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Abstract: A model describing the far-field scattered power and irradiance by a
silica glass slab with a shallow-pitted exit surface is experimentally validated.
The comparison to the model is performed using a precisely micro-machined
ensemble of ~11 um wide laser ablated shallow pits producing 1% of the
incident beam scatter in 10 mrad angle. A series of samples with damage
initiations and laser-induced shallow pits resulting from 351 nm, 5 ns pulsed
laser cleaning of metal micro-particles at different fluences between 2 J/cm?
and 11 J/cm? are characterized as well and found in a good agreement with

model predictions.

OCIS codes: (140.3330) Laser damage; (140.3300) Laser beam shaping; (290.0290)
Scattering; (240.3695) Linear and nonlinear light scattering from surfaces; (240.6700)

Surfaces;
1. Introduction

Mitigation of laser-induced artifacts on optics in high energy pulsed laser systems is central for extending
the lifetime of these systems, for optimizing their performance, and for preventing potential damage from
stray light [1,2]. Most of the previously reported characterization and mitigation efforts have been aimed
at damage sites larger than a few tens of microns in depth with complex fracture-dominated
morphologies. The reduction of their initiation can be achieved by optimized HF etching of the parts [3]
and the mitigation of their growth can be achieved by controlled laser ablation [4,5]. However, this study
is focused on much shallower pits that appear in greater densities, do not change morphology under
subsequent laser pulses (i.e. no growth), and might cause power scattering performance reduction.
Recently, we have reported laser-induced shallow pits (LSPs) on the exit surface of silica optics that are

highly axisymmetric with a Gaussian-like profile, which are shallower but at relatively large numbers



with respect to the prototypical laser induced damage sites [6]. These LSPs are similar to those reported in
the literature associated with the laser induced ejection of debris [7,8,9]. The evaluation of the resulting
scattering is important, since it might lead to a reduction of power on target as well as unintended
irradiation of other optics. The power scattering characteristics of shallow pits arrays is also useful for
carefully designed morphologies that scatter coherent radiation into a radiation cone (e.g., the structure
suggested at [10]).

Without a more informed method of relating the light scattering to the optical properties of these damage
sites, one possible approach is to assume that all light that incident on their aperture will not reach the far-
field, which will typically over-estimate their true power scatter contribution. Another possible approach
could be the use of the optical surface roughness in combination with micro-roughness scattering methods
[11-13]. Nevertheless, the specific and smoothly varying morphology of the LSP justifies a more

informed analysis.

Recently, we have reported a model that links the LSPs morphologies to the resulting far-field scattered
power [6]. The model yields relatively simple expressions for the scattered angle and the total scattered
power given the nearly Gaussian-shaped LSPs width and depth. Here, we bring an experimental
validation of the model based on a silica surface patterned with a controlled ensemble of similar shallow
pits micro-machined (M-M) by laser ablation [4,5]. We then further investigate the morphology-scattered
power relations for LSP ensembles on silica samples created by different pulsed laser fluences incident on

surface bound particles and find a good match to model predictions.
2. Model for the scattered power model from LSPs

The model for scattered laser power from LSPs assumes a Gaussian profile and using far-field Fourier
analysis and some algebra results in expressions for the far-field distribution and total scattered power [6].
The results of the model were verified with full electromagnetic numerical simulation. In this section we

will review the main results of the model.

The electric field of the scattered light from a Gaussian shaped LSP with maximal depth of h and

standard deviation ois:
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where, Anr is the near field amplitude of the incident wave, OPD is the maximal optical path

difference: OPD =-2z-An-h/ A , A is the free-space wavelength, 4n is the absolute value of the



refractive index difference between the substrate and surrounding media (air), y =Az/x, zis the
propagation distance off the exit surface, and r is the radial transversal coordinate. We find that
the effective series with m<10 is a sufficient far-field representation for most of the typical LSP

shapes found on exit surface of contamination-driven ablation.

The first term in the far-field series representation captures well the lower moments of the field
distribution, and allows for a simple evaluator of the scattered light cone angle:
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This angle increases with decreasing LSP width, but is independent of its depth. The maximal
intensity, based on the first term, is proportional to I oc h?-c* , which can be correlated to the
Rayleigh-Gans scattering intensity which is also proportional to the particle volume squared
[11]. This observation highlights that the widest and deepest LSPs in the ensemble are more

likely to dominate the total far-field intensity distribution.

Based on the spatial integration of the intensity of the field described in Eg. (1) and some

algebra, the expression for the scattered power is:
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where 7 is the free-space wave impedance. The resulting scattered power expression could be
interpreted as the incident power on 1o area of the Gaussian phase object, i.e., zo?, (first RHS
term in Eq. (3)) times the cross-section of the LSP (&) determined by its OPD (second RHS
term). A 4th order polynomial is numerically fit to ¢ expression in Eq. (3) (for the range of

depths smaller than 250 nm) and given by:
5 ~(—7.6x10—11[nm-4}h2 —1.8x10-8[nmﬂh+4.2x10-5[nm-2})- h @)

where h is given in nanometers (¢ is unit-less). Since the area that a LSP with a Gaussian phase

profile covers is unbounded, and ¢ is defined in Eq. (3) with respect to a circle area of zc?, &



could exceed a value of one. For LSP depths substantially smaller than 1 um the dominant term

in Eq. (4) is the lowest order, resulting in a scattered power scaling of order h%

The net far-field intensity of an ensemble can now be evaluated based on the LSPs
distribution. The net intensity of the ensemble is obtained as the incoherent addition of the
individual LSPs intensities, justified by the large and aperiodic distances between the LSPs with
respect to their widths. For LSPs with non-Gaussian profiles close agreement to model is

obtained using an effective o (o) Of a Gaussian shaped pit having the same volume as the

examined LSP (where volume is defined by V = ZnJ'd(r)-rdr , Where d(r) is the depth profile).

3. Power scatter measurement

The scattered light around the optical axis from a pitted glass sample is characterized at the
ultraviolet frequency range using the experimental setup illustrated in Fig. 1. The laser beam
emitted from a ~5mW 351nm quasi-CW laser (CrystaLaser QUV-351-200) is spatially filtered
and expanded using a typical pinhole arrangement to about a 2 cm diameter Gaussian beam spot
on the sample. After the light passes through the sample it propagates to the far-field where it
illuminates a Lambertian diffuse screen (Avian B250 - Barium Sulfate based coating). The
scattered power is typically a fraction of a percent of the incident beam and therefore the diffuse
surface has a center perforation that transmits the un-scattered beam to reduced backscattering.
An ultraviolet sensitive CCD camera with programmable high speed electronic shutter (Spiricon
SP620U) is used to image the far-field screen.
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Figure 1: Scattered power and irradiation experimental setup layout: expanded and filtered
ultraviolet laser beam (final f#~45) is passed through the sample and then incident on a
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diffuse screen at far-field, which is imaged by programmable high speed electronic shutter
CCD camera.

Post-processing of the images is used in order to subtract the background and average out
the noise. The background is measured by taking the same measurement without the sample and
is then subtracted from the measurement with the sample. The main two noticeable background
artifacts are bias base level and scattering around the perforation at the screen center. For both
cases with the sample (i.e., signal) and without it (i.e., background), 16 successive camera image
frames have been averaged to reduce the noise level. Each frame is a result of integrated fluence
over numerous camera electronic exposures (the number is varied between samples) of about
133 millisecond each. The laser repetition rate is set at about 10 KHz, therefore each image is an

integration result of large number of laser pulses.

In order to normalize the scattered power by the beam total power, an additional
measurement is taken imaging the entire beam reflecting of the surface. This measurement is
performed without the sample and by shifting the diffuse screen such that the beam does not go
through the perforation. Since the signal for this measurement is about 4 orders of magnitude
higher than of that of the scattered power the camera is integrated over only one electronic
camera exposure of much shorter exposure time (about half a millisecond). For this whole beam
measurement the noise is also being averaged out using 16 successive frames and the bias
background level to be offset is calculated from off-axis regions. The normalization of the signal
(i.e., the background subtracted scatter) by the whole beam power is multiplied by the ratio in
exposure time accordingly. The scattered irradiation and the integrated scattered power presented
hereafter are reported as a fraction of the incident total power.

4. Comparison of model predictions and measured scattering from micro-machined

pits

In order to validate the model predictions, we have fabricated a sample with a quasi-random
ensemble of M-M shallow pits with similar dimensions using laser ablation (following the
methodology detailed in [4,5]). Since the pit profiles are similar, the scatter of the ensemble is as
that of the individual pits, which simplify the analysis and validation. The sample morphology is
measured using 3D laser scanning confocal microscopy (VK-X100, Keyence Corporation,

Elmwood Park, NJ), and the surface rendering of one of the shallow pits along with its height



profile are illustrated in Fig. 2 (a). Since the M-M pits are not Gaussian, their o have to be

evaluated based on their calculated volume (o, =V /7zh). A sample region containing 12 M-

M pits was chosen, and the o is depicted at Fig. 2(b), resulting in a mean value of 11.3 um.
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Figure 2: The morphology of precisely shaped M-M pits on silica substrate using laser
ablation. (a) 3D rendering of typical shallow pit topology, with height profile view as inset.

(b) Calculation of the equivalent o for a segment containing 12 pits (mean value as red
dashed line).

The measured scattering angle was found to be in excellent agreement with the predicted
by the model. Based on the mean o observed for the sample morphology and Eq. (2) the
predicted scatter angle is: 6. ~0.351um/(z-11.3um)=9.89mrad . The measured scattered
irradiance is depicted in Fig. 3 (a), obtained based on the methodology described in section 3
(here normalized to its pick value). The &= refers to the angle at which the field magnitude
decays to 1/e its value and the intensity to 1/e” its value. At Fig. 3(a) the measured G ~10 mrad,

observed at 1/e? of the maximal value, which matches the predicted value.
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Figure 3: (a) Measured scattered irradiation from the M-M sample (described in Figure 2).
The values are normalized to maximal value. (b) Calculation of designed scattered
irradiation for different mixtures of shallow pits (the relative mixture of population is
indicated as [number of pits] x ([pit radius] / [pit depth]), both dimensions are in microns).

The model prediction for the scattered power set a tight upper bound to the measured value.

The scattered power based on Eq. (3) is: Ps =N -(77|ANF|2)-(7r02)-§ , Where N is the number of

M-M pits in the area over which the calculation is done S. The incident power over this area is:

P=S -(77|ANF |2) . Therefore the scattered power fraction of the beam is:
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For the sample under evaluation, the average density of M-M pits is about 10 per mm? and

the measured depth is 300 nm giving a cross-section of 2.7. Therefore the predicted scattered

power is 1% of the total power. The measured scattered power is 0.75% of the total beam power,

which is tightly bounded by the predicted value. The model prediction is expected to be slightly

higher than the measurement, due to some small fraction of high-angles scattering that does not

reach the far-field [6].

This measurement validates the model as well as demonstrating that carefully designed

scattering plates could be tailored to a desired scatter profile. To further illustrate this capability

we have simulated few scatter profiles based on different compositions of shallow pits



populations of different sizes. The four curves in Fig. 3(b) are of the far-field scattered irradiance
(normalized to its maximum value) for the four relative compositions, where the radius (defined
as 3 times o of the Gaussian) and depth of the Gaussian shaped pits are given at the legend. The
scatter irradiance of homogenous ensemble of h=200 nm Gaussian pits with R = 1 um radius
(blue curve) is shown to be very broad (>>150 mrad). As the composition of the ensemble is
changed to be a mixture of about one larger pit (R=5 um, h=400 nm) for every five pits as
before, the scatter irradiation narrows substantially to about 70 mrad (red curve). Replacing the
larger pit in the composition to be even larger (R=10 um, h=600 nm) further narrows the scatter
angle to 30 mrad (yellow curve). Finally, mixing the three types of pits in a ratio of 100: 20:1
(smallest : medium : largest) gives an intermediate curve (purple curve) with scatter angle of
about 55 mrad.

5. Scattering from laser-induced shallow pits derived from surface bound

particles

After validating the scattered power measurement setup with the model, we now turn to study the
scattering when the beam is incident on pitted exit surface of silica glass samples —
representative of metal particle laser ablation. The samples were prepared by sprinkling 20 um
diameter spherical aluminum particles on the exit surface of 4 silica slabs (this procedure is
further detailed in [9]), after surface cleaning and HF-etching (see details in [3]). Each sample
has been exposed to a large aperture (~ 3 cm) 5 ns pulsed laser at the ultraviolet (A=351 nm) at a
different fluence [14]: 2 J/cm?, 5 J/cm?, 8 J/cm?, and 11 J/cm?. The morphology of the surface
has been characterized using confocal laser scanning microscope. A scan area of 2.5 mm x 2.5
mm has been stitched together from multiple high resolution sub scans at lateral resolution of 0.5
um per pixel and depth resolution of 0.1 nm per vertical pixel, and linear tilt has been corrected.
The height maps of representative segments at the four samples are presented at Fig. 4 (a), where
black regions indicate depressions in the surface. This collected data supports that increasing the
laser exposure enhances the amount of pitting, and also shows that at the low fluence sample a
larger number of bound particles have been remained. The underlying mechanisms resulting in
the creation of the LSPs as well as a more detailed structural parameter study are outside the
scope of this work and will be discussed elsewhere.



To better characterize the dimensions of the LSPs on the four samples we have processed
the image resulting in a list of the width and depth of the measured surface depressions. Image
processing was conducted to threshold the image (Imaged, National institutes of Health, USA) to
find the depressions in the sample and particle analysis to characterize the dimensions of the
detected segments. To enhance the statistics we have included two 2.5 mm x 2.5 mm scanned
segments per sample. The results are depicted in Fig. 4 (b) on a log-log scale. Only on the 11
Jlcm? sample damage sites (classified as a type 111 in [14]) have been detected. The two detected
laser damage sites are indicated in Fig. 4 (b) by ‘A’, and clearly appear in Fig. 4 (a) as the two
large irregularly shaped black regions. The morphology of one of these sites is further illustrated
in Fig. 4 (b) by the false color 3-D rendering labeled accordingly by *A’. The other type of laser
induced features found much more abundantly on the surface are the LSPs, indicted by ‘B’, ‘C’,
and ‘D’. These axisymmetric, Gaussian-like profiles are the main focus of this paper and appear
as single LSPs for the fluences of 8 J/cm? and below (indicated by ‘B’), and in the high fluence
shot also in bunches of LSPs spaced by linear-like groove (indicated by ‘C” and ‘D’). The last set

of features detected is particles that have not been cleaned by the laser, indicated by ‘E’.
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Figure 4: The morphology of the silica sample exit surface pitting induced by laser cleaning
of metal micro-particle: (a) height maps of the representative segments at the four samples
(1.25 mm x 1.25 mm) induced by different fluences indicated on the image (black indicates
depression). (b) Pit dimension analysis of the detected pits population for the 4 samples,
along with 3D height rendering of typical artifacts (indicted by ‘A’ — “E’ letters).

Based on the morphology characteristics described in Fig. 4, the power scatter predicted by

the model fits well the observations from the scatter measurement. The scatter measurements for



the four samples are shown in Fig. 5. The irradiance of the highest fluence sample is displayed in
Fig. 5 (a), and a one-dimension profile is displayed in Fig. 5 (b), along with the complementary
results for the other samples. It is immediately clear that the scatter increase as the sample was
exposed to higher fluence, as expected due to deeper pitting. The values of the total scattered
power are shown in the legend of Fig. 5 (b) and follow the same trend. On the 2 J/cm? sample
only a small amount of existing particles where detected, and the scattered power level detected
is very small having almost flat irradiance — at the measurement noise level. As the laser fluence
is increased, the population of detected LSPs has higher diameter and depth — expected to result
in a higher scattered power from the LSPs population. The diameter of the dominant LSPs for
the 11 J/cm? sample is about 30 um, which translates based on Eq. (2) to an expected scatter
angle of about 20 mrad — which fits the measurement in Fig. 5 (b) (see the dashed line indicated
by (B)). For the 8 J/cm? case, the LSPs diameter is similar but the depth is slightly smaller, and
as observed in Fig. 5 (b), the resulting scatter is lower in magnitude but has similar scatter angle.
For the 5 J/cm? sample the dominant LSPs diameter is about 10 um and also smaller in depth and
number of counts, and therefore expected to have smaller magnitude of scatter and a broader
angle. The magnitude reduction is clearly observed in the measurement. However, even though a
small broadening could be observed in the scatter irradiation curve, it is hard to examine the
broadening since the measured signal is reaching at these scatter angles close to the measurement
noise level. Finally, the two detected laser damage sites (indicated by ‘A’) for the 11 J/cm?
sample have very large volumes and therefore are expected to result in a large scatter
contribution for this sample. Since their diameter is about 100 um, they are expected to yield an
additional feature of few mrad scatter angle as clearly seen in Fig. 5 (b) (see the dashed line
indicated by (A)). The clear correlation made by the model between the scattered power
measurements to the sample morphology, indicates also that analysis of the scatter irradiance
based on the model could serve as a method indicating the presence of scattering features on
samples. For example, detection of the few milli-radians features in the scatter irradiance would

indicate the presence of laser damage sites presence.
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Figure 5: Scatter irradiation of the four samples with exit surface pitting induced by laser
cleaning, and characterized in Figure 4: (a) the 2D irradiance of the sample with exposure
fluence of 11 J/lcm? The scattered power is normalized as a fraction of the incident beam
power. (b) Profile of the irradiance (through the x-axis) for the four samples. The scattered
power as a fraction of the incident beam power is given at the legend. The dashed lines
illustrate the different contributions of Fig. 4 object types (A) and (B) to the 11J/cm? curve.
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6. Conclusions

We have experimentally validated a model that ties the morphology features of laser-induced
shallow pits at the exits surface of silica slab to the scattered power and irradiation of a beam that
passes through the sample. The model predictions are in excellent agreement to the measurement
for the precise profile micro-machined shallow pits. With the use of this model and a carefully
designed mixture of shallow pits a tailored scatter irradiation plate could be fabricated. Using the
same methodology as for micro-machined samples, scattering resulting from pitting caused by
laser cleaning of bound metal micro-particles at different fluences, show good agreement with
the model predictions. The total off-axis scattering from the samples increases with increasing
laser fluence. The model allows inference from the observed features in the irradiation
measurement about the morphology and the types of scattering object present on the sample.
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