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Abstract: We have demonstrated out-of-focus ultrafast pulsed laser processing of copper with
a variable working distance, without the need for mechanical movement. This was achieved
by employing a diffractive optical element. The method has been demonstrated in a practical
application to reduce the secondary electron yield (SEY) of copper to below 1.3. We show that
using an extended focus element not only increases the consistency of processing across a range
of working distances, but also changes the topography of the produced structures, reducing the
SEY. This presented approach shows promise in facilitating the Large Hadron Collider’s (LHC’s)
upcoming high luminosity upgrade by preventing electron clouds.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

A distinct advantage of laser processing is the ability to produce more intricate shapes with
smaller feature sizes compared to conventional mechanical machining. As the technology has
matured more demanding applications have arisen including the need to machine with a variable
working distance. Standard solutions to this involve moving either the sample, which may not
always be possible, or moving the focusing lens, which is often challenging mechanically to
maintain the lateral beam position [1–3]. Both can also limit processing speeds. Another solution
is to increase the focal spot size of the beam and thereby increase the Rayleigh length. However,
this reduces the focal intensity and increases the minimum feature size making it unsuitable for
some applications. This is of particular concern with ultrafast processing due to the high peak
powers needed to reach the multiphoton absorption required for ablation [4].

Diffractive optical elements (DOEs) as a technology have been developing since the discovery
of diffraction [5]. Diffractive optics have long found applications where refractive and reflective
optics are not suitable. Typical applications include X-ray and extreme UV imaging [6–8],
converting gaussian beams to non-gaussian profiles [9–11] and as non-polarising beamsplitters
[12–14]. Other advantages of DOEs include typically leaving the beam size, divergence and
polarisation unchanged as well as being comparatively thin and lightweight. These advantages of
versatility come with downsides such as power losses due to limited diffraction efficiency and a
high degree of wavelength sensitivity.

One subset of DOEs extends the depth of focus of a laser beam beyond the Rayleigh length
of a gaussian beam. This is achieved by modifying a typical phase only zone plate [15] (or
its amplitude equivalent) so that the focal distance has an angular variation, known as a ‘petal’
DOE, or by merging it with the phase delay caused by an axicon, called an axilens DOE [16–18].
The former causes different parts of the beam to be focussed at different distances while the
latter achieves a similar effect through partial conversion to a Bessel beam. These have been
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applied extensively in microscopy and imaging [19–23]. Here, we propose the application of
focal extension DOEs for ultra-fast laser surface structuring.

In our previous work we have processed the surface of copper with nanosecond and picosecond,
532 nm laser pulses in order to reduce the material’s secondary electron yield (SEY) [24–28].
The SEY of a material is a measure of the number of secondary electrons emitted from a surface
when impacted by a primary electron of a given energy. Strong electron emissivity can be
beneficial in some applications, i.e. it is the mechanism by which scanning electron microscope
(SEM) images are obtained and photo-multiplier tubes amplify a signal [29]. It is detrimental,
however, in space science, high power microwave and plasma devices, and particle accelerators
where the excessive electron emission can lead to surface charging, electron cloud formation
and damage from multipactor events [30–33]. Previously, we have shown a reduction in the
SEY of copper by creating laser engineered surface structures (LESS) via inscribing trenches
into the surface and covering it with a nanostructure made of re-deposited copper and copper
oxide particles. This significantly increases the chance that a given secondary electron will
be re-absorbed by the surface after emission. This effect has been explored in detail through
both experiment and numerical modelling [34–39]. Simulations indicate that the aspect ratio of
the trench is particularly key, with higher ratios of depth to width creating better trapping for
electrons.

CERN is about to undertake the High Luminosity upgrade to the LHC for 2026 [40,41]. This
greater luminosity means surfaces within the collider will be bombarded with a larger number of
electrons. Within the surfaces that enclose the proton beam these processes cause problems by
generating electron clouds that induce beam instabilities and cause heat transfer to the cryogenic
plant used to cool the superconducting magnets [42]. This is of particular issue for the copper
beam screens which have an initial SEY of 2.0-2.4 [37], depending on surface contamination.
Their SEY can be further reduced through the practice of beam scrubbing, however the SEY
still typically remains above one [43]. This copper takes the form of a thin, on average 75 µm,
layer on the inner surface of the tube, which has a hippodrome cross section [42]. We have
previously demonstrated a reduction in the SEY of flat copper surfaces by pulsed laser processing
trenches into the surface [25,27,44]. We are also developing a combined fibre and robot system
to process the inner beam screen surfaces in situ. The hippodrome shape presents a significant
challenge as the distance from the centre of the tube, where the laser source will emanate from,
has a variable distance from the tube walls. This varies the working distance of the laser by
approximately 5 mm, requiring a system that can process consistently 2.5 mm either side of the
laser focus. As the internal cross section of the beam screen is less than 50 mm, it is technically
challenging to mechanically move the focusing lens within the robot, and it is not possible to
move the beam screen. Increasing the focal spot size will widen the trenches, reducing the aspect
ratio and limiting SEY reduction. A novel solution is therefore required. Here, we demonstrate
that using an extended focus DOE not only fulfills the requirements of the process, but changes
the topography of the trenches, further reducing the SEY.

2. Optics of axilens diffractive optical elements

For these experiments a commercially available EF-014-1030 axilens DOE from HOLO/OR
was used. This has an 11 mm diameter, 3 mm thickness, is anti-reflection (AR) coated on both
surfaces for 1030 nm light, and has minimal diffraction losses. Testing showed that there was no
observable optical loss when measured on a typical thermal power meter. The polarisation of the
laser was also unaffected. The DOE does not focus the light and is designed to be paired with a
conventional focusing lens to allow for greater flexibility. All tests were conducted with a Light
Conversion Carbide laser operating at 1030 nm wavelength and a 400 kHz repetition rate. A
collimated beam with a 2.0 mm radius was centred on the DOE with the focusing lens placed
immediately behind.
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For best comparison with our previous work we initially used a 150 mm focal length lens
producing a 31 µm radius focal spot. Throughout this paper all beam radii, unless otherwise
stated, are measured according to the second moment of intensity standard [45]. For gaussian
beams this corresponds with the point at which the power drops to 1/e2 of the maximum intensity.
We measured the beam radius through the focus using a Spiricon SP620U CCD camera. Looking
at Fig. 1, we can see the DOE creates two distinct foci. One approximately 4mm before the focal
plane of the lens and the second 4mm behind it. These foci have a larger beam radius of 54 µm
than that with the lens only. Between the foci the beam radius increases to an average, almost flat,
beam radius of 59 µm. The beam waist is defined as the point of a planar wavefront [46], which
for a gaussian beam is also the point of minimum radius. For the DOE modified beam, the planar
wavefront occurs in the middle of the flat section, at the focal point of the lens, but not at the
points of minimum radius. This is important for defining the Rayleigh range of the DOE beam as
being referenced on the beam radius at the planar wavefront. This definition gives a Rayleigh
range of 7.9 mm, compared to the 2.9 mm of the lens only beam. The average beam radius within
the Rayleigh range is 59.9 µm with the DOE but is 38.3 µm without it. As the DOE is increasing
the radius of the beam through the focus, it will not perform in a directly comparable way in
machining applications.

Fig. 1. Beam radius of a 2 mm radius collimated beam focused through a 150 mm spherical
lens, a 150 mm lens with an axilens DOE and a 100 mm lens with an axilens DOE.

To achieve the same minimum focal spot size we exchanged the lens for one with a 100 mm
focal length. Combined with the DOE this produced a minimum focal spot radii of 35 µm
positioned 2 mm either side of the focal plane. This gives an average beam radius through the
Rayleigh range of 39.7 µm and a Rayleigh range of 3.6 mm. Outside this range the beam diverges
more quickly. Radii comparisons are summarised in Table 1. The DOE therefore reduces the
average spot size through a given distance from the focal plane, whilst simultaneously extending
the Rayleigh range of the beam for a target focal spot size. For the remainder of this paper the
beam profile generated by the DOE and 100 mm lens will be referred to as ‘the DOE beam’.

Looking at the beam profile, the beam has been transformed into a series of concentric rings.
As this is focused, it coalesces into two rings, the inner of which collapses into a gaussian like
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Table 1. Summation of beam radii and Rayleigh ranges for the beams presented in Fig. 1.

Minimum
Radius µm

Beam Waist µm Rayleigh
Range mm

Average Radius Through
Rayleigh Range µm

150 mm Lens 31.4 31.4 2.9 38.3

DOE and 150 mm Lens 53.7 58.6 7.9 59.9

DOE and 100 mm Lens 34.9 40.7 3.6 39.7

central peak with a significant shoulder, Fig. 2(a). A key difference between this and a beam
focussed without the DOE is that not all the power is concentrated in this central region as a
significant amount is in the outer rings and this continues throughout the focal region. This is
more clearly seen in the log scale images in Fig. 3. This can be considered the beginning of the
focal region and is approximately 4 mm before the true focus. The central region then further
collapses to a true gaussian, Fig. 2(b). This represents the point with minimum beam radius. The
innermost outer ring then collapses into the central peak and they create a disc-shaped central
intensity spot with a lower peak power, c. At the true focus the beam has a clean, ring shaped
intensity, still surrounded by further concentric rings, d. This process then reverses the other side
of the focus, e. The beam then returns to the series of concentric rings outside the focal region,
f. Figure 2(g) and (h) show x-z composite images of the DOE and a comparable theoretical
gaussian beam to that depicted in Fig. 1 as they go through a focus. This clearly shows the
extension of the high intensity region by the DOE and the twin foci either side of the ring focus.

Fig. 2. a.-f. Selected images of the axilens DOE beam, orthogonal to the optical axis as it
propagates through the focus. The colour scale is normalised in each image to best show
the beam shape but colour bars can be used for comparison. Their position in the focus is
indicated in image g. by the vertical dashed lines with the leftmost being a. running through
to the rightmost being f. Image g. is a composite of 300 1D cross sections through the beam
centre of the DOE beam focussed by the 100 mm lens. h. is an equivalent composite image
of a theoretical gaussian beam focussed by a 150 mm lens as shown in Fig. 1.
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Fig. 3. Log scale versions of the images shown in Fig. 2 (b.-d.) and (f.). The images colour
scales are normalised in each image to best show the outer power rings.

We can see measuring the beam diameter as defined by the second moment of intensity does
not fully capture the behaviour of a beam modified by the axilens DOE. We therefore define
a metric to better illustrate the beam’s behavior that we will call the fractional power density
(FPD), ρP, defined in Eq. (1). Here, I is the local intensity of the beam, r the radius as measured
from the beam centre, θ the azimuthal angle, and z the displacement from the focal plane. Simply
this is the percentage of the power concentrated within a given radius of the beam.

ρP(z) =

∫ r
0

∫ 2π
0 I(z, r, θ)drdθ∫ ∞

0

∫ 2π
0 I(z, r, θ)drdθ

(1)

If we set r in this equation to be equal to the second moment of intensity beam radius at each
value of z, so its value as fluctuates with z, we find an ideal gaussian beam has constant ρP(z) at
all points. This is not true for the beam modified by the DOE, where the relative FPD varies
significantly, see the solid red line in Fig. 4. Outside the key focal region it is lower than that
of a gaussian beam (dashed red line), at 78% as compared to 86.5%. Within the focal region
this increases to fluctuate between 80% and 88% peaking at the focal plane with the ring shaped
beam. This shows that the relative FPD is also fluctuating as well as the beam radius, though not
synchronously.

It is also possible that only the higher intensities located more to the centre of the beam will be
relevant to machining applications. Looking at the relative FPD when r is set equal to the point
at which I(z, r, θ) is equal to 50% of its maximum for a given z, effectively half the FWHM, we
see a much more dramatic variation in the DOE beam, see the solid blue line in Fig. 4(b). A pure
gaussian beam will have 50% of its total power within this region (blue dashed line). For the
DOE this relative FPD fluctuates around this value outside the focal region. It then varies rapidly
through the focal region from a minimum of 15% either side of the point of minimum focus up
to 70% through the ring shaped region. This variation in FPD is largely opposing the variation
in beam radius, which is also more significant with this tighter definition of beam radius, see
the solid black line. This smooths out the intensity and improves consistency through the focus.
The FPD is however, on average lower than that of a gaussian beam, perhaps necessitating more
average power to match the intensity impacting the machining surface.

Another insightful measurement is to determine the fixed FPD. Defined by setting r in Eq. (1)
to a fixed value through the focus, rather than one dependant on z. For an example we use the
average beam radius of the gaussian beam through the focal region, i.e. 38.3 µm. Figure 4(c)
compares the DOE modified beam to that of a pure, theoretical gaussian. We can see that while
the gaussian has a higher fixed FPD in the actual focus of the beam by 7%, as we move 1.7 mm
either side of the focus the fixed FPD is equal for both beams and beyond this the DOE beam’s
fixed FPD is higher. The DOE beam drops off more quickly at 3.5 mm away from the focus and
again having lower fixed FPD by 4.2 mm away from the focus. We also see that the fixed FPD is
much flatter through the focal region. This assists with maintaining the performance of the beam
across a larger range of working distances.
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(a) (b)

(c) (d)

Fig. 4. (a.) Comparison between the relative FPD contained within the 1/e2 beam radius of
a gaussian (dashed red line) and DOE (solid red line) beam through the focus. The DOE
beam profile is depicted as the solid black line. (b.) the same comparison but within a
radius defined by the point at which the power drops to 50% of its maximum power. The
50% radius profile of the DOE beam is depicted in black. (c). The fixed fractional power
density within a 38.3 µm radius for the DOE (solid green line) and gaussian (dashed green
line) beam. (d.) Images of the DOE (top row) and gaussian (bottom row) beam at the focal
plane (right column) and 2mm before the focus (left column). The red ring indicates the
1/e2 radius, the blue the 50% radius and the green the 38.3 µm radius.

3. Implementing a DOE for reducing SEY

To perform the laser processing experiments we used pulse lengths between 300 fs and 10 ps.
Copper samples are mounted onto two Aerotech PRO115SL linear stages to allow for x/y motion.
The beam is directed onto a third, vertically mounted, Aerotech MPS75SL, linear stage. Upon
this is mounted the focusing lens, DOE and a gas nozzle delivering nitrogen at 5.8 l/min. The
stages are synchronised with the shutter control of the laser, allowing us to precisely control the
focal position of the laser in three dimensions. The nitrogen reduces oxidation [28] and helps
remove debris from the processing area along with vacuum extraction.

Initially the damage threshold of blank copper samples was measured, without the DOE, using
the method outlined by Kirkwood et. al. [47]. We measured at three different pulse lengths and
four different numbers of pulses per spot, adjusted using a pulse picker, in order to optimise the
machining parameters. The focal spot size was measured by applying the second moment of
intensity method to CCD images of the focal spot. The damage spots were measured using a
Keyence VHX-1000 digital microscope. Table 2. outlines the results.
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Table 2. Damage thresholds of copper at various pulse lengths using a 1030
nm wavelength and 400 kHz repetition rate laser.

Damage Threshold (J/cm2) N = 1 N = 10 N = 100 N = 1000

10 ps 1.56 ± 0.15 1.04 ± 0.25 0.28 ± 0.14 0.48 ± 0.13

800 fs 0.90 ± 0.13 0.73 ± 0.09 0.36 ± 0.08 0.32 ± 0.12

300 fs 0.82 ± 0.08 0.73 ± 0.13 0.36 ± 0.08 0.28 ± 0.11

The single pulse damage threshold is significantly higher at 1030 nm at all pulse lengths
compared to our previous measurement at 532 nm of 0.24 Jcm−2 [27] due to the higher reflectivity
of copper at 1030 nm. However, there is a significant damage incubation effect, likely caused
by heat accumulation, at all pulse lengths. This drops the damage threshold to approximately
0.3 Jcm−2. We believe the damage threshold recorded at 10 ps and 1000 pulses a spot to be
anomalous. It is higher than that at 10 ps and 100 pulses per spot and therefore does not fit with
conventional damage threshold theory which states damage threshold should either plateau or
decrease with an increasing number of pulses per spot. We believe this is caused by plasma
occlusion reducing the laser power actually impacting the surface of the copper [48]. This effect
is only relevant to this measurement due to the reduced time between pulses (increase effective
repetition rate) and their longer length, meaning the plasma cloud from a previous pulse is still
present upon the arrival of the next.

Based on these results a pulse length of 800 fs and 740 pulses per spot was used for all
remaining experiments. This keeps the laser pulse duration firmly below the lattice response
time of copper in order to minimise unwanted heating effects, and takes advantage of the damage
incubation. It will also avoid the anomalous higher damage threshold seen at high numbers of
pulses per spot when using 10 ps pulses.

To test the utility of DOE machining to this application we processed trenches into flat,
20 × 10 × 2 mm3 copper samples at various working distances. To ensure final applicability
we adjusted the power to optimise for a 25 − 30 µm deep trenches. With the laser focused as
presented in Fig. 1 (using the 100 mm lens for the DOE), this was found to be an average power
of 6.5 W without the DOE, and 9.7 W with the DOE. This significant increase in the necessary
power we believe to be partly due to the lower FPD in the beam, but also due to the greater
volume of material being removed as a consequence of the beam shape, see Table 3.

Table 3. The laser processing parameters, maximum SEY and trench dimensions for each
sample. Lens samples processed with a 150 mm focal length lens, DOE with a 100 mm.

Sample DOE 1 DOE 2 DOE 3 Lens 1 Lens 2 Lens 3 Lens 4 Lens 5 Lens 6

Average Power (W) 9.7 9.7 9.7 6.5 6.5 6.5 9.7 9.7 9.7

Pulse Energy (µJ) 24.1 24.1 24.1 16.2 16.2 16.2 24.1 24.1 24.1

Focal Displacement (mm) 0 1.25 2.5 0 1.25 2.5 0 1.25 2.5

Beam Radius at Cu Surface (µm) 40.7 38.1 40.0 31.4 35.6 46.6 31.4 35.6 46.6

δmax( ±0.05) 1.0 1.2 1.1 1.2 1.5 2.2 0.9 0.9 1.3

Trench Depth (µm) 22.4 29.6 28.3 23.0 17.4 9.9 41.3 36.2 25.7

FWHM Trench Width (µm) 46.5 21.3 24.4 28.7 26.7 28.3 26.0 30.19 35.9

Aspect Ratio 0.48 1.39 1.16 0.80 0.65 0.35 1.59 1.20 0.72

Trench Area (µm2) 815 633 666 613 444 238 1099 1027 845

We processed nine samples and characterised their SEY between a 50 eV and 1800 eV primary
electron energy. The measurements were obtained by exposing the samples to electrons in
an ultra-high vacuum at normal incidence and monitoring the currents from the sample and
a secondary electron collector. A more thorough description of the experimental setup and
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procedure is detailed elsewhere [27,49]. The figure of merit used is δmax, the maximum SEY
measured across the spectrum of primary electron energies. All samples were processed with an
800 fs pulse length, a 70 µm hatch distance, 20 mm/s scan speed, and a 400 kHz repetition rate.
Other parameters, trench dimensions and the δmax of the samples are summarised in Table 3.
while the primary electron energy dependence of the SEY are given in Fig. 5.

Fig. 5. SEY dependence on primary electron energy for the LESS treated copper samples.
The green scale curves are those processed using the DOE and 100 mm spherical lens at
9.65 W average power, the blue are processed using only a 150 mm spherical lens at 6.49 W
and the red-yellow with the 150 mm lens at 9.65 W. Circles denote processing in the focal
plane, crosses 1.25 mm beyond it, and triangles 2.5 mm beyond it.

There are two key comparisons made for the treatment with and without DOE: between the
trenches of same depth, and between those produced at the same power . The same depth is more
relevant for our key application at the LHC where the trench depth is a more limiting factor than
the laser power. Samples Lens 1-3 were made for this comparison. For other applications where
the depth is not limited, we also compare at the same power in Lens 4-6.

Parameter sets DOE 1 and Lens 1 were both optimised to produce an ideal trench depth when
processing in focus. Two further working distances, 1.25 mm and 2.5 mm away from the focus,
were investigated at these powers to simulate processing the LHC beam screens. The same
working distances were explored in the same power lens set. The SEY of each sample was
measured for primary electron energies between 50 and 1800 eV. Three 2 mm2 spots on each
sample were selected randomly and an average taken in order to account for regional variation on
the sample. All samples were characterised by a ZEISS Sigma 500 to obtain Field Emmission
Gun Scanning Electron Microscopy using a 5 kV accelerating voltage in high current mode.
Cross sections were obtained by the method outlined by Bajek et. al. using a Keyence VHX
7000 optical microscope [27].

First comparing at the same trench depth, DOE 1 produces a clear ‘w’ shaped trench profile
due to the ring shape of the beam, see Fig. 6, while lens only samples have the ‘u’ shaped
trenches seen in our previous work [27,50]. We can see that between DOE 1 and Lens 1, both
processed in the focal plane, DOE 1 has a 0.24 lower SEY, despite having the same trench depth.
We can see DOE 1 has a lower aspect ratio. This would normally be associated with a higher
SEY, as numerically modelled by other researchers for cylindrical wells and square trenches
[34,36]. However, the ‘w’ shape might better be modelled as two ‘u’ shaped trenches of a higher
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aspect ratio, overlapping each other, explaining the discrepancy. Another explanation is that the
wider trenches means a greater area of the surface is covered with inclined surfaces, allowing
for more secondary electrons to re-enter the surface. The greater volume of material ablated
and in direct contact with the laser beam also covers a larger area with nano-particles, as can be
seen in Fig. 7(a). Combined these lead to a lower proportion of the surface retaining the SEY
characteristics of untreated copper. Regardless of the mechanism we have shown that within our
constraints the DOE provides a lower SEY with an otherwise identical optical setup, albeit while
using higher power.

Fig. 6. Optical microscope images of cross sections from selected copper samples revealing
the trench depth, width and shape.

Fig. 7. SEM images of the copper samples.

As we move further out of focus, the beam produced by the DOE becomes more gaussian and
this is reflected in the trench dimensions. It deepens slightly to 30 µm and reverts to the typical
‘u’ shape. At this working distance the SEY increased up to 1.23, just below that of Lens 1, it
then drops back to 1.12 at 2.5 mm out of focus. The higher SEY of DOE 2 is consistent with
our measurements of FPD, both relative and fixed, which are lower at 1.25 mm away from the
focus than for DOE 1 & 3. The consistency of DOE 1-3 compared to Lens 1-3 may be attributed
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to trading off of the percentage area processed with an improved aspect ratio of the trenches as
we process further out of focus. The out of focus beam shape is also producing trenches with
a higher aspect ratio than the same depth trenches from a true gaussian beam (Lens 1). We
find that at all working distances the SEY is below the target of 1.4 allowing it to be reduced to
near unity with electron scrubbing in order to eliminate electron clouds [43,51]. This is not the
case for a Gaussian beam when remaining within the depth limitations. Out of focus the SEY
increases to 1.49 and then to 2.22, similar to that of untreated copper, with a 1.25 mm and 2.5
mm displacement respectively. The DOE machined trenches therefore meet the requirements for
SEY reduction within the LHC. We would reasonably expect similar results in other out of focus
materials processing applications, such as laser treating an uneven or curved surface [52,53].

Comparing the DOE beam to a gaussian one at the same average power, we get a lower SEY
both in focus and 1.25 mm away (Lens 4 and 5) but a slightly higher one at 2.5 mm away (Lens
6). However, the trench depths for Lens 4 and 5 are deeper than the LHCs operational limits and
would risk puncturing the copper layer of the beam screen leading to enlarged surface resistance
at operation conditions. Ignoring this limitation, both the trench depth and the SEY vary less
across working distances with the DOE. Furthermore, with the gaussian, we expect the SEY
to only increase rapidly further out of the focus, as in the low power series, making alignment
of the focal plane critical. This alignment is less sensitive with the DOE as we can see the
fixed FPD remains higher up to 4 mm either side of the focus. This shows that for applications
where an even response is needed at variable working distances, DOEs can still show significant
improvement over gaussian beams when operating at the same average power and pulse energy.

Scanning electron micrographs were acquired to compare the nano-structures between the
samples, selected images in Fig. 7. Micrograph a. shows a 500x image of the DOE 1 trenches.
The ‘w’ trench shape is clearly visible as is the even nano-particle coverage. Figure 7(b). shows
the ‘u’ shape of the Lens 1 trenches and the more sparse nano-structure coverage between the
trenches. This may have been caused by the narrower radius of the beam at this working distance,
meaning less of the surface was directly exposed to the laser, and could partially explain the
higher SEY. They return in the higher power Lens 4 sample, Fig. 7(c). This benefits the DOE
as it allows us to use higher power, obtaining the denser nano-structure, whilst maintaining the
trench depth and lowering the SEY. Zooming in to 20,000x magnification we can see the detailed
structure between (d.) and within (e.) the trenches. The ‘cauliflowers’ are less present within the
trenches which have a more bubble like structure. This structure is also creating nano-trenches
that should reduce the SEY.

Figure 7(f) through (j) show 5,000x magnified images of the structures in between, and at
the tops the trenches. The in focus DOE, Fig. 7(f)., shows a clear covering of the ‘cauliflower’
structures between the trenches that we have seen in our previous work without the DOE
[27]. These structures are mostly absent between the trenches in DOE 3, Fig. 7(g), revealing
laser-induced periodic surface structures (LIPSS) [54–56]. These have been linked to a minor
decrease in SEY but not as substantial as the nano-structure seen in f. [51]. Looking at h. we see
the cauliflower structures are less dense without the DOE at the lower power. Again indicating
that the higher powers are beneficial for the nano-structure as they are present in the case of
Lens 4, see Fig. 7(j). At this higher power we also see a new fibrous looking structure within the
trenches. This is likely also beneficial for lowering the SEY. Lens 3, see Fig. 7(i)., shows only
LIPSS and no other structures, contributing to its exceptionally high SEY.

4. Conclusions

We have thoroughly investigated the optical properties of a laser beam modified by an axilens
diffractive optical element. We have then shown its advantages for laser processing at a variable
working distance, including a specific application to reducing the secondary electron yield of
the copper, where it performed better than a conventional gaussian beam. The axilens DOE
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produces a relatively modest focal extension, however much greater extensions are commercially
available. This will exacerbate the trade offs of lower FPD, greater divergence outside the focal
region, and varying beam shape, but allow for more extreme out of focus processing. We have
also shown an improved reduction in the SEY of copper through the use of a higher power ring
shaped beam compared to a gaussian beam, despite both producing trenches of similar depth.
The beam produced both notably denser nano-structure and an improved trench shape whilst
removing more material, all of which contribute to the lower SEY.
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