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Theoretical study on damage thresholdsfor elastic
stressfracture in laser-irradiated optical glass
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Abstract :Based on thermo-eastic theory , an analytic modd is developed for determining the laser
fluence required to damage a seriesof thin glass disks which serve as transmissve optica components.
In particular , the degpendence of threshold fluence on laser beam diameter and mechanica boundary
conditionsof samplesisinvestigated. Study shows that beam diameter effect in materiad reponse re-
sultsfrom the energy loss of the irradiated area. As for structurd regponse, different mechanica
boundaries result in different relationships of L IDT (laser induced damage threshold) with radius of
laser beam. It is a9 found that mechanical boundaries have great influenceon L IDT even if beam di-
ameter isfixed, and optima boundary under which tendle stressis eiminated is available theoretically
when particular compressve boundary is gpplied.
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L IDTs(laser induced damage thresholds) in optica

0 Introduction componentst® 2! | which play a Sgnificant rolein deter-
mining the maximum output power of high ener

Recently there has been increasng interest in gy laser sysems . The CW lasers easly induce heat
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depostion in optical materials, which in turn resultsin
macroscopic damage. It isimportant to investigate the
CW lasers induced damage mechanisms and failure
modes and improve the damage resstance of optica
materias. In genera , laser induced damage in optica
glasses arises either from eastic fracture or from phe-
nomena asociated with surface relaxationt®!. In this
paper, we focus on damage induced by eastic stress
which often happens in transmisive optica compo-
nentsof high energy laser systems. Although a lot of
measurements have been conducted to obtain the in-
tringc LIDT in opticadl window materids* ¢, the
work , © far , is not adequate in the absence of theoret-
ica study which can show the inherent relationship of
LIDT with laser parameters and other factors. Here
we describe a method to estimate the threshold laser
fluence to initiate elagtic fracture and goply this model
to study the influence of beam diameter and mechanical
congraintsonLIDT.

1 Hastic failure mode

We assume that glass behaves as itropic, homo-
geneous and linear elagtic lid. This behavior is u
niquely described by heat conduction equation and
thermo-elagtic eguations together with proper initid
and boundary conductions”!. Our mgjor god isto de-
velop analytic procedures which are relatively Smple to
apply, © uncoupled quas-gatic theory is introduced,
in which the thermal stress problem is lved in s
guence ater the heat conduction problem is solved for
temperature distribution.

The basc stuation we consdered is that a uni-
form, stationary and axialy symmetric beam normally
isincident on a thin glass disk (see Fig.1). For CW
laser and thin target disk, the heat flux might be ex-
pected to become essentially radid after omeinitial pe
riod and the disk volume under beam become heated to
an esentialy uniform temperature through the thick-
ness. Consequently one dimensona radia heat conduc

Laser fluence

Fg.1 Modd for laser irradiating a glass disk

tion equation is introduced here to obtain temperature

profile.
oT 10| 0T _ n(1- R I(r, t)
pcpat'Krar[rar]‘ h
2T _ _
or rﬁb—O,T(r,O) =0

(1)

where o, C,, K represent the dendty, heat capacity
and therma conductivity of the glass regpectively, h
and b are the thickness and radiusof glass disk repec-
tively , and 7 and R denote the absorption coefficient
for the glass at the laser wavelength and surface re-
flectance repectively. The intensity profile 1(r,t) is
assumed to be uniformin irradiation region and square
during irradiation time, written as

lo,r <a
I(r,t) =
O, r > a

where aisthe beam radius.

In al problems we discuss here, the thermal
boundary condition is assumed to be adiabatic and ini-
tial temperature is assumed to be zero.

Closed form analytic lution can be derived from
Hankel tranformation method!®! | consgsting of an in-
finite BesH function series

2
T(r.1) :M)_b(_az_fft+

Kh K

22 lZJo(ﬂmr/ b) wmsm(t)) (2
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where sy (t) =1 - exp (- u2kt/ b)), wy =

Ji(uypa b) ) e
3 >, k£ is the therma diffusvity of glass
ﬂm[JO(ﬂm)]

and ., denotes the mth postive root of one order
Bess function J; ( x) .

we consder two extreme cases here

1) Small beam radiation(a < b). This case hap-
pens when we focus the laser beam on the large optica
components. Inthiscase, the temperature distribution
can be written asintegra form

1 -
T(r,t) = MWR)—aon(ﬂr)Jl(aﬁ)

(1- &) ;d 8 3

In sction 3, we mainly discuss this case.

2) Large beam radiation( a > (x7,) Y2 ,where =,
denotes the tota irradiation time) . This case hgppens
when CW laser interacts with the output window. In
this case, the heat loss from the beam area to “cool
area’ can be neglected during the radiation period.

The temperature profile then can be amplified as

nlo(1 - R)t f <a
T(r,t) = p Coh (4)
0 r > a

We will discuss this case later in section 4.

One dimendonal radia mode for heat conduction,
together with the fact that the thickness of the geci-
mens h is much less than the radius b, develops a
plane stress state which isparticularly amenable to ana
lyze. Inplane stressproblem, the only non-zero stress-
esare radial stress component o; and tangentid stress
component g , and they must satidy the equilibrium e
guation

dog o - o

or* ¢ =0 )

From the stress strain equations and the strainr
diglacement equations, we can easly get the anaytic
and dsress distribution

form of digplacement

c
1

a(l + y)‘Jr‘IT(r) rdr + Cr (6)

1" _E
«T,:-aErij(r)rdr+1_ﬂC (7)

a1 ' _E
o = aE r2J[‘T(r) rdr+1_ ﬂC- aET (8)

where u, and ;4 denote radia digplacement of particles
in opticad material and the Poison’ s ratio regectively.
Cis the integra congtant and can be determined by
mechanical boundary condition.

The glass is brittle material and its tendle
strength oiisfar less than the compressve one o, 0
as for damage problem, we only condder the tensle
sress produced in the glass. In thefollowing problem,
the peak tendle stress appears in the tangential stress
fidd, @ only o is conddered later. By substituting
Eg. (2) into (8) , we can get the tangential stressdis
tribution in termsof laser parameters such as intendty
lo, irradiation time t;, etc. Then the threshold intens-
ty for tendle fracture is determined from the following
manner. The tendle stressprofile o (r,t) isevaluated
as a function of podtion and time with the help of
boundary condition to determine consant C. The peak
tendle stress ( ay) max i S SUpposed to appear when t = t;,

)1/2

and where r~ a+2(kt;) ™ “. Setting (@) max = ot , We

can obtain threshold intensty I, , and threshold power
Pih can be obtai ned consequently udng relationship Py
=na’ly. The detailed expressonsof threshol ds under
particular conditions will be presented in the following.

2 Beam diameter effects

In this section, we use the model described above
to derive damage thresholds for K9 glass subjected to
CO; laser whose beam radius is ©© smal that the
boundary condition could be neglected. Tab. 1 showsa

list of the propertiesof K9 glass.
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Tab.1 Material properties of K9 glass % 10° Bw‘
Properties Vdue E 3
9 —
KIW (mQ ! 1.207 210 E
K/ m?s™ 6.8 X107 g £10°
3 s 10° =
p/ kg m 2.5 X10 2 5
ClI(kg O~ 710 E o g
B, a2
o Ntm™ 2 4.9 X107 S0 0004 0.008 10;¢% 10° 102
e 8.5 x10- 5 Beam radius/m Beam radius/m
E/ Ntm~ 2 80 x10° Fig. 2  Spot size effect of in- Fig. 3 Spot size effect of
u 0.206 tensity thresholds in power thresholds in
R(to 3.8 ym) 0.027 . .
material response material response
n(to 3.8 um) 0.15

Substituting Eq. (3) into (8) , setting C =0 for
neglecting boundary and letting t = tiyand r=rp= a
+2(xtiy) Y2 the peak tendle stress can be written as

nlg(1- R) a
Kh

H(a, rm,#,tir) ] (9

(@) max = ®(rm,tir) = aE

[G(a, rm, &, ti) -

where

G(a,r,x,t) = frJl(rﬁ)Jl(aﬁ) (1- e'“ﬁz) Tglgdﬁ

2
H(a,r k. t) = on(ﬂr)Jl(aﬁ) (1- e-“ﬁ)-;;dﬁ
stting (®) max = ot , We take the threshold intendty
for tengle failure to be

o Kh
[G(a,rm,&,70) -

lth = 2En(l- R) a
H(a,rm,®, )] " (10
and threshold power thus can be written as
T 0; Kha
P = Ttazhh = 2E7(1 - R)[G(a,rm,x,tir) -
H(ayrm,’f,tir)]-l (11)

Fig.2 and Fig. 3 show the predicted threshold in
tendty and power threshold as the f unction of beam ra-
dius, repectivdy. The thresholds are cadculated based
on a glass thickness of 0.5 cm. Acoording to Fig. 2,
when beam radiusisless than 1 mm, the curve of I,
has an abrupt decreasng from 10° W/ cm? to 10* W/
cm?, but when beam radiusis greater than 4 mm, I,

variesonly dightly. This result is qualitatively conss
tent with the experiment which Gong etc conducted
with K2 glass under theirradiation of CO,laser. Fig.3
indicates that when beam radiusislessthan 1 mm , the
threshold power is nearly congant , but when it islarger ,
Pth begins to increase linearly with a sharp dope. At the
same time, I+, varies dightly shown in FHg. 2.

Therefore, we present here that the ahility of op-
tical materids to redst the laser irradiation should be
characterized by Py, instead of I, ,when laser beam
radius is less than 1 mm, nevertheless the ability
should be characterized by I, when beam is much
larger than 1 mm.

3 Influence d mechanical boundary conditions

Two kindsof boundary condition are condderedin
this sction. Oneisthat the radia stressiszero at each
point on the edge of the glass, described as

Grlr:bzo (12)

and we cdl this casxe free boundary. The other is
‘fixed boundary” , described as

Urlr:b:O (13)

By substituting Eq. (12) into (8) , we can determine
the integral constant C for free boundary condition

1

C=a(1- p 2 T(r) rdr (14)

then the tendle stressprofile isobtained from Eq. (8) ,
withthe helpof Eqg. (14) and (4) , written as
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r <

1 aBEn(1 - R) Igt _a
T2 oG h 1%

much larger than .

(r,t) =
w J.ﬂf_Eﬁl-_R)_lo_t[[_aJ 2+[_an s 4 4 Conclusions

2 oG h b r
(15)
Apparently , the maximum tensle stress gppears
at the edge of the beam when the laser is terminated ,

namely

_ 1 2En(1- R) gty al?
g [

and the threshold intensity can be readily written &)

_ _2apCh b’
B Rt e

Smilarly , we can get the threshold intensty for
fixed boundary condition, described as
200Gy h b’

OlE(l- R) tir b2_ JL.Q
1-u

't = (18)

a

Comparing I with 1'y,, we can draw some use-
I'th is dependent on the
Poison’ s ratio « of optica glass, but Iy, is indepen-
dent onit. From

ful conclusons as follows.

Lth__biaz_
I'th p2 . a2
1-u

> 1 (19)

we infer that an optical window with fixed boundary
will undergo more laser impact than that with free
boundary. When we carefully examine Eq. (18) , an
interesting result is a presented. When laser beam
radius a goproaches a critical dimenson, described as
re=[(1- w)/ (L+u)]Y?b, I'yh approaches infinity ,
and when a exceeds r., |y becomes negative. The
reaon for the above result is that infinite or negative
I'th means tendle stressinduced in material is eliminat-
ed, then the threshold intensty should be calculated by
means of maximum compressve stress exceeding com-
pressve strength. Any how , when a exceeds r., the
threshold intendty will increase abruptly dnce o« is

A model has been developed to predict eagtic frac
ture thresholdsfor CW laser irradiated glass. We gpply
this model to investigate the effects of laser beam ra
dius and mechanica boundary on the damage thresh-
olds. It isobviousthat beam radius effects result from
the energy lossfrom irradiated areainto “cool area” , ©
when beam dimengon islarge enough , the energy loss
isonly alittlefraction of tota laser energy , then beam
effects become negligible. When we study beam di-
mendon efect , the boundary conditions aren’t cons d-
ered, 9 the thresholdsobtained represent the ability to
resst laser impact of materid itsedf. When boundary
condition comesinto question , the thresholds represent
the ability of a structure. We have seen that different
sructures have different damage thresholds. Asfor the
output window of high energy laser sysem, the sructure
with fixed boundary may be gppropriate.
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