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1. Introduction

The US Army Combat Capabilities Development Command (DEVCOM) Army
Research Laboratory, Sensors and Electron Devices Directorate’s High Power
Continuous Wave (HiPo CoW) Laser Laboratory for Optics and Sensors performed
continuous wave (CW) laser-induced damage threshold (LIDT) measurements of
commercially available chalcogenide optical windows from SCHOTT (IRG-24,
IRG-25, IRG-26, and IRG-27) and Amorphous Materials Inc (AMTIR-1, AMTIR-
2, AMTIR-4, AMTIR-5, AMTIR-6, and AMTIR-7). Measurements were
performed in support of DEVCOM’s Command, Control, Computers,
Communications, Cyber, Intelligence, Surveillance, and Reconnaissance (C5ISR),
Night Vision and Electronic Sensors Directorate (NVESD).

This report describes the materials, rough calculations, simulations, measurement
setup, and methodologies used and presents the CW LIDT test results. During
October 2018 through April 2021, the system was designed, built, tested, and
characterized, and various chalcogenide optical windows were tested.

This report compliments Norm Comer’s (2016) report, which detailed a similar
study using longer CW mid- and long-wave infrared (IR) wavelengths. Here, all
measurements are made using 1.07 pm wavelength CW light irradiating the
samples for 5 s; some data was previously reported by McElhenny and Bambha
(2018, 2019a, 2019b, 2020).

To view the CW LIDT data without experimental and background details, skip to
Section 6, Summary and Conclusions.

2. Material Description

Chalcogenide glasses (ChGs) are amorphous materials that contain one or more
chalcogen element from group 6a (excluding oxygen): sulfur (S), selenium (Se),
and tellurium (Te) covalently bonded to network formers, such as arsenic (As),
germanium (Ge), gallium (Ga), silicon (Si), or phosphorus (P). Chalcogens transmit
at wavelengths of up to around 11 pum (S), 15 pm (Se), and 20 um (Te). These
glasses (amorphous solids) are structurally characterized by the total absence of
long-range atomic order and are best described as a continuous random network.
This manifests itself in standard binary chalcogenides, such as arsenic triselenide
(As2Ses), which we will look at, as the As—Se network is locally 2-D with weak van
der Waal bonding between layers, while the addition of fourfold-coordinated
atoms, such as Ge (in the case of GeAsSe) makes the network 3-D by creating



bonds between layers. This results in a structure with increased rigidity, hardness,
and strength (Fecht 1995; Eggleton et al. 2011).

This report examines 10 different commercially available ChGs, which can be
broken down into four main compositions: GeSbSe, GeAsSe, AsSe, and AsS. The
preparation of Se glasses is easier than S glasses due to the higher rate of chemical
reactions between Se and other elements, as well as the lower pressure at which Se
melts. Ternary ChGs, like those composed of GeSbSe and GeAsSe, are intrinsically
optically stable, have a wide temperature range for the glass-forming process, and
great transmission in the IR from 0.8 to 15 um. They are described as the “most
suitable” glass for IR optical systems. Examples of these are IRG-25
(Ge2sSbi2Seso), AMTIR-1 (Ges3Asi2Sess), and IRG-24 (GeiwAswoSes). Arsenic
trisulfide (As2S3) (i.e., IRG-27 and AMTIR-6), has transmittance from the visible
through IR (620 nm to 11 pm), a high-refractive index, low speed of sound, and
high-quality factors. On the other hand, it also has high intrinsic loss and poor
chemical stability. These optics have a reddish tint. Chalcogenide glasses benefit
IR optical systems over single crystals, such as Ge and ZnSe, in that their refractive
index has a lower temperature dependence (Zhou 2018).

Table 1 lists some of the properties of the 10 commercially available optics:
IRG-24, IRG-25, IRG-26, IRG-27, AMTIR-1, AMTIR-2, AMTIR-4, AMTIR-5,
AMTIR-6, and AMTIR-7.

Table 1 Properties of the 10 commercially available chalcogenides studied in this report

AT Mat. Cond., Spec. Abs. Coef.,

Y T e
orK) (gem) K'  Jg'K! V6pm 1 pm
AMTIR-1  GenAsiSess 2 353 330 443 00025 0301 000188  2.598 0.013
AMTIR-2  AsySeq 2 167 144 466 00024 0285  0.00183  2.903 0.040
AMTIR4  AsSe 2 103 80 449 00022 0360 0.00137  2.754 0.015
AMTIR-5 AsSe 2 147 124 451 00024 0318 000166 2870 0.030
AMTIR-6  As;S; 2 180 157 320 00017 0456  0.00115 2472 0.009
AMTIR-7  AsSe 2 119 9 450 00023 0339 000148 2809 0.040
RG24 GeoAsuSesy 3 225 202 447 00018 0370 000109 2711 0.044
IRG-25  GexSbuSe 3 285 262 466  0.0025 0330 000163 2715 0.203
IRG26  AsiSeq 3 185 162 463 00024 0360 000144 2913 0.122
IRG-27 AsS; 3 197 174 320 00033 0482  0.00214 2476 0.028

The glass-transition temperature, Tg, is the temperature at which we presume
damage will occur when the ChGs reaches it. The thermal conductivity is a measure
of its ability to conduct heat. A material, such as copper or aluminum, with a large
thermal conductivity, k, dissipates heat quickly, while one with a low thermal



conductivity, such as glass and plastic, dissipate heat more slowly, and thus heat up
and damage more easily. The absorption coefficient, a, is another key property,
which, not surprisingly, varies with wavelength. It can be calculated by multiplying
the imaginary component of the refractive index by 4m/A. The higher the absorption
coefficient, the lower the damage threshold.

Regarding the compositions, AMTIR-1 and IRG-24 are both GeAsSe
compositions; IRG-26 is GeSbSe, AMTIR-6 and IRG-27 are both AsS; while the
remaining are AsSe compositions. For the Amorphous Materials Inc AsSe
compositions we do not know the exact composition; however, we do know that
the amount of As decreases from AMTIR-2 to AMTIR-5 to AMTIR-7 with
AMTIR-4 having the least As (and most Se).

The transmission spectra of all Amorphous Materials Inc samples are shown in
Fig. 1. The transmission spectra of the SCHOTT materials can be found on their
website (SCHOTT 2018).
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Fig.1  Transmission spectra of chalcogenide glasses

3. Standards, Calculations, Simulations, and Setup

3.1 Standards and Parameters

The CW LIDT measurements follow International Organization for
Standardization (ISO) 11254 and 21254 as closely as possible (ISO 2011a, 2011b).
The standards suggest that the beam diameter remain 800 um or larger but requires



that the spot size of the beam be larger than 200 um. Specifically, they recommend
remaining larger than 800 pm, but “the beam diameter may be reduced, depending
on the power density necessary, but not to a value less than 200 um.” The lasers
used for the damage testing were a 1-kW IPG laser, model YLR-1000-WC-Y11,
and a 1.5 kW IPG laser, model YLR-1500-WC-Y17, which have a numerical
aperture of 0.05 and a 20-pm-thick quartz block on the tip. A 35-mm focal length
lens collimated the beam to approximately 3.5 mm, requiring us to use a rather long
focal length lens to keep the beam larger than 200 um. Using a 2000-mm lens to
focus, the spot size of the beam on sample was kept to a 1/e* diameter of 830 and
1044 pm, respectively, resulting in an effective beam diameter, dr,efr, of 587 and
738 um, respectively,

12
_ P _ ATeff _ “Tdg 1 _ 1
dT,eff - 2‘/77Emax - 21’ T 2\’8 P Eda = ﬁdss.s (1)

where P is the total power, A7, is the effective area, and Emax 1s the maximum
power. The effective diameter d, ¢, 1s needed to calculate the linear power density
(LPD), D, which has units of W/cm and is the unit of measurement used for CW
damage according to the standards; it is given by

2mATpCpD

D, x (2)

a

According to the standards and Ristau (2014), CW damage varies linearly with the
spot diameter rather than area; as such, it is reported in terms of the LPD instead of
the irradiance, though the spot size must also be reported (Wood 2003). This is
important because many in industry, academia, and government, often report CW
damage in terms of irradiance, not LPD. However, it has recently been shown by
Slinker et al. (2019) that, in at least one special case, the case of a very large spot
size on a thin optic, the damage threshold is constant in irradiance, not LPD. The
use of effective beam diameter accounts for the Gaussian nature of the beam. For a
non-Gaussian beam, the equation for the effective diameter is not the one shown in
Eq. 1.

In these measurements, without clear guidance from ISO standards and staying
consistent with Comer’s (2016) CW LIDT measurements at longer wavelengths,
the CW light is focused onto the sample for 5-s intervals to determine the damage
threshold. Note that 5 s is the maximum time a spot on the sample is exposed. As
soon as a spot begins to show signs of damage, the laser is manually turned off to
reduce further damage to the whole sample.



3.2 Calculations

A rough estimate of the CW LIDT is calculated using the following equation
(Comer 2016):

2mATpCpD
a

D; (3)

where,
AT = difference between room temperature and transition temperature (°C),
P = material density (g/cm?),
C, = specific heat (J/g °C),
D; = thermal diffusivity (cm?/s) = «/pCp,
a = absorption coefficient (cm™),

x = thermal conductivity (W/cm °C).

Looking at Eq. 3, we can see that the damage threshold for an optic exposed to CW
light decreases with an increase in the absorption coefficient (at the wavelength of
the incident light). Likewise, the lower the glass-transition temperature, density,
thermal diffusivity, or thermal conductivity, the lower the damage threshold; the
thickness of the optic is not considered.

In Table 2, we see that the AMTIR-1, AMTIR-6, and IRG-27 materials should have
the highest damage threshold, while the IRG-25 and IRG-26 materials should have
the lowest. These calculations, combined with the simulation results, are used to
give us a rough idea of the powers or linear power density at which we expect the
optics to be damaged when we begin testing in the lab.

Table 2 Estimated damage threshold for different chalcogenides calculated for LPD and
converted to power and irradiance for an effective diameter of 587 pm

Dr (W/CM)
MATERIAL Power LPD I
W) (W/em)  (kW/cm?)
IRG-24 3.1 52 1.1
IRG-25 1.2 20 0.4
IRG-26 1.2 20 0.4
IRG-27 7.5 127 2.8
AMTIR-1 23 391 8.5
AMTIR-2 3.2 55 1.2
AMTIR-4 4.3 74 1.6
AMTIR-5 3.6 62 1.3
AMTIR-6 9.7 165 3.6
AMTIR-7 2.0 34 0.7




3.3 Simulations

3.3.1 Motivation

As previously discussed, it is believed that the CW LIDT scales with LPD. For
these measurements, all samples are being tested with a small spot size with a
diameter between 800 and 1100 pm. For the results we obtain to be useful at larger
diameters, we need to have confidence that the threshold values scale with the LPD.
Our approach, and ultimate goal, is to model these laser and optical interactions,
validate them with experimental results, and further modify the model until it
matches the experiment. Though we have not yet achieved that here, the next step
would be to test a number of samples at larger spot sizes to confirm that the
simulations match. If we could achieve this, not only would it allow us to be
confident in scaling our damage results to more realistic spot sizes, which may be
encountered outside of a lab setting, but it would also allow us to determine the CW
LIDT of optics that we have not yet measured.

In this report, we use the simulations to get a feel for where the damage threshold
will be and the overall trends, and to analyze our data. As we have not yet fully
fine-tuned the model, we will only briefly present our findings with a few examples
and summarize results, instead of going into detail for all of our simulations on each
different chalcogenide.

3.3.2 Model

The temperature distribution resulting from the laser absorption is modeled by
solving two partial differential equations: one for the absorption of light and the
other for the heat flow.

The intensity is modeled by the Beer—Lambert law, where the beam is assumed to
propagate in the z direction and intensity / is given by

8I(r,z,t)

5y —al(r,z,t) 4)

where z is the coordinate along the beam direction, and o is the absorption
coefficient of the material. At wavelengths around 1 pum, the absorption coefficient
of chalcogenide glass has a very weak temperature dependence; therefore, the
absorption coefficient is assumed to be a constant (Nguyen 1999).

We also solve the governing partial differential equation for temperature
distribution within the material,

pCy == V- (kVT) = Q = al (5)



where the heat source term, Q, arises from the absorption of the laser light. The
surface of the material is modeled with a diffuse boundary condition, which
accounts for radiative heat loss using an ambient temperature of 300 K and a surface
emissivity of 0.8. The diffuse surface boundary condition is valid for the re-
radiation at long-IR wavelengths corresponding to the temperatures below the
melting point of the material.

Simulations were run for 1.07 um light focused down to a Gaussian spot size of
either 830 pm (corresponding to an effective diameter of 587 um) or 1044 pm
(corresponding to an effective diameter of 738 um), depending on the
corresponding experimental setup. Simulations of a 3-mm-thick sample of IRG-25
were run using the parameters given in Table 1 with three different irradiances—
0.9, 1.0, and 1.23 kW/cm?>—corresponding to the linear power density and power
in Table 3.

Table 3 Irradiance, LPD, and power used in IRG-25 simulations

Irradiance LPD Power
(kW/em?)  (W/ecm) (W)
0.9 38.0 2.04
1.0 42.2 2.26
1.23 51.9 2.79

Figure 2 shows a surface plot of the temperature distribution of one quadrant of the
IRG-25 sample irradiated with 1 kW/cm?, which looks as we would expect.

Surface: Temperature (degC)

10 ~ M
~._10 280

Fig.2  Surface plot of the temperature distribution for an irradiance of 1 kW/cm?



3.3.3 Results

Before measuring the damage thresholds in the lab, we ran two main types of
simulations: the first with fixed time and varying power (either 5 s, to model the
experimental conditions, or 10 min, to simulate steady state—the upper bound) and
the second with fixed power and varying time. In an attempt to determine the
damage threshold that we will measure in the lab with an irradiance time of 5 s,
simulations were run with a 5-s irradiance time and varying power to determine at
which linear power density the material would heat up to the glass-transition
temperature (i.e., the temperature at which we expect damage to occur); see
Table 4.

Table 1 Damage threshold estimated from simulations for a 5-s and 10-min
(approximating steady state) irradiance time, assuming that damage occurs when the window
heats up to the glass-transition temperature

SIMULATION (5 S) SIMULATION (10
MIN/STEADY STATE)
Power LPD I Power LPD 1
SAMPLE = " (W/em) (kW/em?) (W) (Wiem)  (KW/em?)
IRG-24 404 0688 149 200 341 74
IRG-25 146 248 5.4 73 124 27
IRG26 151 258 5.6 75 127 238
IRG-27 907 1230 212 411 557 9.6
AMTIR-1 576 982 213 281 478 10.4
AMTIR-2 341 581 12.6 174 297 6.4
AMTIR-4 473 806 175 220 375 8.1
AMTIR-5 435 741 16.1 21 377 8.2
AMTIR-6 1613 2186 37.7 72 976 16.8
AMTIR-7 309 419 11.4 152 206 5.6

To determine an upper bound of damage, we also ran simulations for 10 min to
approximate the steady state solutions. For IRG-26, the powers that resulted in a
rise in temperature of the chalcogenide to the glass-transition temperature at
10 min, were within 1.8% of the steady state temperature.

Once the simulated damage threshold linear power densities were determined, we
also ran simulations for this fixed-LPD with varying times to get a feel for how
quickly and how much the optics heated up, as can be seen for IRG-25 in Fig. 3.
We see that, in this case, from 5 s to 10 min, the maximum temperature of the
sample nearly doubles. Also, at only 1 s, the sample has already reached a
temperature over halfway to the glass-transition temperature.
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Fig.3  Plot of temperature from the center of the IRG-25 sample to the edge for four
different irradiance times with a constant LPD of 248 W/cm, the power at which the glass-
transition temperature is reached after 5 s of irradiance

We can also look at the temperature distribution throughout the thickness of the

samples—this one is 3 mm (Fig. 4)—to see at what depth the temperature of the
chalcogenide reached the peak; for this IRG-25 sample it was around 2 mm.
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Fig.4  Plot of the temperature along 7 at the center of the spot for three different
irradiances

With preliminary simulations complete, we can move on to the experiment, then

we will review simulations done using the experimental data to analyze the data
and improve upon the model; see Table 5.



Table 5 The calculated and simulated linear power density CW damage threshold
estimates for the ChGs under test

CALC. SIM. (5 SIM. (10

SAMPLE S) MIN)
IRG-24 52 688 341
IRG-25 20.3 248 124
IRG-26 20 258 127
IRG-27 127 1230 557

AMTIR-1 391 982 478

AMTIR-2 55 581 297

AMTIR-4 74 806 375

AMTIR-5 62 741 377

AMTIR-6 165 2187 976

AMTIR-7 34 419 206

3.4 Safety Enclosure at 1 kW

All LIDT measurements were performed in the HiPo CoW Laser Laboratory for
Sensors and Optics inside the Kilowatt Interlocked Light-Tight Enclosure (KILTE)
(Fig. 5). The enclosure is made of 0.25-inch-thick anodized aluminum, tested with
powers up to 1 kW of 1.07-pm light focused down to roughly 200 um for up to
100 s, and framed with 1-inch aluminum t-slotted framing.

Fig.5 KILTE

The lid panels (Fig. 6) are cut so that there is a lip over the edge of the walls and
adjacent panels overlap creating robust and light-tight lids and walls.

10



Fig. 6  Lid panels, cut to overlap and have a lip over the walls—to keep the enclosure light-
tight

Wires, hoses, fibers, and all other cables enter the enclosure through a “light
labyrinth” (Fig. 7)—a hole in the bottom of one of the panels enclosed on both sides
by multiple 90° 0.25-inch aluminum pieces.

Each lid panel is interlocked such that if any of the panels are removed, the laser
shuts off. Likewise, the laser is interlocked to the door of the lab.

Because of the thickness of the 1.5-kW IPG fiber, a modification had to be made
for the insertion of the fiber.

Fig. 7  Light labyrinth

3.5 Experimental Setup and Procedure

All laser-induced damage threshold measurements were performed in the HiPo
CoW inside the KILTE, which houses several cameras to monitor the setup and the
sample for damage. To measure the damage threshold, using the 1.07-um,
1-kW IPG laser, the output unpolarized light was collimated and then focused using
35- and 2000-mm lenses, respectively (Fig. 8). The beam, after leaving the focusing
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optics, then passes through a high-powered shutter (not shown; US Laser Corp
N8022) to control the duration of the CW beam on the sample. The shutter is
controlled by a circuit designed by Dr Nicholas Barbieri to keep the shutter open
for precisely 5 s. For the 1-kW laser, the power is controlled further using two thin
film polarizers (TFPs) separated by a half-waveplate (in the dashed box). In this
setup, the first TFP dumps roughly half of the unpolarized light and thus reduces
the output power significantly. For the 1.5-kW laser, the power is controlled using
the computer/laser interface. The power and beam shape are monitored using two
0.05% beams diffracted from the main beam at 10° through a holographic beam
sampler (Gentec HBS-1064-2000-1C-10). In later damage measurements of
materials for which higher powers were necessary (>300 W), the Gentec HBS
started to distort the beam on the sample causing it to spread out in the x (horizontal)
direction and initially contract in the y (vertical) direction resulting in a lower LPD
and irradiance as the power was further increased. The main beam proceeds to focus
onto the sample under test with the transmitted light going into a high-power beam
dump. The SCHOTT IRG test samples are 3-mm thick with a 1-inch diameter,
while the Amorphous Materials Inc samples are 2-mm thick also with a 1-inch
diameter. The test samples are angled slightly with the reflected beam directed to a
beam dump (not shown). A camera is used to monitor the onset of damage. There
is an exhaust port a few inches above the sample; it has been reported that any
airflow over the sample may alter the damage threshold. However, we have not
explored such effects ourselves.

1 1
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1 1 0.05%
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Fig.8  Experimental setup used to measure the CW LIDT

An initial sample is used to determine a rough LPD required to damage the sample.
Initial measurements are performed at a power level slightly lower than the power
corresponding to the LIDT estimated through calculations and simulations. The
power is then increased, on the same spot, until damage occurs. These initial
measurements are made for various times. Once we get consistent damage at a few
spots, we reduce the irradiance time down to 5 s, readjust the power to get damage,
and proceed.
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Once a rough damage threshold is established, repeat measurements are performed
on subsequent rows at or near this power level starting from powers below the
threshold. For each power, the beam is focused onto 10 different untested spots
before proceeding to higher powers. This is repeated until a power level is reached
at which the sample is damaged for all 10 runs. This is then repeated at least once
more for a power beyond that for which damage occurred during all 10 runs. When
necessary, for a more thoroughly fleshed out threshold curve, the sample is tested
for powers between that for which no damage occurred and for which damage
occurred on each run.

For each power level, a power meter is placed in the direct beam path before and
after each full run. The 5-s window is not long enough for the thermal power sensor
to give a stable reading for each shot. A spot on the sample is exposed for a
maximum of 5 s. As soon as a spot begins to show signs of damage, the laser is
manually turned off. If the sample cracks, it is important to avoid testing for damage
in close vicinity to the cracks. Cracks cannot always easily be seen on the surface
but become apparent once the laser is turned on from the image seen on the camera
without an IR filter (Fig. 9).

\'-/ %

Fig.1  IRG-26 sample 10 image from a camera with (top) and without (bottom) an IR filter
and 1-pm laser irradiating the optic

The highest LPD at which there is zero probability of damage, D, is the CW LIDT
of the material. Though not mentioned in the standards, we have included a figure,
Dt,90, which is the LPD at which there is a 90% chance of damage occurring. The
damage threshold is an incredibly useful value to know, especially when designing
a system, as it reveals if damage may occur; however, D90 is a useful figure to
determine if damage is likely to occur in a system.
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Though microscopy was never needed to determine if damage occurred in the
testing of these chalcogenide samples, Nomarski microscopy was still used to get a
better visual of damage to the optic. While most of the chalcogenide samples were
non-transmissive in the visible (the exception being AsS compositions
IRG-27 and AMTIR-6), reflected light differential interference contrast (DIC)
microscopy and bright-field illumination were used. Reflective DIC, much like a
scanning electron microscope, provides a topological analysis of the optic.

4. Measurement Results

Measurements using the previously described methods were made on the
commercially available SCHOTT and Amorphous Materials Inc chalcogenides
detailed in Section 2. The experimental results are broken down specifically by
material in the following subsections.

4.1 SCHOTT IRG-24 (Ge1o0AsseSeso)

The CW damage results for a 5-s irradiance time on SCHOTT IRG-24 are presented
in Table 6. More details on the results for this and the remaining materials can be
found in the Appendix. Three 1-inch-diameter, 3-mm-thick samples were tested for
arange of powers with 10 runs for each individual power with an effective diameter
of 587 um (Gaussian diameter of 830 um). The optical flats were manufactured by
SCHOTT on 19 May 2016 and are melt no. 14004. All measurements were
conducted 5-9 August 2019.

Table 6  Damage results for different power densities and the probability of damage

Linear power

Sallll(l)ple density dal:l(; Damage Pl;'obablllty

. (W/em) ge of damage
1 67.5 5 5 0.50
1 60.9 6 4 0.40
1 50.9 8 2 0.20
1 43.0 9 1 0.10
1 34.1 o .
2 34.2 2 0.20
2 25.8 1 0.10
2 17.8 10 0 0.00
2 77.8 7 3 0.30
2 94.5 3 7 0.70
3 111.8 2 8 0.80
3 128.4 1 9 0.90
3 144.4 0 10 1.00
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The powers ranged from the highest power for which no damage occurred on any
of the runs (17.8 W) to the lowest power for which damage occurred on all 10 runs
(144.4 W). All damage reported was large and visible to the naked eye, as can be
seen in the images for each of the three samples; see Fig. 10.

Fig. 10 Front surface of the three IRG-24 test samples after testing. Damage tests start from
lower powers at the top left to higher powers at the bottom left, generally.

Plotting the data (Fig. 11) and fitting it to a linear curve, we estimate the damage
threshold, D, for an effective diameter of 587 um and a radiation time of 5 s, to be
5.1 W/cm, and what we call the damage threshold with 90% likelihood, Dt,90, to be
143 W/cm.
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Fig. 11 Plot of the probability of damage as a function of the linear power density for the
SCHOTT IRG-24 chalcogenide window for a 587-um effective diameter beam with a 5-s
radiation time. The straight line is the linear fit of the probability, while the blocks are the
probability of damage for specific LPDs.
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4.2 SCHOTT IRG-25 (Ge2sSb12Ses0)

The CW damage results for a 5-s irradiance time on SCHOTT IRG-25 are presented
in Table 7. Three 1-inch-diameter, 3-mm-thick samples were tested for a range of
powers with 10 runs for each individual power with an effective diameter of
587 um (Gaussian diameter of 830 um). The optical flats were manufactured by
SCHOTT and are melt no. 1578134 and no. 14027. All measurements were
conducted 18-21 May 2018.

Table7  The damage results for different power densities and the probability of damage
for IRG-25

Linear power

density No Damage Probability

(W/em) damage of damage
37.9 10 0 0.0
40.2 9 1 0.1
42.6 6 4 0.4
43.8 4 6 0.6
44.9 2 8 0.8
46.5 0 10 1.0

The powers ranged from the highest power for which no damage occurred on any
of the runs (2.2 W) to the lowest power for which damage occurred on all 10 runs
(2.7 W). All damage reported was large and visible to the naked eye, as can be seen
in the images for each of the three samples; see Fig. 12.

Fig. 12 Front surface of the three IRG-25 test samples after testing. Damage tests start from
lower powers at the top left to higher powers at the bottom left, generally.

Plotting the data (Fig. 13) and fitting it to a linear curve, we estimate the damage
threshold, Dy, for an effective diameter of 587 um and a radiation time of 5 s, to be
39.6 W/cm, and what we call the damage threshold with 90% likelihood, Dt,90, to
be 45.9 W/em. The SCHOTT IRG-25 has a much steeper threshold curve than
IRG-24.
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Fig. 13  Plot of the probability of damage as a function of the LPD for the SCHOTT IRG-25
window for a 587-um effective diameter beam with a 5-s radiation time. The straight line is
the linear fit of the probability, while the blocks are the probability of damage for specific
LPDs.

4.3 SCHOTT IRG-26 (As40Seso)

The CW damage results for a 5-s irradiance time on SCHOTT IRG-26 (composition
As40See0) are presented in Table 8. Three 1-inch-diameter, 3-mm-thick samples
were tested for a range of powers with 10 runs for each individual power with an
effective diameter of 587 um (Gaussian diameter of 830 um). Two different sets of
samples were used for these measurements. The first set, samples 1-7, were
manufactured by SCHOTT on 15 March 2016 (glass no. 1578133 and melt no.
14048) and were tested 18 June—19 December 2018. The second set, samples 8—11,
were manufactured on 15 May 2018 (batch no. 17133) and were tested on 20 and
21 December 2018.
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Table 8 Damage results for different power densities and the probability of damage for
IRG-26

Linear power

Sample X No Probabilit
noI.) (d‘;l;:int}; damage Damage of damagg
1 106.6 9 1 0.10
1 102.2 9 1 0.10
1 97.2 9 1 0.10
1 90.5 7 3 0.30
1 85.2 10 0 0.00
2 89.9 8 2 0.20
2 96.3 7 3 0.30
3 102.0 8 2 0.20
3 112.0 9 1 0.10
3 123.1 1 9 0.90
4 115.8 3 7 0.70
4 1153 4 6 0.60
4 112.4 5 5 0.50
5 106.7 9 1 0.10
5 107.8 8 2 0.20
5 102.1 10 0 0.00
6 127.2 1 9 0.90
6 133.6 0 10 1.00
7 83.8 9 1 0.10
7 93.7 8 2 0.20
7 100.6 7 3 0.30
7 111.6 4 6 0.60
8 106.2 8 2 0.20
8 111.9 9 1 0.10
8 117.5 8 2 0.20
8 126.0 6 4 0.40
9 136.3 10 0 0.00
9 145.5 3 7 0.70
9 151.8 4 6 0.60
9 159.0 2 8 0.80
10 164.1 0 10 1.00
10 152.2 4 6 0.60
10 145.2 3 7 0.70
11 135.7 6 4 0.40
11 135.9 7 3 0.30
11 93.9 10 0 0.00
11 103.2 10 0 0.00
11 110.2 9 1 0.10
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The powers ranged from the highest power for which no damage occurred on any
of the runs (9.6 W) to the lowest power for which damage occurred on all 10 runs
(4.9 W). All damage reported was large and visible to the naked eye, as can be seen
in the images for 10 of the samples; see Figs. 14 and 15.
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Fig. 14 The front surface of the first batch of IRG-26 test samples after testing. Top row,
left to right: samples 1, 2, and 4. Bottom row, left to right: samples 5-7.

Fig. 15 The front surface of the second batch of IRG-26 test samples after testing. Top row,
left to right: samples 8 and 9. Bottom row, left to right: samples 10 and 11.
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Samples that look darker (more black) were captured using a flash, while those that
look lighter (more gray) were captured without using a flash and show the reflection
of the ceiling panels in the lab. Figure 16 shows the rear surface of samples 7 and
9 showing cracks and some burn-through spots that went completely through the
sample.

Fig. 16 Rear surface of IRG-26 samples 7 and 9

In Fig. 17, the two different batches are plotted and fitted to a linear curve separately
to determine the damage threshold before fitting a linear curve to all of the data.
After testing the first six samples, the results at lower powers were less consistent
than at higher powers or with the IRG-25 glasses; therefore, we attained more
samples of the IRG-26, which were a different batch/melt than the previous batch,
for further testing. To our surprise, the resulting CW damage threshold curve (red
circles) was distinctly different than with the previous batch. The lines are linear
and the curve fits to batch one (black solid), batch two (red dotted), and all the data
(blue-dot dashed). From the two sets of samples, the CW LIDT is broadly between
81 (overall) and 101 W/cm (batch 2), for an effective beam diameter of 587 um, an
exposure of 5 s, and a wavelength of 1.07 um. Looking at each curve individually,
each batch resulted in significantly different damage threshold curves with the first
batch having a damage threshold, Ds, for an effective diameter of 587 um and a
radiation time of 5 s, 87 W/cm, and a Dy,90 of 132 W/cm. The second batch had a
Dt of 102 W/cm and a D90 of 180 W/cm. The average threshold is 81 W/cm with
the 90% likelihood of damage being 180 W/cm.
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Fig. 17 Plot of the probability of damage as a function of the LPD for the SCHOTT IRG-26
window for a 587-um effective diameter beam with a 5-s radiation time. The straight line is
the linear fit of the probability, while the blocks are the probability of damage for specific
LPDs.

Based on observations made in an arsenic selenide thin film by Frantz et al. (2018),
the change in the damage threshold between the two batches is likely the result of
degradation of the samples from exposure to light and humidity over time. Frantz
et al. (2018) found that arsenic selenide thin films degraded with the formation of
defects due to photo-induced crystallization with the aid of moisture and water,
which produces As202 and Se crystallites. The first IRG-26 batch was produced on
15 March 2016 and was tested June—August 2018 (over 2-years apart), while the
second batch was produced on 15 May 2018 and tested in December 2018
(~7 months apart). Assuming the observations made for the AsSe thin film hold
true for the bulk material, our results seem to indicate that as the sample was
exposed to humidity and/or light, the resulting damage threshold decreased, which
must be considered with any measurements made or used. Further studies would be
beneficial to determine if and at what point a saturation is reached beyond which
the thermal properties no longer change.

Figure 18 shows the bright- and dark-field images of a damage spot captured with
a Nomarski microscope magnified by a factor of 20. This is the only damage spot
of all the chalcogenides tested, which displays the initial stage of damage on a
chalcogenide optic from a CW laser. The sample had just begun to damage as the
5-s shutter was closing.
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Fig. 18 Damage spot from sample 11 (center left on the sample). This is the only damage
spot in any of the chalcogenides that started just as the shutter was closing. It shows us the
very initial stage of damage on a chalcogenide due to CW laser exposure.

4.4 SCHOTT IRG-27 (As3S3)

The CW damage results for a 5-s irradiance time on SCHOTT IRG-27 (composition
As2S3) are presented in Table 9. Three 1-inch-diameter, 3-mm-thick samples were
tested for a range of powers with 10 runs for each individual power with an effective
diameter of 738 pm (Gaussian diameter of 1044 um), which is a larger spot size
than used on previous SCHOTT ChGs tested. The optical flats were manufactured
by SCHOTT on 27 June 2018 and are melt no. 18002. All measurements were
conducted 14-21 April 2021.

Table 9 Damage results for different power densities and the probability of damage for
IRG-27. Note that the LPD is presented in terms of kW/cm, not W/em.

Linear power

Sa::,ple density dai(; Damage Pt;obablllty

. (KW/cm) ge of damage
1 2.23 8 2 0.20
1 1.95 10 0 0.00
1 1.73 9 1 0.10
2 1.73 10 0 0.00
2 2.64 3 7 0.70
3 3.10 2 8 0.80
3 3.57 0 10 1.00
4 3.32 1 9 0.90
4 3.79 1 9 0.90
5 1.52 10 0 0.00
5 2.43 4 6 0.60
6 3.78 0 10 1.00
7 4.01 0 10 1.00
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The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (112 W) to a power above the lowest power for which
damage occurred on all 10 runs (296 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for each of the six samples; see
Figs. 19-21. Since the debris field around the damage spots was larger than the
previously tested chalcogenides, more space was sometimes left between test spots

and rows.

Fig. 19 Front surface of the first six of the IRG-27 test samples after testing. Images were
taken without a flash.
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Fig. 20 Back surface of the first six of the IRG-27 test samples after testing. Images were
taken with a flash.

Fig. 21 Front (top row) and back (bottom row) surface of IRG-27 test sample 7 after testing
recorded without a flash (left column), with a flash (middle), and with backlighting (right)
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In Fig. 21, photographs of the IRG-27 taken with backlighting reveal the cracks in
the sample. It can also be seen that, not surprisingly, the damage hole is smaller at
the rear face of the sample than at the front face. One of the damage spots, from the
back of IRG-27 sample 1, as seen in Fig. 22, was imaged with a magnification
factor of 5.

Fig. 22 Damage spot on the back of IRG-27 sample 1 magnified by a factor of 5 using
reflected light dark-field illumination

Plotting the data (Fig. 23) and fitting it to a linear curve, we estimate the damage
threshold, Dy, for an effective diameter of 738 um and a radiation time of 5 s, to be
1.54 kW/cm, and what we call the damage threshold with 90% likelihood, Dx,90, to
be 3.73 kW/cm. The damage threshold here is in terms of kilowatts per centimeter,
not watts per centimeter as with the previous chalcogenides; therefore, the damage
threshold is significantly higher for this AsS composition than the previously tested
chalcogenides.
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Fig. 23  Plot of the probability of damage as a function of the LPD for the SCHOTT IRG-27
window for a 738-pum effective diameter beam with a 5-s radiation time. The straight line is
the linear fit of the probability, while the blocks are the probability of damage for specific
LPDs.

4.5 Amorphous Materials Inc AMTIR-1 (Ge33As12Sess)

Moving on to the Amorphous Materials Inc chalcogenides, we start with
AMTIR-1, which has a ternary composition of Ges3Asi2Sess. The CW damage
results for a 5-s irradiance time on the optics are presented in Table 10. Three
1-inch-diameter, 2-mm-thick samples were tested for a range of powers with 10
runs for each individual power with an effective diameter of 587 um (Gaussian
diameter of 830 um). The optical flats were manufactured by Amorphous Materials
Inc, shipped on 22 February 2019, and are melt no. 18-A1-15. All measurements
were conducted on 29 November 2019.
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Table 10 Damage results for different power densities and the probability of damage for
AMTIR-1

Linear power

Sample X No Probabilit
nol.) (d\izl;:int); damage Damage of damagz
1 162.4 7 3 0.30
1 140.0 10 0 0.00
1 151.6 10 0 0.00
1 174.3 7 3 0.30
1 185.3 7 3 0.30
2 195.4 6 4 0.40
2 219.8 0 10 1.00
2 208.6 0 10 1.00
2 203.7 3 0.70
2 161.9 7 3 0.30
3 156.4 9 1 0.10

The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (8.2 W) to a power above the lowest power for which
damage occurred on all 10 runs (12.9 W). All damage reported was large and visible
to the naked eye, as can be seen in the images of two of the samples; see Fig. 24.
Being a thinner optic than the previously tested SCHOTT ChGs (i.e., 2 mm instead
of 3 mm), damage on the back surface of the samples is more common with these
optics.

Fig.24 Top row: Front surface of two of the AMTIR-1 test samples after testing. Bottom
row: Back surface of two of the samples after testing. All photographs taken using a flash.
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Plotting the data (Fig. 25), we see that, unlike in the previous damage threshold
curves, there is a plateau over a range of LPDs once the probability reaches 30%.
We estimate the damage threshold, Dy, for an effective diameter of 738 um and a
radiation time of 5 s, to be 153 W/cm, and the damage threshold with 90%
likelihood, Dt,90, to be 208 W/cm.
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Fig. 25 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-1 window for a 587-pm effective diameter beam with a 5-s radiation
time. The straight line is the linear fit of the probability, while the blocks are the probability
of damage for specific LPDs.

4.6 Amorphous Materials Inc AMTIR-2 (AsSe)

The CW damage results for a 5-s irradiance time on Amorphous Materials Inc
AMTIR-2 (composed of AsSe) are presented in Table 11. Three 1-inch-diameter,
2-mm-thick samples were tested for a range of powers with 10 runs for each
individual power with an effective diameter of 587 pm (Gaussian diameter of
830 um). The optical flats were manufactured by Amorphous Materials Inc,
shipped on 22 February 2019, and are melt no. 18-C2-3. All measurements were
conducted on 9 August 2019.
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Table 11 Damage results for different power densities and the probability of damage for
AMTIR-2

Sample no.  Linear power

density No Damage Probability
(W/cm) damage of damage
1 68.4 10 0 0.00
1 102.3 10 0 0.00
1 135.9 10 0 0.00
1 239.3 8 2 020
1 2734 0 10 100
2 253.7 5 0.50
2 246.8 8 2 020
2 264.6 0 10 1.00
2 259.8 0 10 1.00
3 252.6 4 6 0.60
3 248.1 8 2 0.20
3 230.6 10 0 0.00
3 234.8 8 2 0.20

The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (4 W) to a power above the lowest power for which
damage occurred on all 10 runs (16 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for each of the three samples; see
Fig. 26. For most of the damage test spots, the laser burned through to the back of
the sample, similar to the AMTIR-1, but a little more pronounced.
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Fig.26 Top row: Front surface of the three AMTIR-2 test samples after testing. Bottom
row: Back surface of the three samples after testing.
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Plotting the data (Fig. 27), we see that, similar to the AMTIR-1 threshold curve,
this one displays a plateau at 20% chance of damage. We estimate the damage
threshold, D, for an effective diameter of 587 um and a radiation time of 5 s, to be
230 W/cm, and the damage threshold with 90% likelihood, Dt,90, to be 255 W/cm.
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Fig.27 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-2 window for a 587-pm effective diameter beam with a 5-s radiation
time. The points (all with zero probability of damage) were not included on this plot.

Figure 28 shows one of the smaller damage spots magnified by a factor of 5 with a
Nomarski microscope using reflected light dark-field illumination.

Fig. 28 Left: AMTIR-2 sample 1. Right: Image of damage spot taken with a Nomarski
microscope using reflected light dark-field illumination with Sx magnification.
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4.7 Amorphous Materials Inc AMTIR-4 (AsSe)

The CW damage results for a 5-s irradiance time on Amorphous Materials Inc
AMTIR-4 are presented in Table 12. Six I-inch-diameter, 2-mm-thick samples
were tested for a range of powers with 10 runs for each individual power with an
effective diameter of 738 um (Gaussian diameter of 1044 um). The optical flats
were manufactured by Amorphous Materials Inc, shipped on 22 February 2019,
and are melt no. 18-C4-2. All measurements were conducted on 10 August 2020.

Table 12 Damage results for different power densities and the probability of damage for
AMTIR-4

Linear power

Salllr(n)ple density dai(; Damage Prt"obablllty
. (W/em) ge of damage
2 365.9 10 0 0.00
2 380.1 10 0 0.00
2 397.0 10 0 0.00
2 427.5 8 2 0.20
3 429.9 8 2 0.20
3 448.5 9 1 0.10
3 466.8 8 2 0.20
3 478.7 1 5 0.83
4 479.0 0 10 1.00
4 467.8 0 10 1.00
4 450.5 1 9 0.90
4 430.9 8 2 0.20
5 432.2 10 0 0.00
5 447.8 6 4 0.40
5 466.1 4 6 0.60
5 464.8 6 2 0.25
6 463.4 7 3 0.30
6 482.0 0 10 1.00
6 514.9 0 10 1.00
6 530.1 0 10 1.00

The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (27 W) to a power above the lowest power for which
damage occurred on all 10 runs (39 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for each of the seven samples; see
Fig. 29. Note that only five of the six samples tested are shown. The first sample
experienced no damage at lower powers. Figure 30 shows that most of the damage
spots burned through to the back of the sample, as with the previous 2-mm-thick
Amorphous Materials Inc samples.
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Fig.29 Front surface of five of the AMTIR-4 test samples after testing. Samples 2 (top left)
through 6 (bottom right).

Fig. 30 Back surface of five of the AMTIR-4 test samples after testing
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Plotting the data (Fig. 31) and fitting it to a linear curve, we estimate the damage
threshold, D, for an effective diameter of 738 um and a radiation time of 5 s, to be
413 W/cm, and the damage threshold with 90% likelihood, Dt,9, to be 491 W/cm.
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Fig. 31 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-4 window for a 738-um effective diameter beam with a 5-s radiation
time. The straight line is the linear fit of the probability, while the blocks are the probability

of damage for specific LPDs.

Figure 32 shows magnified images of two different damage spots on sample 4 using

reflected light dark-field illumination with 5% and 10% magnification.
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Fig.32 Top left: AMTIR-4 sample 4. Remaining: Image of damage spots taken with a
Nomarski microscope using reflected light dark-field illumination with 5x (top right) and 10x
(bottom left) magnifications.

4.8 Amorphous Materials Inc AMTIR-5 (AsSe)

The CW damage results for a 5-s irradiance time on Amorphous Materials Inc
AMTIR-5 are presented in Table 13. Two 1-inch-diameter, 2-mm-thick samples
were tested for a range of powers with 10 runs for each individual power with an
effective diameter of 587 um (Gaussian diameter of 830 pm). The optical flats were
manufactured by Amorphous Materials Inc, shipped on 22 February 2019, and are
melt no. 18-C5-207. All measurements were conducted on 9 August 2019.

Table 13 Damage results for different power densities and the probability of damage for
AMTIR-5

Linear power

Sallll(l)ple density dal::; Damage Ptf'obablllty

. (W/em) ge of damage
1 306.6 0 10 1.00
1 291.1 6 4 0.40
1 281.3 7 3 0.30
1 272.3 8 2 0.20
1 253.7 9 1 0.10
2 239.7 10 0 0.00
2 298.7 7 3 0.30
2 300.5 6 4 0.40
2 304.7 4 6 0.60
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The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (14 W) to a power above the lowest power for which
damage occurred on all 10 runs (18 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for each of the two samples; see Fig.
33. The majority of damage spots made it all the way through to the back surface
of the sample.

Fig. 33 Top row: Front surface of the two AMTIR-S test samples after testing. Bottom row:
Back surface of the two samples after testing.

Plotting the data (Fig. 34), we estimate the damage threshold, Dy, for an effective
diameter of 587 um and a radiation time of 5 s, to be 240 W/cm, and the damage
threshold with 90% likelihood, Dt,90, to be 307 W/cm.
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Fig. 34 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-5 window for a 587-pm effective diameter beam with a 5-s radiation
time

4.9 Amorphous Materials Inc AMTIR-6 (As>S3)

The CW damage results for a 5-s irradiance time on Amorphous Materials Inc
AMTIR-6 are presented in Table 14. Ten 1-inch-diameter, 2-mm-thick samples
were tested for a range of powers with 10 runs for each individual power with an
effective diameter of 738 um (Gaussian diameter of 1044 pum). The optical flats
were manufactured by Amorphous Materials Inc, shipped on 22 February 2019,
and are melt no. 16-A6-1. All measurements were conducted 13—17 August 2020.
Data is only shown for 8 of the 10 samples. The first sample—tested at lower
powers and a smaller spot size—showed no damage, while the second sample was
used for initial damage testing with varying irradiance/dwell times.
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Table 14 Damage results for different power densities and the probability of damage for
AMTIR-6. Note that LPD is expressed in terms of kilowatts instead of watts.

Linear power

Sallll(l)ple density dal:l(; Damage Pt;obablllty
. (KW/cm) ge of damage
3 2.51 6 0.60
3 2.51 5 5 0.50
3 2.39 4 6 0.60
4 2.33 9 1 0.10
4 241 9 1 0.10
4 2.49 8 2 0.20
5 2.17 9 1 0.10
5 2.07 7 3 0.30
5 1.85 10 0 0.00
6 1.94 2 0.20
6 1.73 1 0.10
6 1.50 10 0 0.00
7 1.62 9 1 0.10
7 2.87 4 6 0.60
7 3.09 3 7 0.70
8 3.56 1 9 0.90
8 3.79 0 10 1.00
8 1.27 10 0 0.00
9 3.98 1 9 0.90
9 4.28 0 10 1.00
9 4.14 1 9 0.90
10 4.48 0 10 1.00

The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (94 W) to a power above the lowest power for which
damage occurred on all 10 runs (331 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for nine of the samples; see Figs. 35
and 36. As with the IRG-27, because of the large debris field that accompanied the
damage, more space is left between damage spots and rows than with previous
samples. Additionally, as can be seen from the Fig. 35 and 36 images, the debris
was sometimes very expansive; therefore, the samples were cleaned off between
some runs before proceeding to the next row or spot.
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Fig. 36 Back surface of nine of the AMTIR-6 test samples after testing
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Figure 37 shows two damage spots from sample 3 imaged with a Nomarski
microscope with 5% magnification. Looking through some of the AMTIR-6
samples (the only samples we can see internally using visible light, other than the
IRG-27) with the microscope, we did notice (not shown) some minor internal
damage in areas that were not obviously damaged on the surface. This may indicate
that either some of the damage starts internally or that there were impurities within
the sample that burned up without causing further damage to the sample.

Fig. 37 Two damage spots from the AMTIR-6 sample 3 imaged with a Nomarski microscope
using reflected light dark-field illumination with 5x magnification

Plotting the data (Fig. 38) and fitting it to a linear curve, we estimate the damage
threshold, D, for an effective diameter of 738 um and a radiation time of 5 s, to be
1.5 kW/cm, and the damage threshold with 90% likelihood, D9, to be
4.1 kW/cm.
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Fig. 38 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-6 window for a 738-pm effective diameter beam with a 5-s radiation
time. The straight line is the linear fit of the probability, while the blocks are the probability
of damage for specific LPDs.

4.10 Amorphous Materials Inc AMTIR-7 (AsSe)

The CW damage results for a 5-s irradiance time on Amorphous Materials Inc
AMTIR-7 are presented in Table 15. Four 1-inch-diameter, 2-mm-thick samples
were tested for a range of powers with 10 runs for each individual power with two
different beam spot sizes: an effective diameter of 587 um (Gaussian diameter of
830 um) and an effective diameter of 738 um (Gaussian diameter of 1044 um). For
the initial testing, with the first two samples, our 1-kW laser was used, while for
the latter two samples, our 1.5-kW laser, which had finer computer control of the
power, was used. The optical flats were manufactured by Amorphous Materials Inc,
shipped on 22 February 2019, and are melt no. 14-C7-3. All measurements were
conducted between 13 August 2019 and 6 August 2020.
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Table 15 Damage results for different power densities and the probability of damage for
AMTIR-7

Linear power

Sallll(l)ple density dai(; Damage Pl;obablhty

. (W/em) ge of damage
1 306.0 0 10 1.00
1 272.8 1 9 0.90
1 2553 2 8 0.80
1 238.8 7 3 0.30
1 2229 10 0 0.00
2 249.6 10 0 0.00
3 180.2 10 0 0.00
3 191.7 10 0 0.00
3 207.5 10 0 0.00
3 240.5 3 0 0.00
4 239.2 5 5 0.50
4 254.7 0 10 1.00
4 269.8 0 10 1.00

The powers ranged from a power below the highest power for which no damage
occurred on any of the runs (13.1 W) to a power above the lowest power for which
damage occurred on all 10 runs (20.3 W). All damage reported was large and visible
to the naked eye, as can be seen in the images for three of the samples tested; see
Fig. 39.

Fig.39 Top row: Front surface of the AMTIR-7 samples 1, 3, and 4 after testing (sample 2
exhibited no damage on the 10 test sites). Bottom row: Back surface of the three samples after
testing.
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Plotting the data (Fig. 40) and fitting it to a linear curve, we estimate the damage
threshold, D, for an effective diameter between 587 and 738 um and a radiation
time of 5 s, to be 217 W/cm, and the damage threshold with 90% likelihood, Dt,90,
to be 281 W/cm.
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Fig. 40 Plot of the probability of damage as a function of the LPD for the Amorphous
Materials Inc AMTIR-7 window for an effective diameter between 587 and 738 pm with a 5-s
radiation time. The straight line is the linear fit of the probability, while the blocks are the
probability of damage for specific LPDs.

Figure 41 shows the magnified images of two different damage spots on sample 4
using reflected light dark-field illumination with 5x and 10x magnification.
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Fig.41 Top left: AMTIR-7 sample 1. Remaining: Image of damage spots taken with a
Nomarski microscope using reflected light dark-field illumination with 5x and 10x
magnifications.

5. Simulation Analysis of Experimental Results

5.1 Analysis of Experimental Results

By plotting all damage curves on the same plot (Fig. 42), we can draw some broad
conclusions. Overall, the Amorphous Materials Inc ChGs tested have a higher
damage threshold than the SCHOTT ChGs tested. The thickness of the samples
should not have a significant impact on the damage threshold; however, it cannot
be discounted that the SCHOTT ChGs tested had a thickness of 3 mm compared to
the Amorphous Materials Inc ChGs, which had a thickness of 2 mm. Future studies
should directly compare two optics from different manufacturers with the same
material composition and the same thickness. Among all the samples tested, only
the  AMTIR-2 and IRG-26  (As2Ses) and  AMTIR-6  and
IRG-27 (As2S3) share the exact same composition.
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Fig. 42 Plot of the probability of damage as a function of the LPD for all samples tested,
except for IRG-27 and AMTIR-6, which had a significantly higher damage threshold

Of all the samples, the IRG-25 (GeSbSe) had the steepest damage-threshold curve
with a range from possible damage to 90% chance of damage at 7 W/cm compared
to the rest, which have a range between 25 and 138 W/cm. Among the SCHOTT
and Amorphous samples, the AsSe compositions tend to have a higher damage
threshold than their Ge-containing ternary (GeAsSe and GeSbSe) counterparts,
which are considered more “suitable” for IR sensor systems. Further studies would
need to be done to determine if this is due to the Ge itself or the specific
combination of materials.

Among the AsSe Amorphous Materials Inc ChGs—while we do not have the exact
composition—we do know that the amount of arsenic decreases from AMTIR-2 to
AMTIR-5 and then to AMTIR-7 with AMTIR-4 having the least arsenic (and most
selenium). No clear trend is seen here, although the AMTIR-4 with the least amount
of arsenic does have the highest damage threshold.

Looking at the damage on the back surface of the Amorphous Materials Inc
samples, we see that the GeAsSe AMTIR-1 has the smallest damage spot sizes,
while, of the As-Se composition ChGs, the AMTIR-4 with the least arsenic has the
largest damage spot size. Since AMTIR-4 has the largest damage threshold, the
larger spot sizes may be due to the higher powers needed to start damage and then
burning through the optic more quickly. More damage is seen on the back side of
the Amorphous Materials Inc ChGs than the SCHOTT ChGs; however, the
SCHOTT ChGs are 1 mm thicker. See Fig. 43.
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Fig. 43 Back face of the Amorphous Materials Inc ChGs. Top row, left to right: AMTIR-1,
AMTIR, 2, and AMTIR-5. Bottom row, left to right: AMTIR-7, AMTIR-4, and AMTIR-6.
The As-Se composition ChGs are listed in order of decreasing arsenic.

Of all the samples tested, the arsenic sulfide (As2S3) samples had the highest
damage threshold by far (Fig. 44), being in the kilowatt range compared to the rest
ranging from 5 to 240 W.
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Fig. 44 Plot of the probability of damage as a function of the LPD for the AsS compositions,
AMTIR-6 and IRG-27
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5.2 Simulation Analysis of Experimental Results

A summary of our calculations, simulations (for 5 s and 10 min), and experimental
results (both for the damage threshold and the LPD at which there is a 90% chance
of damage) are shown in Table 16 with all values in linear power density (W/cm).

Table 16 The calculated, simulated, and experimental damage threshold LPDs for all ChGs
tested; all are in units of W/cm

SAMPLE  copc  SIM-G SIM. (10 EXP. EXP.
S) MIN) (Dr) (D1,%)
IRG-24 52 688 341 5.1 130
IRG-25 20.3 248 124 39.6 46
IRG-26 20 258 127 81 170
IRG-27 127 1230 557 1540 3730
AMTIR-1 391 982 478 153 208
AMTIR-2 55 581 297 230 255
AMTIR-4 74 806 375 413 491
AMTIR-5 62 741 377 240 307
AMTIR-6 165 2186 976 1500 4100
AMTIR-7 34 419 206 217 281

Overall, our experimental results fall somewhere between the calculated estimates
and the simulations for t = 5 s, often being closer to the steady state simulation
estimates. To better determine why our experimental results match the steady state
simulations more closely than those run for an irradiance of 5 s, matching our
experimental conditions, we look at simulations using the experimental LPDs.

Simulations for most of the ChGs look similar to that of AMTIR-5, shown in
Fig. 45. Looking at the maximum temperature reached in the sample for an
irradiance of 5 s (top) and comparing the results from the experimental damage
threshold values, Dt and D90 (blue and orange lines, respectively), to those
expected from the simulation-determined estimate (yellow line), we see that the
simulations show that the AMTIR-5 sample should not be heating up nearly enough
to reach the glass-transition temperature (indicated by the green-dashed line). This
indicates that either our model is off, or the chalcogenide is damaging before it
reaches the glass-transition temperature.
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Fig. 45 Plot of temperature from the center of the AMTIR-5 sample to the edge for an
irradiance time of 5 s (top) and 10 min (bottom) approaching steady state. Plot lines are for
the experimental damage threshold values D¢ (blue) and D¢, (orange) and the simulation-
determined threshold values (yellow).

Looking at the maximum temperature reached in the sample for an irradiance time
(10 min), approaching steady state (bottom plot), and comparing the results from
the experimental damage threshold values, Dt and Dy,9 (blue and orange lines,
respectively), to those expected from simulations (yellow line), we see that the
results are very close. Here, we are inputting our experimental values obtained for
a 5-s irradiance and running the simulation for 10 min and we see the model heating
up to roughly the glass-transition temperature. This indicates that the sample may
be heating up more quickly than the modeling accounts for and reaching steady
state conditions significantly more quickly. To verify this, more experiments would
need to be conducted.

It is worth pointing out that, experimentally, thermal lensing of the beam
transmitted through the optic and onto the beam dump has been noticed, but not
quantified. All of this indicates that the model may need to account for the material
properties of the chalcogenides changing with a change in temperature.

6. Summary and Conclusions

We have determined the CW LIDT (Table 17) for 10 different commercially
available chalcogenides for an irradiance time of 5 s using a wavelength of

1.07 um, complimenting Norm Comer’s (2016) work in the mid- and long-wave
IR.
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Table 17 The CW LIDT for an irradiance time of 5 s presented in terms of power, LPD, and
irradiance. Damage thresholds were measured using a beam spot with an effective diameter
of 587 um, except those with an asterisk (), which were measured using a beam spot with an
effective diameter of 738 pm.

Dr Dr,9
Power LPD | Power LPD |

SAMPLE W) (W/em)  (kW/em?) W) (W/em)  (kW/em?)

IRG-24 0.3 5.1 0.1 7.6 130 2.8

IRG-25 2.3 39.6 0.9 2.7 46 1.0

IRG-26 4.8 81.0 1.8 10.0 170 3.7

IRG-27" 114 1540 26.6 275.3 3730 64.4
AMTIR-1 8.9 153 3.3 12.25 208 4.5
AMTIR-2 13.5 230 2.0 15.0 255 5.5
AMTIR-4" 30.5 413 7.13 30.5 491 8.5
AMTIR-5 14.0 240 5.0 18.0 307 6.7
AMTIR-6" | 110.7 1500 25.9 302.58 4100 70.7
AMTIR-7" 16.0 217 3.8 20.8 281 4.9

The As-S compositions, IRG-27 and AMTIR-6, have the highest damage threshold
of the chalcogenides tested by far, in the kilowatt range. The ternary compositions,
which all have Ge (IRG-24, IRG-25, and AMTIR-1), have the lowest damage
thresholds.

As some chalcogenides are exposed to humidity and/or light, thermal properties of
the material may change, resulting in a corresponding change to the CW damage
threshold.

Additionally, we have constructed a model, which between a 5-s and 10-min
(steady state) irradiance time, gives us a value close to that obtained through
experiment, though further refinement is necessary.

Ideally, further studies would include an investigation into the CW LIDT
dependence on both the spot size of the laser beam on the sample and the thickness
of the sample. For those chalcogenides whose thermal properties change with
exposure to humidity and light, it would be particularly beneficial to determine a
point of saturation.
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Table A-1 Damage results for different power densities and the probability of damage for the
SCHOTT IRG-24 samples

Linear power

Sample density Power Irradianfe No Damage Probability

no. (W/em) W) (kW/ecm*)  damage of damage
1 67.5 4.0 1.5 5 5 0.50
1 60.9 3.6 1.3 6 4 0.40
1 50.9 3.0 1.1 8 2 0.20
1 43.0 2.5 0.9 9 1 0.10
1 34.1 2.0 0.7
2 342 2.0 0.7 8 2 0.20
2 25.8 1.5 0.6 9 1 0.10
2 17.8 1.0 0.4 10 0 0.00
2 77.8 4.6 1.7 7 3 0.30
2 94.5 5.5 2.0 3 7 0.70
3 111.8 6.6 24 2 8 0.80
3 128.4 7.5 2.8 1 9 0.90
3 144.4 8.5 3.1 0 10 1.00

Table A-2 Damage results for different power densities and the probability of damage for the
SCHOTT IRG-25 samples

Linear power

density Power lrradianfe No Damage Probability

(W/em) (W) (kW/em®)  damage of damage
37.9 2.20 0.82 10 0 0.0
40.2 2.33 0.87 9 1 0.1
42.6 2.49 0.92 6 4 0.4
43.8 2.56 0.95 4 6 0.6
44.9 2.63 0.97 2 8 0.8
46.5 2.72 1.01 0 10 1.0
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Table A-3 Damage results for different power densities and the probability of damage for the
SCHOTT IRG-26 samples

Linear power

Sample density Power Irradiange No Damage Probability of
no. (W/cm) W) (kW/em®) damage damage
1 106.6 6.3 231 9 1 0.10
1 102.2 6.0 2.22 9 1 0.10
1 97.2 5.7 2.11 9 1 0.10
1 90.5 53 1.96 7 3 0.30
1 85.2 5.0 1.85 10 0 0.00
2 89.9 53 1.95 8 2 0.20
2 96.3 5.7 2.09 7 3 0.30
3 102.0 6.0 2.21 8 2 0.20
3 112.0 6.6 243 9 1 0.10
3 123.1 7.2 2.67 1 9 0.90
4 115.8 6.8 2.51 3 7 0.70
4 115.3 6.8 2.50 4 6 0.60
4 112.4 6.6 244 5 5 0.50
5 106.7 6.3 2.32 9 1 0.10
5 107.8 6.3 2.34 8 2 0.20
5 102.1 6.0 2.22 10 0 0.00
6 127.2 7.5 2.76 1 9 0.90
6 133.6 7.8 2.90 0 10 1.00
7 83.8 4.9 1.82 9 1 0.10
7 93.7 5.5 2.03 8 2 0.20
7 100.6 59 2.18 7 3 0.30
7 111.6 6.6 242 4 6 0.60
8 106.2 6.2 2.30 8 2 0.20
8 111.9 6.6 243 9 1 0.10
8 117.5 6.9 2.55 8 2 0.20
8 126.0 7.4 2.73 6 4 0.40
9 136.3 8.0 2.96 10 0 0.00
9 145.5 8.5 3.16 3 7 0.70
9 151.8 8.9 3.29 4 6 0.60
9 159.0 9.3 3.45 2 8 0.80
10 164.1 9.6 3.56 0 10 1.00
10 152.2 8.9 3.30 4 6 0.60
10 145.2 8.5 3.15 3 7 0.70
11 135.7 8.0 2.94 6 4 0.40
11 135.9 8.0 2.95 7 3 0.30
11 93.9 55 2.04 10 0 0.00
11 103.2 6.1 2.24 10 0 0.00
11 110.2 6.5 2.39 9 1 0.10
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Table A-4 Damage results for different power densities and the probability of damage for the
SCHOTT IRG-27 samples

Linear power

Sample density Power Irradiange No Damage Probability of
no. (KW/cm) W) (kW/em®) damage damage
1 223 164.5 38.5 8 2 0.20
1 1.95 144.0 33.7 10 0 0.00
1 1.73 127.5 29.8 9 1 0.10
2 1.73 127.5 29.8 10 0 0.00
2 2.64 195.0 45.6 3 7 0.70
3 3.10 228.5 534 2 8 0.80
3 3.57 263.5 61.6 0 10 1.00
4 3.32 245.0 57.3 1 9 0.90
4 3.79 279.5 65.3 1 9 0.90
5 1.52 112.5 26.3 10 0 0.00
5 2.43 179.0 41.8 4 6 0.60
6 3.78 279.0 65.2 0 10 1.00
7 4.01 296.0 69.2 0 10 1.00

Table A-5 Damage results for different power densities and the probability of damage for the
Amorphous Materials Inc AMTIR-1 samples

Linear power

Sample density Power Irradianfe No Damage Probability

no. (W/em) W) (kW/ecm*)  damage of damage
1 162.4 9.53 3.5 7 3 0.30
1 140.0 8.22 3.0 10 0 0.00
1 151.6 8.9 33 10 0 0.00
1 174.3 10.23 3.8 7 3 0.30
1 185.3 10.875 4.0 7 3 0.30
2 195.4 11.47 4.2 6 4 0.40
2 219.8 12.9 4.8 0 10 1.00
2 208.6 12.245 4.5 0 10 1.00
2 203.7 11.955 4.4 3 7 0.70
2 161.9 9.505 3.5 7 3 0.30
3 156.4 9.18 34 9 1 0.10
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Table A-6 Damage results for different power densities and the probability of damage for the
Amorphous Materials Inc AMTIR-2 samples

Linear power

Sample density Power Irradianfe No Damage Probability

no. (W/cm) (W) (kW/em®) damage of damage
1 68.4 4.02 1.48 10 0 0.00
1 102.3 6.01 2.22 10 0 0.00
1 135.9 7.98 2.95 10 0 0.00
1 239.3 14.05 5.19 8 2 0.20
1 273.4 16.05 593 0 10 1.00
2 253.7 14.89 5.50 5 0.50
2 246.8 14.49 5.35 8 2 0.20
2 264.6 15.53 5.74 0 10 1.00
2 259.8 15.25 5.64 0 10 1.00
3 255.4 14.99 5.54 0 10 1.00
3 252.6 14.83 5.48 4 6 0.60
3 248.1 14.57 5.38 8 2 0.20
3 230.6 13.54 5.00 10 0 0.00
3 234.8 13.79 5.09 8 2 0.20

Table A-7 Damage results for different power densities and the probability of damage for the
Amorphous Materials Inc AMTIR-4 samples

Linear power

Sample density Power Irradianfe No Damage Probability
no. (W/em) W) (kW/em®) damage of damage
2 365.9 27.0 6.3 10 0 0.00
2 380.1 28.05 6.6 10 0 0.00
2 397.0 29.3 6.8 10 0 0.00
2 427.5 31.55 7.4 8 2 0.20
3 429.9 31.725 7.4 8 2 0.20
3 448.5 33.1 7.7 9 1 0.10
3 466.8 34.45 8.1 8 2 0.20
3 478.7 35.325 8.3 1 5 0.83
4 479.0 35.35 8.3 0 10 1.00
4 467.8 34.525 8.1 0 10 1.00
4 450.5 33.25 7.8 1 9 0.90
4 430.9 31.8 7.4 8 2 0.20
5 432.2 31.9 7.5 10 0 0.00
5 447.8 33.05 7.7 6 4 0.40
5 466.1 344 8.0 4 6 0.60
5 464.8 343 8.0 6 2 0.25
6 463.4 34.2 8.0 7 3 0.30
6 482.0 35.575 8.3 0 10 1.00
6 514.9 38.0 8.9 0 10 1.00
6 530.1 39.125 9.1 0 10 1.00
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Table A-8 Damage results for different power densities and the probability of damage for the
Amorphous Materials Inc AMTIR-5 samples

Linear power

Sample density Power Irradianfe No Damage Probability

no. (W/cm) W) (kW/em®) damage of damage
1 306.6 18.0 6.7 0 10 1.00
1 291.1 17.085 6.3 6 4 0.40
1 281.3 16.515 6.1 7 3 0.30
1 272.3 15.985 59 8 2 0.20
1 253.7 14.895 5.5 9 1 0.10
2 239.7 14.07 5.2 10 0 0.00
2 298.7 17.535 6.5 7 3 0.30
2 300.5 17.64 6.5 6 4 0.40
2 304.7 17.885 6.6 4 6 0.60

Table A-9 Damage results for different power densities and the probability of damage for the
Amorphous Materials Inc AMTIR-6 samples

Linear power

Sample density Power Irradianfe No Damage Probability
no. (KW/cm) W) (kW/ecm*)  damage of damage
3 2.51 185.0 43.2 4 6 0.60
3 2.51 185.0 43.2 5 5 0.50
3 2.39 176.5 41.3 4 6 0.60
4 2.33 172.0 40.2 9 1 0.10
4 2.41 178.0 41.6 9 1 0.10
4 2.49 184.0 43.0 8 2 0.20
5 2.17 160.0 37.4 9 1 0.10
5 2.07 153.0 35.8 7 3 0.30
5 1.85 136.5 31.9 10 0 0.00
6 1.94 143.0 334 2 0.20
6 1.73 128.0 29.9 9 1 0.10
6 1.50 110.5 25.8 10 0 0.00
7 1.62 119.5 27.9 9 1 0.10
7 2.87 212.0 49.6 4 6 0.60
7 3.09 228.0 53.3 3 7 0.70
8 3.56 263.0 61.5 1 9 0.90
8 3.79 280.0 65.5 0 10 1.00
8 1.27 94.0 22.0 10 0 0.00
9 3.98 293.5 68.6 1 9 0.90
9 4.28 315.5 73.8 0 10 1.00
9 4.14 305.5 71.4 1 9 0.90
10 4.48 330.5 77.3 0 10 1.00
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Table A-10 Damage results for different power densities and the probability of damage for
the Amorphous Materials Inc AMTIR-7 samples

Linear power

Sample density Power Irradianfe No Damage Probability

no. (W/cm) (W) (kW/em®) damage of damage
1 306.0 17.97 6.6 0 10 1.00
1 272.8 16.02 5.9 1 9 0.90
1 2553 14.98 55 2 8 0.80
1 238.8 13.98 52 7 3 0.30
1 2229 13.09 4.8 10 0 0.00
2 249.6 14.8 54 10 0 0.00
3 180.2 13.6 3.1 10 0 0.00
3 191.7 14.5 33 10 0 0.00
3 207.5 15.63 3.6 10 0 0.00
3 240.5 18.1 4.1 3 0 0.00
4 239.2 18.0 4.1 5 5 0.50
4 254.7 19.1 4.4 0 10 1.00
4 269.8 20.3 4.7 0 10 1.00
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List of Symbols, Abbreviations, and Acronyms

2-/3-D
ARL
As
AsaSes
CSISR

ChGs

CwW
DEVCOM
DIC

Ga

Ge

HiPo CoW
IR

ISO
KILTE
LIDT
LPD
NVESD

Se
Si
Te

TFP

two-/three-dimensional
Army Research Laboratory
arsenic

arsenic triselenide

Command, Control, Computers, Communications, Cyber,
Intelligence, Surveillance, and Reconnaissance

chalcogenide glass

continuous wave

US Army Combat Capabilities Development Command
differential interference contrast

gallium

germanium

High Power Continuous Wave

infrared

International Organization for Standardization
Kilowatt Interlocked Light-Tight Enclosure
laser-induced damage threshold

linear power density

Night Vision and Electronic Sensors Directorate
phosphorus

sulfur

selenium

silicon

tellurium

thin film polarizer
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