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Abstract

In the context of developing high-power laser systems, this dissertation
aims to enhance the effectiveness of locally available conventional optical
manufacturing and optical coating technologies, enabling the production
of high-quality optical components (mirrors, lenses, and windows) with
high resistance to intense laser irradiation, thereby improving the
performance of applied laser systems.

The study begins with a comprehensive review of laser-induced
damage in optical components, addressing the underlying physical
mechanisms, including both thermal and electronic processes. Key
parameters affecting the laser-induced damage threshold (LIDT), such as
material properties, pulse duration, wavelength, and surface quality, are
systematically analyzed. In addition, commonly used measurement
techniques for LIDT are reviewed and compared.

A systematic methodology was adopted to improve the quality of
optical surfaces, covering all stages of optical fabrication, including optical
design, initial shaping, grinding, and final polishing, followed by ultrasonic
cleaning. The samples were classified into eight groups based on variations
in grinding techniques, polishing methods, and cleaning procedures, with
the aim of minimizing surface and subsurface defects that directly
influence LIDT. As a result, a surface roughness of approximately
Ra~0.9 nm was achieved, while scratch—dig quality reached a level of
S/D =10/5 in accordance with international standards.

Furthermore, optical thin-film technologies were developed through a
detailed study of their key stages, including multilayer design, substrate
preparation, vacuum conditions, and deposition parameter optimization.
These improvements led to enhanced optical performance and a significant
increase in the LIDT of coated surfaces. Standardized testing procedures
based on ISO 21254 were adopted to ensure the reliability and
reproducibility of the results.

The practical implementation of these developments was demonstrated
through the design and fabrication of a germanium output coupler for a
locally developed high-power pulsed TEA CO: laser. The fabricated mirror
exhibited a transmittance of T=18%, which lies within the optimal
operating range (Top=15%—-20%). The optimized components achieved a
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LIDT of approximately 8J/cm? for the best samples, resulting in a
significant improvement in laser performance. Specifically, the pulse
energy increased by approximately 80% (from 250 mJ to 450 mJ), while
the repetition rate increased from 10 Hz to 25 Hz.

These results demonstrate that the local development of optical
fabrication and thin-film technologies enables the production of high-
performance optical components capable of withstanding high laser
intensities, representing a significant step toward strengthening national
capabilities in advanced laser system development.
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1.000 0.385 8.96 4.01 1084 Copper sl
o saialY)
0.124 0.90 2.70 0.243 660 ..
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|
0.832 1.825 1.85 2.00 1287 ?}‘Lﬂ
Beryllium
w5 A
0.827 0.449 7.15 0.937 1907 .
Chromium
0.741 0.129 19.3 3.17 1064 Gold i
S
0.371 0.144 133 0.230 2233 pile]
Hafnium
Band gl
1.236 0.251 10.2 1.38 2623 e al sl
Molybdenum
0.400 0.444 8.90 0.907 1455 Nickel Jsall
1)
0.234 0.265 8.57 0.537 2477 s
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Y
1.219 0.130 22.5 0.876 3033 ”'-'mj.j
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2530l
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RSN
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1yl
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s gl
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0.774 0.235 10.5 4.29 962 Silver 4.xadll
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p sl
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.50 ns
! LIDT | LIDT . ) - dila gal) A
R Ry R o e R el B o [P
(1/cm?) (/cm?) | ulaill (cal/g-*C) (cal/s:cm-°C) | Tm (°C)
90 120 2.0 0.4 0.092 8.92 0.92 1083 Dt Cu
60 60 1.0* 0.8* 0.092 8.92 0.92 1083 Dt Cu
40 47 0.78 | 1.0t 0.092x | 8.92x 0.92x 1062t | Dt Cu/Au
37.5 32,5 | 0.54 1.0 0.031 17.0 0.70 1062 Dt Au
15 18 0.30 1.0 0.106% | 8.9% 0.13% 1062t | Au/Ni/Cu
3.3 5 0.08 2.0 0.215 2.70 0.50 660 Al (d)
- 1.2 | 0.02 2.0 0.106 8.90 0.13 1455 Ni (d)
40 38.5 0.64 1.0 0.057 10.5 1.00 961 Ag (d)
- 70 1.2 0.5 0.107 7.20 0.21 1890 Cr (d)
23 20.5 0.34 3.0 0.060 10.2 0.35 2620 Mo (d)

idks 203 220 = AUINI/CU (UL Jgrin 4 e alls 305 22b = Dt CUJAU (L4 @sias = (d) (ol Wsrze = T

AE XSS T e T3 T sty Jshan W2 G S aib s

Energy density (Wem ™)

IUI_\-

10"

10" 1
“}Iu_
10° 4

10° 4

10° -

10° 4

10-?

Pulse duration (s)

Pulse ) &zt Jsb cug W/em™ 8d>s (LIDT) (53501 oyl Gz o M1 (9-2) JSCd)
10.6 um gt Jglalt wie (OFHC Copper) 39idt Jle wloedl 3 (Spot Size) daid! o9 (length

38




ol a3 3 s Al 3 A Jadl

Y ST 339 8ygiull Bylie 4y o) dsdal) Lol LIDT syl et A (5-2) Joud)

LIDT Jsh .
. s LIDT abaia! | cudadil :
I/ ) * aalad L) : 3l yallfzalal)
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GEC, HRC 90 50 90 0.4 Dt
GEC, HRC 60 50 60 0.8 Dt
GEC, HRC 55 50 55 0.6 Pol
Los 55 1.7 10.1 0.9 Pol
Alamos
Los
Alamos 62 58 67 0.9 Pol Copper sadl
Hughes RL 83.7 600 290 0.8 Dt
Kirtland 89 10s 40kW 0.8 Dt
Spawr 98 - 4x105VT 0.8 Dt
Dussledorf - - - 0.8 Dt
Los 135 1.7 25 - Single
Alamos crystal
GEC, HRC 40 50 40 1.0 Dt
GEC, HRC 50 50 50 0.56 Pol Cu/Au
USNWC - - - 0.6 Dt
Los 29 1.7 53 1.9 Pol
Alamos
Los 23 58 25 1.9 Pol
Alamos M sl
GEC, HRC 12.5 50 12.5 3.0 Pol 0 po
Spawr 30 - 3x105Vt 1.7 Dt
Osaka 30 50 30 1.7 eb.
.Univ
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Los LK
3.3 1.7 0.62 2.1 Dt Al e):\-\AW\
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USNWC — - - 1.1 Dt
Dussledorf - - - 1.1-7 Pol
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4.9 1.7 0.9 10.2 Pol w&?.d\ Y gl
Alamos jaall
Los 4.3 58 4.6 10.2 Pol (Stainless steel)
Alamos
GEC, HRC 40 50 40 1.0 Pol Silver fuail
USNWC — - - 0.5 Dt
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.FWHM ns 50
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[40] 51 15 3130 o B850t iy Tyt el o3 (6-2) Jpeik

=
x = 3 s
= Py ) =
<" ah o 3 3 & o
z = E o - - S S
~ | 5 3 £ o - =
? 3 = 2 G ')_(\ E Balall
3~ ) 'g é il E. t:i QI %
:-— = xf‘ —'% % | —4 ‘:: zf"
'E. E < & E |l 8] &
LI T I A
xE .4 % %
E: E» 3 3
0.00 -
1.85 34 11.3 412 ~50 32.3 1.39 LiF
45 1.27
345 1.13 | 41 10 3.04 0.37 31 -1.6 | 1.32 NaF
1.34x10 -
27.5x103 149 15 6.5 1.845 _3x 38.9 3.65 1.54 NaCl
4.83x10
47.1x103 359 12 6.5 1.347 _; 36 -3.4 | 1.49 KClI
s | 4.5x% 5x1073
546x10 5 12 4.8 1.197 43 -40 | 1.52 KBr
10 est
— — — — 7.5 3.1 38 -5.0 | 1.67 Kl
1.52x10% | 13.0 | 5.7 0.96 1.171 4.4x107 47 -6.3 1.66 CsBr
) ) ) ) . s . .
176x10° | 19 | 25| 113 | 0909 | ¥ 47 | 7 {179 Csl
) ) ) . s 100 | &
1.31x103 6.6 6.6 1.15 1.984 0.01 30 -6.1 | 2.06 AgCl
- — — - - 18 10.7 | 0.19 | 1.38 MgF,
0.06 | 36. -
17.8 9.7 2.715 3.3 20 1.43 CaF,
6 4 0.77
- — 229 - - 11.7 18.4 | -0.9 1.40 BaF,
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x 235 r
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clear all;

nl=1.375;nl=nl;

nh=1.999; nH=nh;nM=1.6;

ny=1.7;nz=2.15;ng=4;

dy=0.003 ; dg=.25; dz=.2405;

n0=1;

ns=ng;

nlayer=5;

Index=[ny ng ny nz ny ]; %nh nl nh nl nh nl nh nl nh nl nh nl nh nl
nh ];

Op thic=[dy dg dy dz dyl];% .25 0.5 .25 0.25 .25 .25 .25 .25];
L0=10600;

Lmin=6000;

Lmax=12000;

figure(1l);

o°

klayer=(nlayer-1)/2;
op_thic(klayer+l)=.5;
% Index(klayer+l)=nl;

© o°

oo

k=1;
delL=5;
for Lam=Lmin:delL:Lmax
Md=eye (2) ;
for j=l:1l:nlayer
Mid=MaTC (Index (j),Op_thic(j),Lam,LO) ;
Md=Md*Mid; $Md=Mid*Md; % from left
end;
% M=Mp*MLL*MAg*MLR*Mp;
Transl (k)=T (Md, n0,ns) ;
REf1l (k)=R(Md,n0,ns) ;
xlam (k)=Lam;
k=k+1;
end;
% second face
Index=[ny nz ny ];%nl nh nl nh nl nh nl nh nl nh nl nh nl nh nl nh
nl ]
Op thic=[dy dz dy 1;%.25 .25 .25 .25 .25 .25 .25 .25 .25 .25 .25 .25
]
nlayer=3;
k=1; Md=eye (2);
for Lam=Lmin:delL:Lmax
Md=eye (2) ;
for j=l:1l:nlayer
Mid=MaTC (Index (j),Op_thic(j),Lam, LO) ;
Md=Md*Mid; $Md=Mid*Md; % from left
end;

Trans2 (k) =T (Md, n0,ns) ;
REf2 (k)=R(Md,n0,ns) ;
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xlam (k) =Lam;
k=k+1;
end;
% 2 face coated 1/T=1/T1 + 1/T2 -1
for j=1:1:k-1
tl=Transl (j);t2=Trans2(3j);
Tinv=1/tl + 1/t2 -1;
Trans (J)=1/Tinv;
Ref (j)=1 - Trans(j);
end

figure (1);

plot (xlam, Trans, 'Color', 'green', 'LineWidth',1.5);
axis([Lmin Lmax 0 1]);
title('T total');

grid on;

hold on;

figure (2);

plot (xlam,Ref, "Color', "blue', "LineWidth',1.50);
title('Mir Reflection insid');
axis([Lmin Lmax .0 17);

grid on;

hold on;

figure (3)

plot(xlam, Transl) ;

title('T mirror'");

axis([Lmin Lmax .0 17);

hold on;

grid on;

$end;

figure (4);

plot (xlam, Trans2) ;

grid on;

title('T scond face');
axis([Lmin Lmax .20 1]);
$figure (5);

%plot (x,REf+Trans)
$x=Lmin:del:Lmax;
$subplot(2,1,1),plot (xlam,Ref) ;
Stitle('R'");
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Abstract

MMulalayer dielectiic murors are widely used in laser systems, especially when the
lazer requres opfical elements for high damage threshold MNew desigmed and
manufactured procedures mmchiding the ant-reflective coating on a germamum
sample at a wavelength of 106 um uwsing Physical Vapor Deposihon (FVD)
techmique has been reporfed and developed. The applied parameters of the coating
were at rotational speed of 10 rpm, under 210 mbar vacuum and at 150°C. As
result of that, a good trapsmattance of about 96% was obtained, with a wavelength
of 106 ym which was 1dentified using Fourer transform imfrared spectroscopy
(FTIE). The cutput coupler designed mirror for C0; laser was manufactured usmg
a polished germamum substrate. Multi-layver muror coating was obtamned consishng
of the following matenals (Zine Sulfide, germanmm, Titium oxde). The output
result of these manufacture procedures was characterized with a reflectivity of 82%,
whach 15 the reflectivity required for this type of mumer, the mmplementation of
manufactured muror for CO; laser has been mmproved the bamie laser snergy
capacity value which was changed from 250 mJ to 430 mJ. The laser used n these
expenments for the mamufactures murors was TEA ©0; laser pulse, at 25 Hz
frequency over long peniods. The pulse energy has been measured using PM100D
system which 15 equipped with measunng probe, type ES245C, The reported results
have show perfect output coupler murror for 'C0: laser and at an affordable cost
comparmg to murors made of ZnSe with no damage in spite of lugh laser power

1. Imtroduction

The successful development of high power CO; lasers especially for those being operated

contimuously at atmosphenc pressure has created a demand for optical components capable of
functioming without optical degradation at ugh power densities [1, 2]. Laser operation with long pulse
causes damaging of optical components and 1s mainly due to thermal effects, ansing from substrate
absorption or optical ceatings materials [3]. Although, the problem of light abserption by substrate
materials atl0.6 pm wavelength has received considerable attention [4, 3]. However, the published
work on this subject, as well as the thin film absorption and its reduction are rather few. It has been
found that the damage threshelds of dielectric thin films have not always comelated with the measured

M.N. Lababidi et al, J. Mater. Environ. Sci, 2021, 12{11), pp. 1383-1391 1383

(1) Bk

151



Mmerials Researchk. 2007, 25330220017
DHOL: bt diot org/1 0.1 390V 1 DB0-53T3-MR-2022-001 T

Investigation of Laser Damage Thresholds of an Qutput Coupler for TEA CO, Laser

Mohamead Nowr Lababidi®® 0, Ehaled Mayya®

“Higher Institute for Applied Sciences and Technology (HLAST), Deparment gf Applied Physics, 31953,
Damascus, Syria.

Received: Jamnary 13, 2022; Bevised: Tume 09, 2022; Accepted: Tume 12, 2022

Output couplers for TEA CO, lasers were made from Ge subsirate coated with dielectric layers of
EnS, Ge and ¥ O, using physical evaporation technigqoa (PVD). The laser-induced damage threcholds
(LIDTs) of manufacred mirrors have been investizated nsing an experimental semp, based on TEA
€O, laser. The effect of preparation conditions, such as grinding, polishing and cleaning, is shown.
The maxirmm value of LIDT about 8 T'om™ was achieved nsing a fine prinding with loose shrasive grade
3 pm, then polishing with ahmming powder grade 0.3 pm and finally hot cleaning with ulirasonic waves.

Keywords: Laser-induced damage thresholds, eptical materials, coupler mirrors, OO, laser.

1. Introduction

TEA €O, laser is still considered very perspective and
used for many applications such as marking, paint striping,
non-desmoctive ulTasonic testing and there has been a renewed
interest in its high power and high repetition rate especially
for dielectric materials in micro- and nano- engineering'.
Ome of the key technologies imvolved in the successful
design and constraction of TEACO, laser is to manufactare
3 damage-resistant optics for use intemnally in laser resonator
or externally to manipulate the output beam . There are many
optical materials nsed successfully in this field such as Ge,
ZnSe, NalCl, EC1". Meverthelass, the damage threshold of
these materials depends on many parameters: bolk material
properties’’, methods of optical surface preparation™,
coating methods"* and finally treament (especially laser
reatment) of optical surface before or afier coatmg™ "

The optical surface preparing methods (mainly grinding
and polishing) give three main layers: 3 smooth surface layer
or hydrated layer (thickness up to 10 nm), a sobsurface defect
lzyer (thickness up to 1 wm) snd then the bulk materizl In the
case of uncoated optical surfaces, all damages initiate from
surface layer (scratches, digs, micro- of nano-inchosions) or
from subsurface defect layer'™".

In the caze of coated optical surfaces, the simation is
more complicated, becanse the defects arsing from the
coafing process often play a major role in the bepinning of
the emergence of damage, which are intrinsically related to
the structure of the optcal surface’™™,

Following our success in the previons reports work™, a
new and inexpensive method for mamifacring an outpat
coupler for a relatively high peak power and pulse repetitive
TEA CO,_ laser has been demonstrated. This output coupler
provides an ideal ransmittance coefficient for the indicated
lzser and, on the other hand withstands the nominal value
of laser peak power

The transmittance coefficient of the indicated output
coupler was measured in the range 18-22% at the laser

*ermuil: mbaradnoor babddifibdest edu sy

emission wavelength (3=10.6 ym). Therefore, when using in
laser resonator, it has been noticed a significant improvement
in the laser pulse energy valoe. This previous used mimmor
was uncoated germaninm (T =46%) and the laser pulse
energy did not exceed 300 mT, while when using the new
mamufachored mirror in our laboratory, the energy of the laser
pulse was improved and became about 430 mT.

This paper reports the verification of new finding as
well as the parametars affecting the laser-induced damage
threshold (LIDT) on the fabrication parameters affecting the
laser damage threshold with emphasizing to manufacture
these coupler mimors locally with high efficiency owtput
and relatively low cost.

2. Samples design and preparation

In order to smdy and measure LIDT, a set of samples
were prepared with the specifications shown in Table 1. They
are all manufactured according to the desizn mentioned
in the article’, a germanium substrate {§ mm thick, 30
mm dizmeter) coated with mult layers of Zn5 and Ge
dislectric materials and an ¥ O, protection layer. Samples
were prepared by applying different conditions of grinding,
polishing and final cleaning processes prior to deposition. It's
worth mentoning that our optical workshop is intended for
manufacturing traditional optics usually nsed in visible and
IF. system and for the first time is used fo prepare damage-
resistant laser opdcs.

The first grinding process Gl was carmied out using loose
abrasive i three stages, starting at 25 um grain size, then
12 pym and finally 6§ pm, for a period of 20 min for each
erain size depree. Fine grinding of the second type G2 was
achieved also using loose abrasive in four stages, starting
at 25 pm grain size, then 12 pm then § pm and finally 3
um for a peried of 20 min for each zrain size degree. (with
these parameters: rotation speed v=15 rpm, arm frequency
=035, pressure p=56 g/tm® in grinding and polishing
machine -4axis).

The polishing of the first type P1 was carmied out using
of diamond powder of 1 pm grain size and then 0.3 pm,

(2) Bl
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