We may expect to see
average powers P > 1 kW, whether CW or pulse-modulated, efficiently with this technology
very soon.
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