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　　Abstract :Based on thermo2elastic theory , an analytic model is developed for determining the laser

fluence required to damage a series of thin glass disks which serve as transmissive optical components.

In particular , the dependence of threshold fluence on laser beam diameter and mechanical boundary

conditions of samples is investigated. Study shows that beam diameter effect in material response re2
sults f rom the energy loss of the irradiated area. As for st ructural response , different mechanical

boundaries result in different relationships of L IDT (laser induced damage threshold) with radius of

laser beam. It is also found that mechanical boundaries have great influence on L IDT even if beam di2

ameter is fixed , and optimal boundary under which tensile st ress is eliminated is available theoretically

when particular compressive boundary is applied.
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� � :基于热弹理论 ,建立了计算光学材料激光诱导破坏阈值的解析模型。特别研究了能量

阈值与激光光斑大小以及光学材料力学边界条件的依赖关系。研究表明 :在材料响应情形下 ,光斑

效应体现在光斑能量向外的弥散 ,而在结构响应情形下 ,不同的边界条件导致不同的破坏阈值与光

斑直径之间的函数关系。提出了一种最优边界 ,使激光诱导产生的拉应力场最小。

��� :激光诱导破坏 ;　光学材料 ;　破坏阈值 ;　最优边界

0 Introduction

Recently there has been increasing interest in

L IDTs ( laser induced damage thresholds) in optical

components[1 ,2 ] , which play a significant role in deter2

mining the maximum output power of high ener

gy laser systems . The CW lasers easily induce heat
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deposition in optical materials , which in turn results in

macroscopic damage. It is important to investigate the

CW lasers induced damage mechanisms and failure

modes and improve the damage resistance of optical

materials. In general , laser induced damage in optical

glasses arises either f rom elastic f racture or f rom phe2
nomena associated with surface relaxation[3 ] . In this

paper , we focus on damage induced by elastic st ress

which often happens in transmissive optical compo2

nents of high energy laser systems. Although a lot of

measurements have been conducted to obtain the in2
t rinsic L IDT in optical window materials[4～6 ] , the

work , so far , is not adequate in the absence of theoret2

ical study which can show the inherent relationship of

L IDT with laser parameters and other factors. Here

we describe a method to estimate the threshold laser

fluence to initiate elastic f racture and apply this model

to study the influence of beam diameter and mechanical

constraints on L IDT.

1 Elastic failure model

We assume that glass behaves as isotropic , homo2

geneous and linear elastic solid. This behavior is u2

niquely described by heat conduction equation and

thermo2elastic equations together with proper initial

and boundary conductions[7 ] . Our major goal is to de2

velop analytic procedures which are relatively simple to

apply , so uncoupled quasi2static theory is introduced ,

in which the thermal st ress problem is solved in se2

quence after the heat conduction problem is solved for

temperature dist ribution.

The basic situation we considered is that a uni2
form , stationary and axially symmetric beam normally

is incident on a thin glass disk ( see Fig. 1) . For CW

laser and thin target disk , the heat flux might be ex2

pected to become essentially radial after some initial pe2

riod and the disk volume under beam become heated to

an essentially uniform temperature through the thick2

ness. Consequently one dimensional radial heat conduc

Fig. 1　Model for laser irradiating a glass disk

tion equation is introduced here to obtain temperature

profile.
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whereρ, Cp , K represent the density , heat capacity

and thermal conductivity of the glass respectively , h

and b are the thickness and radius of glass disk respec2
tively , andη and R denote the absorption coefficient

for the glass at the laser wavelength and surface re2
flectance respectively. The intensity profile I ( r , t ) is

assumed to be uniform in irradiation region and square

during irradiation time , written as

I ( r , t) =
I0 , r ≤ a

0 , r > a

where a is the beam radius.

In all problems we discuss here , the thermal

boundary condition is assumed to be adiabatic and ini2
tial temperature is assumed to be zero.

Closed form analytic solution can be derived from

Hankel t ransformation method[8 ] , consisting of an in2
finite Bessel function series

T ( r , t) =
ηI0 (1 - R) b2

Kh ( a2κt
b4 + 　　　　　　　

2
a
b ∑

∞

1
J 0 (μm r/ b) w m sm ( t) ) (2)
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where sm ( t ) = 1 - exp ( - μ2
mκt / b2 ) , w m =

J 1 (μm a/ b)

μ3
m[ J0 (μm) ]2 , κ is the thermal diffusivity of glass

andμm denotes the mth positive root of one order

Bessel function J1 ( x ) .

we consider two extreme cases here

1) Small beam radiation ( a ν b) . This case hap2
pens when we focus the laser beam on the large optical

components. In this case , the temperature dist ribution

can be written as integral form

T ( r , t) =
ηI0 (1 - R) a

Kh ∫
∞

0
J 0 (β r) J1 (αβ)

(1 - e -κtβ
2

) 1

β
2dβ (3)

In section 3 , we mainly discuss this case.

2) Large beam radiation ( a μ (κτir)
1/ 2 ,whereτir

denotes the total irradiation time) . This case happens

when CW laser interacts with the output window. In

this case , the heat loss f rom the beam area to“cool

area”can be neglected during the radiation period.

The temperature profile then can be simplified as

T ( r , t) =

ηI0 (1 - R)

ρCp h
t 　r ≤ a

　　0　　　 r > a

(4)

We will discuss this case later in section 4.

One dimensional radial model for heat conduction ,

together with the fact that the thickness of the speci2

mens h is much less than the radius b , develops a

plane stress state which is particularly amenable to ana2

lyze . In plane stress problem , the only non2zero stress2
es are radial st ress component σr and tangential st ress

componentσθ , and they must satisfy the equilibrium e2
quation

5σr

5 r
+
σr - σθ

r
= 0 (5)

　　From the stress2st rain equations and the strain2
displacement equations , we can easily get the analytic

form of displacement and stress dist ribution

u r =α(1 +μ)
1
r∫

r

0
T ( r) rd r + Cr (6)

σr = - αE
1
r2∫

r

0
T ( r) rd r +

E
1 - μC (7)

σθ =αE
1
r2∫

r

0
T ( r) rd r +

E
1 - μC - αET (8)

where u r andμ denote radial displacement of particles

in optical material and the Poisson’s ratio respectively.

C is the integral constant and can be determined by

mechanical boundary condition.

The glass is brittle material and its tensile

st rengthσt is far less than the compressive oneσc , so

as for damage problem , we only consider the tensile

st ress produced in the glass. In the following problem ,

the peak tensile st ress appears in the tangential st ress

field , so only σθ is considered later. By substituting

Eq. (2) into (8) , we can get the tangential st ress dis2

t ribution in terms of laser parameters such as intensity

I0 , irradiation time t ir etc. Then the threshold intensi2

ty for tensile f racture is determined from the following

manner . The tensile st ress profileσθ( r , t) is evaluated

as a function of position and time with the help of

boundary condition to determine constant C. The peak

tensile st ress (σθ) max is supposed to appear when t = t ir

and where r≈ a + 2 (κt ir)
1/ 2 . Setting (σθ) max =σt , we

can obtain threshold intensity I th , and threshold power

Pth can be obtained consequently using relationship Pth

=πa2 I th . The detailed expressions of thresholds 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

CO2 laser whose beam radius is so small that the

boundary condition could be neglected. Tab. 1 shows a

list of the properties of K9 glass.
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Tab. 1　Material properties of K9 glass

Properties Value

K/ W (m℃) - 1 1. 207

κ/ m2s - 1 6. 8×10 - 7

ρ/ kg m - 3 2. 5×103

Cp/ J (kg℃) - 1 710

σt/ Ntm - 2 4. 9×107

α/ ℃ 8. 5×10 - 6

E/ Ntm - 2 80×109

μ 0. 206

R(to 3. 8μm) 0. 027

η(to 3. 8μm) 0. 15

Substituting Eq. (3) into (8) , setting C = 0 for

neglecting boundary and letting t = t ir and r = rm = a

+ 2 (κt ir)
1/ 2 , the peak tensile st ress can be written as

(σθ) max =σθ( rm , t ir) =αE
ηI0 (1 - R) a

Kh

[ G( a , rm ,κ, t ir) - H ( a , rm ,κ, t ir) ] (9)

where

G ( a , r ,κ, t) =∫
∞

0
rJ 1 ( rβ) J1 ( aβ) (1 - e -κtβ

2

) 1

β
3dβ

H ( a , r ,κ, t) =∫
∞

0
J0 (β r) J 1 ( aβ) (1 - e -κtβ

2

)
1

β
2 dβ

setting (σθ) max =σt , we take the threshold intensity

for tensile failure to be

I th =
σt Kh

αEη(1 - R) a
[ G( a , rm ,κ,τ0) -

H ( a , rm ,κ,τ0) ] - 1 (10)

and threshold power thus can be written as

Pth =πa2 I th =
πσt Kha
αEη(1 - R) [ G ( a , rm ,κ, t ir) -

H ( a , rm ,κ, t ir) ] - 1 (11)

Fig. 2 and Fig. 3 show the predicted threshold in2
tensity and power threshold as the function of beam ra2
dius , respectively. The thresholds are calculated based

on a glass thickness of 0. 5 cm. According to Fig. 2 ,

when beam radius is less than 1 mm , the curve of I th

has an abrupt decreasing from 106 W/ cm2 to 104 W/

cm2 , but when beam radius is greater than 4 mm , I th

varies only slightly. This result is qualitatively consis2
tent with the experiment which Gong etc conducted

with K2 glass under the irradiation of CO2 laser. Fig. 3

indicates that when beam radius is less than 1 mm , the

threshold power is nearly constant , but when it is larger ,

Pth begins to increase linearly with a sharp slope. At the

same time , Ith varies slightly shown in Fig. 2.

Therefore , we present here that the ability of op2
tical materials to resist the laser irradiation should be

characterized by Pth , instead of I th ,when laser beam

radius is less than 1 mm , nevertheless the ability

should be characterized by I th , when beam is much

larger than 1 mm.

3 Influence of mechanical boundary conditions

Two kinds of boundary condition are considered in

this section. One is that the radial st ress is zero at each

point on the edge of the glass , described as

σr | r = b = 0 (12)

and we call this case free boundary. The other is

“fixed boundary”, described as

ur | r = b = 0 (13)

By substituting Eq. (12) into (8) , we can determine

the integral constant C for f ree boundary condition

C =α(1 - μ) 1
b2∫

b

0
T ( r) rd r (14)

then the tensile st ress profile is obtained from Eq. (8) ,

with the help of Eq . ( 1 4 ) and ( 4 ) , written as
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σθ( r , t) =

-
1
2
αEη(1 - R) I0 t
ρCp h

1 -
a
b

2

　 r ≤a

1
2
αEη(1 - R) I0 t
ρCp h

a
b

2

+
a
r

2

　r > a

(15)

　　Apparently , the maximum tensile st ress appears

at the edge of the beam when the laser is terminated ,

namely

(σθ) max =
1
2
αEη(1 - R) I0 t ir

ρCp h
1 +

a
b

2

　

(16)and the threshold intensity can be readily written as

I th =
2σtρCp h

αEη(1 - R) t ir

b2

b2 + a2 (17)

　　Similarly , we can get the threshold intensity for

fixed boundary condition , described as

I′th =
2σtρCp h

αE (1 - R) t ir

b2

b2 -
1 +μ
1 - μ a2

(18)

　　Comparing I th with I′th , we can draw some use2
ful conclusions as follows. I′th is dependent on the

Poisson’s ratio μ of optical glass , but I th is indepen2
dent on it . From

I′th
I th

=
b2 + a2

b2 -
1 +μ
1 - μ a2

> 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 also presented. When laser beam

radius a approaches a critical dimension , described as

rc = [ (1 -μ) / (1 +μ) ]1/ 2 b , I′th approaches infinity ,

and when a exceeds rc , I′th becomes negative. The

reason for the above result is that infinite or negative

I′th means tensile st ress induced in material is eliminat2

ed , then the threshold intensity should be calculated by

means of maximum compressive stress exceeding com2
pressive strength. Any how , when a exceeds rc , the

threshold intensity will increase abruptly since σc is

much larger thanσt .

4 Conclusions

A model has been developed to predict elastic f rac2
ture thresholds for CW laser irradiated glass. We apply

this model to investigate the effects of laser beam ra2
dius and mechanical boundary on the damage thresh2
olds. It is obvious that beam radius effects result f rom

the energy loss from irradiated area into“cool area”, so

when beam dimension is large enough , the energy loss

is only a little f raction of total laser energy , then beam

effects become negligible. When we study beam di2
mension effect , the boundary conditions aren’t consid2
ered , so the thresholds obtained represent the ability to

resist laser impact of material itself . When boundary

condition comes into question , the thresholds represent

the ability of a st ructure. We have seen that different

st ructures have different damage thresholds. As for the

output window of high energy laser system , the structure

with fixed boundary may be appropriate.
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