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Abstract
The reduction of laser-induced damage is a serious challenge for optical components; therefore,
determining the laser-induced damage threshold (LIDT) is a crucial step in the manufacturing
process. This article introduces a He–Ne laser imaging system designed for in situ damage detec-
tion within a LIDT station. The system provides fourfold-magnified imaging of the test sample
and its surroundings, capturing the damage shape and size without requiring any imaging optics
to be placed inside the vacuum chamber. This design helps maintain the cleanliness of the cham-
ber. The detection method can be applied to both transparent and opaque samples; in transpar-
ent optics, the damage is observable from either side and it can be distinguished on which side
the damage developed. To verify the system’s functionality, two sample types were investigated:
a silica wafer (non-transparent for He–Ne radiation) and a commonly used double-coated anti-
reflective window at 1030 nm (transparent for He–Ne radiation). Particular attention was devoted
to determining the minimum damage size that can be reliably recognized. The system successfully
distinguished damage features as small as 35 µm.

1. Introduction

The study of the laser-induced damage threshold (LIDT) of optical materials plays an important role
in areas such as research-grade laser optics (coating and thin-film research [1,2]), space/aerospace laser
optics (the study and development of their properties according to space-related conditions [3–7]), and
medicine (skin [8] or cornea laser thresholds [9]).

The LIDT of optical components is also becoming critical for high-energy high-power laser system
development, especially for the improvement of anti-reflection/high-reflection (AR/HR) coatings of laser
crystals [10], including active media and non-linear crystals, which are in general subjected to a higher
fluence since the laser’s efficiency is correlated with the pumping intensity. The same applies for the gen-
eration of higher harmonics, which is effectively achieved by high-intensity pumping [11].

One of the critical parts of the LIDT experiments is the in situ damage detection. Based on the large
number of articles regarding LIDT tests, several methods of in situ damage detection are employed:

• long working distance microscopy [10, 12];

• fluorescence detection [13];

• scattered light monitoring [14, 15];

• plasma spark monitoring [16];
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• online fast camera microscopy [17];

In many cases (i.e. for space applications) it is necessary to take the vacuum environment into account.
Since the LIDT of materials can be dependent on the surrounding pressure, such studies are important.
On the other hand, applying some conventional in situ damage detection methods under vacuum con-
ditions may present difficulties. Therefore, for LIDT measurements in a vacuum, an efficient method of
in situ damage detection is required. There are several limitations, such as the dimensions of the vacuum
chamber or the difficulty of sample removal during the experiment. Thus, applying a He–Ne laser in
reflection imaging mode for the in situ damage detection of samples was proposed.

The method of damage detection based on He–Ne laser light has been described in several articles
[18–27]. Liu et al used a He–Ne gas CW laser at an angle of incidence (AOI) of 30◦ to detect the dam-
age to the sample [18]. On the sample, the He–Ne laser beam had a diameter (1/e2) of 1 mm, with
the reflected beam directed to a power meter. The damage occurrence was indicated by a reduction in
the reflected beam power. Yang et al [19] employed a He–Ne laser collinearly combined with a Nd:YAG
laser. The method relied on the scattering of the He–Ne laser light from the damage. In addition, in situ
He–Ne detection was used in several other articles [20–26], where damage detection was based on He–
Ne laser scattering. Via scattering, the smallest detection limit was reached by Kafka et al [26] at under
1 µm.

In [27], Mikami et al utilized He–Ne laser imaging in a transmission setup, where the camera cap-
tured the fraction of He–Ne radiation transmitted through the sample to study the temperature depend-
ence of the LIDT of single-layer coatings on silica glass substrates.

In [28], Mikami et al present a system in which a He–Ne laser, co-aligned with the laser inducing the
damage, detects damage based on reflection at a 0◦ AOI with threefold magnification through a pair of
lenses with focal lengths of 200 and 600 mm.

It is also worth mentioning the work of Bartels et al [29], who investigated the effect of laser condi-
tioning on the LIDT of AR optics using a chopped He–Ne laser beam for in situ damage detection. In
their setup, the He–Ne laser beam overlapped with the main UV laser beam used during the LIDT tests,
and the scattered He–Ne light from the damage sites was detected by a Si photodiode. The authors con-
cluded that they were able to detect damage down to 5 µm in size.

An interesting work is the dissertation and paper [30, 31] by Avice et al, in which a detection sys-
tem using a He–Ne laser is described and constructed, based on the imaging of scattered light in the
MISTRAL LIDT station. The He–Ne laser is expanded by a diverging lens onto the sample and illumin-
ates it at a 45◦ angle. The reflected He–Ne beam is blocked by a diaphragm, while the light scattered
from the damage is imaged by an XCD digital camera, also at a 45◦ angle. The system is noteworthy
because it reveals the morphology of the damage using scattered light (dark-field technique) from both
sides of the sample. Given the camera’s pixel size of 19 × 12.9 µm2, the system can resolve damage on
the scale of tens of micrometers.

Interesting works in terms of in situ, real-time damage detection include the experimental studies
by various authors in [32–37]. They describe two laser systems—the conditioning and damage setup at
CEA/Ripault and the laser damage facility setup at the Fresnel Institute. The system at CEA/Ripault is
interesting for its use of multiple surface-scanning detection methods, including absorption synchronous
detection, scattering synchronous detection, and front-surface luminescence detection. A front-surface
CCD camera is then used to detect the occurrence of damage. All these systems operate in real time. The
laser damage facility at the Fresnel Institute employs a He–Ne laser collinear with the testing laser. The
sample is observed in real time using an in situ optical microscope in different modes.

Based on the above-mentioned literature, both reflection- and transmission-based methods have been
tested. It is concluded that reflected He–Ne light imaging detection is better suited for application in our
case due to the simplicity and versatility of this method.

In this work, the setup for damage detection based on the reflection and imaging of the He–Ne laser
radiation is presented. The process and methodology used for establishing the smallest in situ detectable
damage using a He–Ne laser system is described in detail.

The advantages of the newly developed system lie in the combination of the following features:

- the ability to identify the damage shape and size, which is useful for adjusting test parameters during
experiments, in contrast to scattering-based He–Ne detection systems;

- the capability to image a wide area around the tested site, enabling the detection of secondary or addi-
tional damage;
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Figure 1. Experimental LIDT setup using He–Ne laser damage detection. L1, L2—illuminating lenses, L3—imaging lens with
focal distance f, a—object distance, a´—image distance.

- the relative compactness and simplicity of the system;

- the possibility to use the detection system with non-transparent samples;

- the possibility to distinguish on which side the damage has developed on a transparent sample;

- reduced requirements for expensive optical components due to the non-collinear and independent
optical paths of the He–Ne and damage-inducing laser.

2. Experiment

This section is dedicated to the description of the He–Ne detection system and the samples that were
selected for these experiments—a silica wafer and a double-coated AR window at 1030 nm. Damage
to the samples was either already created during earlier experiments or during the measurement by a
q-switched Nd:YAG laser. All experiments were carried out at standard pressure and a temperature of
22 ◦C´ without a vacuum chamber or its window (no vacuum environment). During the measurements,
the relative humidity ranged between 40% and 55%.

2.1. Experimental setup
The He–Ne laser damage detection system is shown in figure 1 (Zemax scheme in supplementary figure
S1). The sample was irradiated by a He–Ne laser. Part of the radiation is reflected, passes through the
lens L3, and falls onto a CMOS detector. The principle of the system is based on achieving a sufficient
intensity contrast (at least 10%) between the damaged and undamaged areas of the sample. In the dam-
aged area, a large amount of photons is scattered, resulting in the reduction of the laser intensity cap-
tured at the CMOS detector. L3 forms an image on the camera sensor; the magnification value depends
on the relative positioning of L3 and the camera to the sample.

The sample was mounted in a metal holder, which was attached to two crossed translation stages
enabling precise positioning of the samples during the set of experiments. The damage was induced by
an Nd:YAG laser (Q-smart 450, Lumibird) operating at 1064 nm. The AOI of the Nd:YAG laser was
set to 3◦ to prevent back-reflection into the laser cavity. The laser delivered pulses with energies of up
to 0.5 J and a duration of 8.5 ns. A vacuum chamber will later be integrated into the LIDT station to
enable testing under vacuum conditions, which is essential for evaluating space optics. Both the geo-
metric dimensions and the spatial position of the vacuum chamber were taken into account during the
design and implementation of the He–Ne detection system.

The He–Ne probe beam was aligned to overlap the Nd:YAG laser spot on the sample at an incidence
angle of 15◦ relative to the Nd:YAG beam axis. Combined with the 3◦ AOI of the Nd:YAG laser, this
configuration resulted in the He–Ne radiation interacting with the sample at an effective AOI of 18◦.
After reflection from the sample, the angle of the He–Ne beam to the Nd:YAG beam axis was 21◦. The
final value of the chosen angle was primarily determined by the construction of our vacuum chamber
and the overall configuration of the individual elements of the LIDT station. The general objective was
to achieve the smallest possible value of AOI in order to avoid potential undesirable optical phenomena
on the vacuum chamber windows (such as astigmatism).

The core component of the imaging system was a linear S-polarized 632.8 nm He–Ne laser
(HNLO50L, Thorlabs), continual, 5 mW with a beam diameter of 0.81 mm (1/e2). The beam diameter
at the sample plane could be changed by adjusting the distance between the two plano-convex lenses L1
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(f = 60 mm) and L2 (f = 75 mm)—for this work, the beam diameter at the sample plane was 11 mm
(1/e2) (both samples). A larger He–Ne beam diameter was used to image the damage and its surround-
ings, with a field of view given by the CMOS sensor size divided by the magnification factor of 4 and
for the case of absence of motorized stages suitable for a vacuum environment (thus allowing the use of
conventional motorized stages for the camera). Damage imaging was performed using a bi-convex lens
(L3) and a CMOS camera (Beamage-3.0, Gentec) with a 2048 × 1088 pixel sensor with physical dimen-
sions 11.3 × 6.0 mm2 and a pixel pitch of 5.5 × 5.5 µm2. The required distances between lens L3 and
the sample (denoted a) and between lens L3 and the camera (denoted à ) were calculated using the fol-
lowing equations to achieve the desired magnification:

1

a
+
1

a ′ =
1

f
(1)

Z=−a ′

a
(2)

where f denotes the focal length of the lens, a is the object distance, a′ is the image distance, and Z is
the magnification. In addition, a 632.8 nm bandpass filter was mounted in front of the CMOS camera to
reduce noise. The He–Ne laser was chosen as the probe beam source because its wavelength differs from
those of the Nd:YAG fundamental, second, and third harmonics. This spectral separation ensured that
only the probe beam reached the sensor, effectively filtering out any residual radiation from the pump
laser.

There are several limiting factors in our setup. The internal dimensions of the vacuum cham-
ber are equal to 350 × 350 × 350 mm3. The sample is located at its center. In order to minimize
the number of optical elements inside the vacuum chamber, the lens L3 should be placed outside
the chamber. Consequently, the distance between the sample and the imaging lens must be at least
(350/2) × (1/cos(21◦)) = 187 mm.

The second limiting factor is the overall compactness of the setup. The distance between the sample
and the camera must not exceed 1300 mm, as limited by the dimensions of the optical table. To achieve
maximum magnification while respecting this spatial constraint, the lens L3 with a focal length of
f = 200 mm was selected. As a result, a magnification of |Z| = 4 was reached, which means according
to equation (1) a distance of a= 250 mm and consequently a′ = 1000 mm. Lens L3 was mounted on a
translation rail to achieve fine adjustment along the optical axis between the sample and the camera.

Based on the magnification |Z| = 4 and pixel size 5.5 × 5.5 µm2, and assuming that effective noise
suppression requires the dark spot area on the camera sensor to span at least five pixels in one dimen-
sion, a detection limit of about 7 µm for the smallest observable damage was established.

Another limiting factor of the detection system arises from Rayleigh’s criterion for resolving two-
point sources based on their diffraction patterns. The minimum resolvable feature of size r, on the sur-
face of a tested component, in a diffraction-limited system is given by

r= 1.22
λ · a
D

∼= 4 µm (3)

where λ = 632.8 nm is the wavelength of the probe beam, a= 250 mm is the distance between the
sample and the imaging lens, and D= 50.8 mm is the aperture diameter of the lens. A potential
improvement in resolution would be to use a lens with a shorter focal length, allowing the lens accord-
ing to equation (1) to be placed closer to the sample, thereby reducing the value of a. However, this
solution is restricted by the physical dimensions of the vacuum chamber, which limits the minimum
achievable distance between the sample and the detection limit of the CMOS camera.

2.2. Samples
To verify the functionality of the detection setup and to determine the smallest detectable damage site,
two samples were used: a silicon wafer with dimensions of 43 × 43 mm2 and a thickness of 0.525 mm
with one side polished, and a fused silica window with both sides anti-reflective coated (AR@1030 nm,
AOI 0◦). The diameter of the window was 1” (25.4 mm) and the thickness was 9 mm. A set of new
damage was induced on both samples by the Nd:YAG laser. Based on the variation in the fluence and
number of pulses, damage of various sizes was created.

The selection of these two samples was motivated by their differing optical properties. The refract-
ive index of silicon at a wavelength of 632.8 nm is 3.87 [38]. The extinction coefficient of silicon at
a wavelength of 632.8 nm is approximately 0.015 [38]. At an incidence angle of 18◦, this results in a
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reflectivity of approximately 37% for S-polarized light at the air–silicon interface; the remaining light
is absorbed or scattered.

The AR double-coated window was highly transmissive at its design central wavelength of 1030 nm.
However, for He–Ne laser radiation, the coated surfaces were partially reflective. In contrast to the sil-
icon wafer, the absorption of He–Ne radiation in the fused silica is weak. As a result, a lateral-shearing
interferogram is produced by the front- and back-surface reflections from a plane-parallel plate under
oblique incidence. In this geometry, the expected fringes are straight and perpendicular to the direction
of shear, in agreement with the classical single-plane-parallel-plate shearing interferometer. These inter-
ference fringes affect subsequent image processing.

Both samples had previously been damaged by laser exposure during earlier experiments. The laser-
induced damage spots on both samples were spaced at regular intervals. These equidistant positions were
used to aid the identification of the corresponding damage sites in the camera images. Nevertheless, both
samples still contained sufficiently large undamaged areas suitable for inducing new, controlled laser
damage.

New laser-induced damage sites were also identified during detection based on their relative posi-
tions, determined from the LIDT test parameters for similar samples in the past—specifically, the fixed
spacing between individual sites. Additionally, the identification process was aided by reference dam-
age marks presented on each sample. Measurements of the damage morphology were conducted using a
confocal microscope (OLS5000, Olympus).

3. Results of experiments and discussion

This section presents the experimental results of the in situ detection using a He–Ne laser on a silicon
wafer and an AR window, both in real-time and non-real-time modes. For the silicon wafer, only non-
real-time in situ detection was carried out, while for the AR window both real-time and non-real-time
detection were applied. In the non-real-time case, two different configurations were used for the AR
window, depending on which side the damage occurred. The detectability of the damage was evaluated
by a human observer and by comparing horizontal intensity profiles taken at the center of the damaged
location and at an undamaged region using image processing. The profile of the undamaged area was
taken, in the case of in situ non-real-time measurements, from a region near the damage but outside
the visible contamination. In the case of in situ detection in real time, the profile was taken in the exact
same area before and after damage initiation. Multiple profiles were used for the comparison, and their
data were subsequently averaged. Automatized computer-based image analysis of the CMOS camera data
will be addressed in future work.

For smaller damage sizes, there is a risk of misidentifying the damage as a dust particle or another
form of contamination. In the case of in situ real-time measurements, such confusion can be excluded
by comparing images taken before and after laser irradiation. However, for in situ non-real-time meas-
urements, this comparison is not possible. Nevertheless, the known positions of the damage sites can
be used for identification since the sites are arranged at equidistant intervals. Furthermore, the origin
of a given image feature can be verified by slightly translating the sample: the image of a dust particle
on the optical components with the exception of the tested sample itself will remain stationary, whereas
the image of an actual damage site will shift together with the sample. This method, however, does not
apply to dust particles located directly on the sample surface because our facility was not in a clean
room.

3.1. Damage detection on silicon wafer sample
On the silicon wafer sample, 22 new laser damage sites of various sizes were created and analyzed
(figure 2), along with six pre-existing damage sites from earlier experiments, as summarized in supple-
mentary table S1 (important spots in table 1). Some of the damage in figure 2 is barely visible because
of its small dimensions and the absence of the colored surrounding area. The new damage was created
using the Nd:YAG laser focused by a lens with a focal length of f = 500 mm. The beam exhibited a
near-Gaussian spatial profile with a diameter of 167 µm (at 1/e2) at the sample surface, an ellipticity
of 97% (see supplement figure S2). An attenuator was used to control the YAG laser fluence. Fluence
levels were selected based on prior LIDT testing of similar samples. The resulting damage size depended
on both the laser fluence and the number of pulses delivered. The six additional damage sites originating
from earlier experiments were also created using the same Nd:YAG laser at the same LIDT station with a
different lens focal length.
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Figure 2. Silicon wafer sample map of the newly created damage sites (captured by confocal microscopy). Some of the damage is
hardly observable because of the absence of the typical colored area surrounding the damage.

Table 1. List of important spots studied during the experiments with He–Ne laser detection
and their parameters by the silica wafer sample. Spots 10 and 21 were newly damaged, while
spots 25 and 26 were previously damaged. The dimensions of damage are denoted by∆x and
∆y.

Spot #

Fluence

(J cm−2) Pulses

∆x

(µm)

∆y

(µm)

He–Ne

detection

10 3.6 100 165 155 yes

21 3.0 250 60 55 yes

25 — — 35 30 yes

26 — — 5 10 no

Figure 3. Damage at spots 10 (a) and (b), 21 (c) and (d), 25 (e) and (f), and 26 (g) and (h) of the silicon wafer sample as captured
by confocal microscopy and CMOS camera under He–Ne laser illumination, respectively.

The smallest damage created using a fluence of 3.0 J cm−2 had dimensions of 60 × 55 µm2 (spot
21). From the previously tested sites, damage with dimensions of 35 × 30 µm2 (spot 25) and a smaller
one of 5 × 10 µm2 (spot 26) were included in this work.

As shown in table 1 and supplementary table S1, the He–Ne detection setup successfully detected
damage at all locations except for the smallest site (spot 26).

Figure 3(a) presents a typical damage site (spot 10) induced by the Nd:YAG laser, with dimensions of
165 × 155 µm2. Its corresponding He–Ne image in figure 3(b) reveals morphological features surround-
ing the damaged region. Figure 3(c) presents the smallest damage produced using 3.0 J cm−2 fluence.
The corresponding He–Ne detection is shown in figure 3(d). Figures 3(e) and (f) show the damage in
spot 25—the smallest detectable damage with dimensions 35 × 30 µm2. The tiny amount of damage on
spot 26 can be seen in figure 3(g). Only a weak diffraction pattern was visible at the location of spot 26
(see figure 3(h)) when using He–Ne detection.

Figure 4 shows a comparison of the intensity profiles taken. As can be seen in figure 4(d) at spot
26, no sufficient difference between the profile of the damaged and undamaged area can be observed;
therefore, no detection is stated. Therefore, the smallest detected damage on the silicon sample was
35 × 30 µm2.
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Figure 4. Intensity horizontal profiles of the damages at spots 10 (a) and (b), 21 (b), 25 (c), and 26 (d) of the silicon wafer sample
as captured by CMOS camera under He–Ne laser illumination.

Figure 5.Map of the damaged spots in the (a) S1 and (b) S2 side of the AR window newly created by Nd:YAG laser (captured by
confocal microscopy).

3.2. Damage detection on AR window
As with the silicon wafer sample, both newly induced and previously existing damage sites were analyzed
on the AR window. A total of 12 new damage sites were created by a Nd:YAG laser (see figure 5). The
beam exhibited the same parameters as for the silicon wafer (a near-Gaussian spatial profile with a dia-
meter of 167 µm (1/e2) at the sample, an ellipticity of 97%. The laser beam was focused on the S1 side -
Side S1 denotes the laser-incident surface. In four cases (spots 2, 3, 4, and 5), damage was also observed
on the S2 side.

The smallest recorded damage occurred at a fluence of 76.7 J cm−2 with 10 pulses in spot 4
(on S1), resulting in dimensions of 50 × 35 µm2. With the exception of spot 5, all S2-side damage
sites exhibited larger lateral dimensions than those on the S1 side. In addition, two complex dam-
age sites from previous experiments were analyzed to verify the detection capabilities of the system
(see figures 7(e) and (g)). This damage was created using the BIVOJ laser system (flat top spatial pro-
file, 1030 nm, 2–14 ns, energy up to 7 J). The details regarding the BIVOJ laser system and the LIDT
testing procedure used were previously published [39, 40].

As with the silicon wafer, damage detection using the He–Ne probe laser was performed in situ, but
not in real-time mode. However, unlike in the case of the silicon wafer, detection was performed in two
distinct configurations, realized by flipping the sample within the holder:

7
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Figure 6. Damage detection setups used for the transparent optics: (a) damage on the front side (DFS) and (b) damage on the
rear side (DRS).

Figure 7. Damage at spots 8 (a) and (b), 4 (c) and (d), 12 (e) and (f), and 13 (g and h) of the AR window captured by confocal
microscopy and CMOS camera under He–Ne laser illumination, respectively, in DFS configuration.

• Damage on the front side (DFS): the He–Ne beam was incident from the same side where the dam-
age occurred.

• Damage on the rear side (DRS): the He–Ne beam was incident from the opposite side to where the
damage occurred.

This two-configuration approach was motivated by the fact that during LIDT testing, laser-induced dam-
age may also occur on the rear surface of the sample—opposite to the laser entry side (figure 6). All
results from the He–Ne laser-based detection and the corresponding damage parameters are summar-
ized in supplementary table S2 (important spots in table 2). For the fromDFS configuration, the dam-
age captured by the confocal microscope and the images at the CMOS camera are depicted in figure 7.
A typical damage site created at a fluence of 42.8 J cm−2 is shown in figure 7(a). The damage shape
closely follows the Gaussian profile of the laser beam, with an approximate diameter of 135 µm. The
corresponding He–Ne laser image is shown in figure 7(b), where the previously discussed interference
pattern (arising from reflections on both the S1 and S2 sides) is clearly visible. Based on the image ana-
lysis, the average spacing between interference maxima is approximately 550 µm, while the average width
of the destructive interference band (i.e. the dark fringe) is about 170 µm. Considering that the ima-
ging system provides a magnification of |Z| = 4, this implies that the detection of damage smaller than
approximately 170 µm ⁄ 4 ≈40 µm may be random. The smallest laser-induced damage observed dur-
ing the experiments is shown in figure 7(c) and its corresponding He–Ne image in figure 7(d) (spot 4).
Rear-side damage is visible in the right part of figure 7(d), where it is revealed as a localized disturb-
ance or compression of the interference field. Figures 7(f) and (h) present complex damage structures
from earlier experiments. In both cases, the damaged regions are clearly recognizable. For spots 12F
and 13C, however, it remains uncertain whether such damage would remain visible if it was located
within a region of destructive interference. Therefore, the smallest reliably detectable damage under the
given imaging conditions was 50 × 30 µm. The intensity profile comparison of the smallest damage
(spot 13B) is depicted in figure 8.
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Table 2. List of important spots studied during the experiments with He–Ne laser detection and their parameters by the AR window.
Spots 0–11 were newly damaged, while spots 12–13 were previously damaged. The detection column indicates whether the damage is
detected in the DFS setup or in the DRS setup. The dimensions of the damage are denoted by∆x and∆y. Side S1 denotes the
laser-incident surface.

Spot # Fluence (J cm−2) Pulses ∆x (µm) ∆y (µm) Damaged side

He–Ne detection

DFS setup DRS setup

0 49.3 10 160 145 S1 yes no

4 76.7 10 50/445 35/605 S1+ S2 yes+ yes no+ yes

7 42.8 100 105 115 S1 yes yes

8 42.8 50 130 135 S1 yes yes

11 58.1 20 150 165 S1 yes yes

12A — — 70 40 S1 yes yes

12B — — 55 50 S1 yes yes

12C — — 250 320 S1 yes yes

12D — — 80 100 S1 yes yes

12E — — 45 50 S1 yes yes

12F — — 35 40 S1 yes no

13A — — 130 85 S1 yes yes

13B — — 50 30 S1 yes no

13C — — 30 25 S1 yes no

13D — — 95 40 S1 yes yes

Figure 8. Intensity horizontal profiles of the damage at spot 13C of the AR window sample as captured by CMOS camera under
He–Ne laser illumination in DFS configuration.

In the DFS configuration, the damage appears as a dark region within the interference field, as
it scatters light reflected from both sides. In contrast, in the DRS configuration, light reflected from
the front side is unaffected by damage, because the damage is on the rear side. Instead, the damage is
revealed as a local disturbance of the interference pattern. Disruptions in the regularity of the interfer-
ence fringes are more easily detectable and, moreover, more readily analyzable by software. This also
addresses the potential problem of failing to detect damage located at an interference minimum, as can
occur in the DFS configuration. This may be considered as a benefit of using coherent probe radiation
(for instance, coherent light is the basis of an electronic speckle pattern interferometry technique, which
is used for material defect detection [41]). An additional advantage of employing coherent radiation
is the possibility of identifying whether the damage is situated on the front or back side based on the
image of the damage. However, in general, better configuration depends mainly on the type of coating
on the front and rear side. It is also important to consider that if damage occurs at corresponding posi-
tions on both the front and rear surfaces, the rear-side damage image will appear laterally shifted relative
to the front-side damage image due to geometric optical effects. Therefore, the AOI of the laser beam
must be selected carefully to avoid spatial overlap between rear-side and front-side damage—particularly
when these are produced at regular intervals. In the experiment, this spatial displacement caused the
damage at spot 0 (near the edge of the sample) to go undetected because the shifted image of the rear-
side damage fell within a region obscured by the mechanical sample holder. The holder has a thickness
of 7 mm and encloses the sample along its perimeter. This fact caused together with the thickness of
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Figure 9. Damage at spots 8 (a), 4 (b), 12 (c), and 13 (d) of the AR window illuminated with He–Ne laser on CMOS camera in
DRS configuration.

Figure 10. Intensity horizontal profiles of the damages at spot 12E of the AR window sample as captured by CMOS camera under
He–Ne laser illumination in DRS configuration.

the sample 9 mm that the reflected beam was blocked by the holder and did not reach the detection
system. An improved sample holder will be used in future experiments to prevent this type of over-
lap. A potential long-term solution is to design a holder that supports only a part of the sample rather
than surrounding it entirely, ensuring that the optical path of the reflected He–Ne beam remains unob-
structed. The damage site at spot 8 (marked by a red circle) is shown in figure 9(a) as a representative
example of damage at the S1 side imaged using the DRS detection setup. The damage is visible as a dis-
ruption of the interference field. In contrast, the detection of the 50 × 35 µm damage at spot 4 (also
S1-side damage) was debatable in the DRS configuration. Figures 9(c) and (d) present complex dam-
age sites. In the case of spot 12, multiple damage sites (A–E)can be clearly identified. For spot 13, only
damage sites 13A and 13D are recognizable. Among all identified sites, spot 12E represents the smal-
lest reliably detectable damage, with dimensions of 45 × 50 µm (see figure 10 for an intensity profile
comparison). Therefore, the smallest reliably detectable damage size in the DRS configuration can be
estimated at approximately 50 µm, which is comparable to the detection threshold observed in the DFS
configuration. The smallest induced damage site reliably detected in this configuration was spot 7, with
dimensions of 105 × 115 µm (see figure 11(b)).

3.3. In situ damage detection in real time
In situ real-time damage detection was performed only on the AR window during LIDT testing, as
described above. As previously noted, in situ detection in real time offers the advantage of allowing
direct comparison between images recorded before and after laser exposure. This contrast significantly
improves damage identification. Figures 12(a) and (b) show spot 7 before and after the laser shot. In
figure 12(c) there is clearly observed damage, based on the subtraction of figures 12(a) and (b). The
improvement of the detectability can also be seen in the intensity profile comparison—see figures 13
and 14. A limitation of in situ real-time detection, however, is the inability in some cases to predict
which surface of the sample (front or rear) will be damaged. Because only one surface can typically be
imaged in focus, damage on the opposite side may not be clearly resolved. This effect has to be taken
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Figure 11. Damage at spot 7 of the AR window as captured by confocal microscopy (a) and CMOS camera under He–Ne laser
illumination, respectively (b).

Figure 12. He–Ne laser detection image of spot 7 of AR window before (a) and after (b) damage creation, and (c) on subtraction
of the images.

into account during real-time detection, but it can be overcome by a sufficiently high depth of field of
the imaging optics.

Automated image analysis based on frame differentiation is one of the aims of future studies.

3.4. Discussion
A fundamental restriction arises for samples that do not sufficiently reflect light at the He–Ne laser
wavelength; for instance, materials that appear ‘black’ to the human eye used in the production of astro-
nomical instruments [42]. For such materials, different acceptable wavelengths can be applied within the
same detection system configuration.

The obvious problem in the case of DFS configuration is interference fringes. The interference fringes
are caused by the curved wavefront of the incident He–Ne laser radiation. The interference structure can
be tuned mainly by changing the beam divergence by adjusting the positions of lenses L1 and L2 or by
changing their parameters. In the current setup, an improvement could be achieved by inserting a rotat-
ing wedged silica plate, which does not suppress the interference but allows control over the positions of
the interference fringes.
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Figure 13. Intensity horizontal profiles at spot 7 of the AR window sample as captured by CMOS camera under He–Ne laser
illumination during in situ damage detection.

Figure 14. Intensity horizontal profiles of the damage at spot 7 of the AR window sample as captured by CMOS camera under
He–Ne laser illumination during in situ damage detection in real time after subtracting figures 12(a) and (b).

With our method, the smallest detected damage size for the silicon wafer was 35 × 30 µm2. A
5 × 10 µm defect could not be detected, most likely due to limitations of the camera (pixel size), but
other factors also play a role. First, the shallow depth and inherently weak contrast of such small defects
reduce their visibility. In addition, interference effects caused by contamination, dust, laser speckle (an
interference pattern arising from microscopic surface roughness or refractive index variations), and other
surface imperfections may further degrade the intensity contrast, rendering the smallest damage sites
undetectable. The detection performance may also have been affected by the standard laboratory envir-
onment in which the experiment was performed. Last but not least, the intensity contrast is also influ-
enced by the optical coating itself, which affects how much radiation is reflected from the front or back
side of the sample.

Improved contrast could also be achieved by introducing a spatial filter between lenses L1 and L2,
which can reduce the fine interference fringes observed on the silica wafer sample.

Using a single-element imaging lens (L3; Ø50 mm, f = 200 mm, i.e. f /4) inevitably limits the image
quality and thus the achievable resolution. At f /4, the dominant residual aberration is expected to be
spherical aberration, while coma and astigmatism should remain negligible due to the small field angle
(∼0.3◦). Since no chamber window was used, no additional astigmatism was introduced.

As mentioned earlier, higher magnification could be achieved if the imaging lens was positioned
inside the chamber; alternatively, the same lens could provide higher magnification by increasing the
distances a and a′. However, this would imply operating with a larger beam incident on the imaging
lens and a larger a′, which would conflict with the compactness requirements of the setup. When redu-
cing the distance a, care must be taken to ensure that the Nd:YAG laser beam does not touch the L3 lens
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holder. It can therefore be stated that, considering the compactness of the system and keeping the L3
lens outside the vacuum chamber, the chosen single-lens geometric arrangement was optimal.

Another important limitation arises from the resolution of the CMOS camera and the diffraction
limit given by the Rayleigh criterion. Nevertheless, future improvements are expected to push these lim-
its and enable detection of even smaller damage features. A possible solution for the future could be
the addition of a scattered-light detection system. In combination with the presented system, this could
lead to increased detection efficiency. An LIDT station with multiple detection systems is described, for
example, in articles [32–37]. The last improvement could be done through the use of a camera with
smaller pixel dimensions.

The highest contrast of fringes is when the polarization of the interfering beams is the same. The
polarization after the interaction with the sample will be preserved for an S-polarized beam—this is
beneficial for the DRS configuration. To improve detection in the DFS configuration, using an unpo-
larized He–Ne laser could be beneficial.

In the work [27], the author utilized He–Ne laser imaging in a transmission setup, where the camera
captured the fraction of He–Ne radiation transmitted through the sample. Compared to the reflection
configuration, the transmission configuration does not offer the advantage that detection can be per-
formed on both opaque and transparent samples.

Overall, in situ detection methods based on scattered He–Ne light appear to be capable of the detec-
tion of smaller damage sizes (e.g. <1 µm [26] and 5 µm [29]). However, these methods provide only
limited information on the damage shape and size. They also carry the risk of misinterpreting contamin-
ation particles as damage, and do not allow effective imaging of broader sample areas.

Compared to detection systems based on the energy decrease [18] and light scattering [20–26, 29],
which detect the presence of damage, our system enables the visualization of the damage shape and size,
as well as the damage surroundings. The reliable detection of damage in situ, especially for restricted
access experiments, combined with the damage shape and size details, decides the further fluence selec-
tion in order to obtain the closest possible information of the LIDT parameters. Such techniques can be
used to incrementally select the appropriate fluence levels for the test, and thus improve the accuracy of
the experimental results. Moreover, although scattering-based detection provides only qualitative inform-
ation, it cannot indicate the degree of damage, and often fails to reveal whether additional damage has
formed in the surrounding area.

Furthermore, in the systems described in [21, 22, 24, 25, 27–29], the He–Ne laser is collinear with
the laser that induces damage. Aligning the He–Ne beam with the laser that induces damage increases
the demands on the optical components, both in terms of their LIDT and the need for additional
AR/HR coatings, which complicates the manufacturing and replacement processes.

The work in [28], like the system presented here, is based on the reflection of a He–Ne laser. It
is followed by a threefold telescopic magnification. However, the systems differ substantially in the
(non-)alignment of the He–Ne laser with the laser inducing damage. A deeper comparison is not feas-
ible, as the goals of this article and [28] are fundamentally different (LIDT dependence on temperature),
and therefore we are not describing the detection system in detail.

The systems described in [21, 22, 24, 25, 27, 29] are, due to their design, applicable only to trans-
parent samples, whereas our system is suitable for both transparent and non-transparent samples. In the
case of transparent optics, damage can be observed regardless of the side on which it occurs.

The work of Avice et al [30, 31], based on imaging damage using scattered light, could also represent
a potential alternative for this system in the future. The dark-field imaging system constructed by Avice
provides good results and, unlike most scattered-light detection systems, also reveals the morphology of
the damage. This system represents one possible approach for future work. Its implementation for LIDT
measurements in a vacuum still needs to be tested.

4. Summary

In this work, the setup for damage detection based on the reflection and imaging of He–Ne laser radi-
ation is presented. To assess the system’s performance, two types of samples were tested: a silicon wafer
and an AR window. For the silicon wafer, from the available set of damage spots, the minimum detect-
able size was 35 × 30 µm2. In the case of the AR window, two detection configurations were tested: DFS
and DRS, which differed by the position of the damage relative to the incident He–Ne laser radiation.
The smallest reliably detectable damage size was found to be 50 × 30 µm2 in the DFS and 45 × 50 µm2

in the DRS configuration, respectively.
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