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Abstract 

We calculated thermal stresses In Nova glass 
laser disks having light-absorbing edge cladding 
glass attached to the periphery with an epoxy 
adhesive. Our closed-form solutions Indicated that, 
because the epoxy adhesive Is only 25 urn across, It 
does not significantly affect the thermal stress In 
the disk or cladding glass. Our numerical results 
showed a peak tensile stress in the cladding glass of 
24 HPa Khen the cladding glass had a uniform 
absorption coefficient of 7.5 nr*. This peak 
value Is reduced to 19 MPa If surface parasitic 
oscillation heat'-ig Is eliminated by tilting the disk 
edges. The peak tensile stresses exceed the typical 
7 to 14-MPa working stress for glass; however, we 
have not observed any disk or cladding glass failures 
at peak Nova fluences of 20 J/cm*. He have 
observed delamlnatlon of the epoxy adhesive bond at 
fluences several times that which would occur on 
Nova. Replacement laser disks will Incorporate 
cladding with a reduced absorption coefficient of 
4.5 cnr 1. Recent experiments show that this 
reduced absorption coefficient Is satisfactory, 

Introduction 

Light-absorbing edge cladding glass, 0.6 cm 
across, is attached to the periphery of the Nova 
Nd-doped glass laser disks to absorb 1-jm laser 
light traveling In the plane of the disks 
(perpendicular to the direction of the laser bean). 
Previously, the edge cladding glass was fused to the 
disk glass, but this process was complex and 
therefore expensive, in addition, the probability of 
successfully attaching the cladding glass was less 
than 1001, and any failure destroyed the complete 
laser disk. To reduce the risk of disk failure and 
the complexity of the cladding process, Campbell 
et al. 1 developed a method for attaching discrete 
pieces of edge cladding glass to the dlsfr glass using 
an Index-matched epoxy adhesive (F1g. 1). 

As the cladding glass absorbs light. Its 
temperature Increases, producing thermal stresses In 
the cladding glass, the disk glass, and the epoxy 
adhesive. Me report on our analyses of thermal 
stresses In laser disks and suggest ways to reduce 
their magnitude. 

Temperature Profile 

There are two sources for the l-*u» laser light 
absorbed by the cladding glass: amplified 
spontaneous emission CASE) and parasitic 
oscillations. The temperature Increase due to ASE 1s 
a maximum at the Interface between the disk and 
cladding, and decreases exponentially with the 
distance Into the cladding. 

The temperature Increase caused by parasitic 
oscillations occurs 1f an Imperfection 1s pr . nt at 
the Interface or If the 1nac« match between v 
cladding and the disk Is not perfect. 

'Work performed under the auspices of the U.S. DOE by 
the Lawrence Uvermore National Laboratory under 
Contract No. W-7405-ENG-48. 

MASTER 

In this case, some photons reaching the Interface are 
reflected, and continue to gain energy as they travel 
back through the disk. Reflected photons near the 
surfaces of the disk have the greatest energy gain 
and cause additional heating when they are finally 
absorbed In the cladding. He have observed this 
heating In numerous experiments. 

Using the properties of our cladding 
glass 3!* having an absorption coefficient of 
7.5 car 1, we calculated that the total cladding 
temperature Increase Is 

AT - (36 + 89 e-15Z) e-7.5x (1) 
where x 1s the distance fro* the Interface Into the 
cladding and 2 Is the distance fro* the surface of 
the disk. Both x and z are In centimeters and AT 
1s In kelvln. The first tern in the parentheses Is 
associated with ASE and occurs throughout the 
cladding glass. The second tem Is associated with 
the surface parasitic oscillations and has Its 
largest amplitude near the surfaces of the disk. The 
resulting temperature Increase profiles are shown In 
Fig. 1. 

Ftg. 1. Geometry of and temperature Increase in a 
Nova laser disk with cladding attached by a 
epoxy adhesive. 
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Energy is absorbed within the cladding glass In 
-500 ys, but this energy only diffuses 10 ua 
away from the point of absorption during the 
deposition tine. Hence, In predicting the peak 
thermal stresses, the energy deposition and the 
resulting AT can be considered instantaneous. The 
AT and thermal stresses both decrease with tine, 
but the peak thermal stresses are of primary Interest 
because they would produce any failures. 

He studied cases with and without surface 
parasitic oscillations because these oscillations can 
be reduced or nearly eliminated by tilting the edges 
of the disk glass.*'* Energy absorbed 1n the 
cladding glass from the amplifier flashlamps Is 
negligible because the cladding glass has a small 
absorption coefficient over the broad band of 
frequencies from the flashlamp light and because the 
cladding is snielded from direct exposure to 
flashlamp light. 

Hrmed-Form Solutions 

He obtained a closed-farm solution for thermal 
stress by considering three materials, each with a 
thickness, t. These materials are attached to each 
other as shown 1n Fig. 2. The uppsr two materials 
are portions of cladding glass, each with a 
different, but uniform, temperature Increase; and the 
lower material 1s the disk, glass, with a zero 
temperature increase. He assumed that no bending 
occurs. If each material were separate (i.e., not 
attached to another material), each would expand an 
unrestrained length Ail. However, when the 
materials are attached, the displacements must be the 
same for each material; this results in forces at the 
interfaces and a change in length 6 from the 
unrestrained position of each aatertal. Because the 
materials are motionless 1n their final state, the 
sum of all forces must equal zero. The disk glass 
(materia) 1) Is 1n tension and, depending on the 
temperature Increase profile, the cladding glass 
(materials 2 and 3) Is generally in compression. The 
resulting stress, alt in material I 1s 

- « AT,H 
<M, • E,t, • E t > 

. (23 

Here, E 1s Young's modulus and a is the linear 
coefficient of thermal expansion. The subscripts 
refer to the particular material (e.g., t, 1s the 
thickness of the disk glass for material 1J. There 
Is no temperature increase In the disk glass so 
ATj, is zero. Similar expressions exist for 
<j. and Oj. 

The solution Is two dimensional and applies 
across the plane of the disk; hence, we cannot 
Includo the temperature Increase from surface 
parasitic oscillations, which varies 1n the third 
dimension through the thickness of the disk. The 
shear stress at each Interface Is calculated by 
dividing the force, F, at the Interface by the area 
of the interface. He can also calculate a variant of 
this solution for two materials by letting t, 
equal zero. 

Another closed-form solution by Tlmoshenko* 
(for a uniformly heated bimetallic strip that allows 
bending) approaches the two-material variation of 
Eq. (2), when the thickness of the disk glass is 
large compared with the thickness of the cladding 
glass. Timoshenko's solution is 

where m - t x/t a and n - E ^ E j . Because AT 
1s zero In material 1, *e obtained a condition 
equivalent to our case by applying Tiooshenko's 
solution with a 2 - 0-

ul. 

1 
T 

Mitriul 1 

tESl * E» t' > ( ai" V ( 1 * a >' flT 

tt(t • t >* [3(1 + n)*+ (1 + mnXm 9 + 1/mn)] 
. <3) 

Fig. 2. Three-material closed-font solution 
geometry showing displacements and forces. 

Numerical Solutions 

Because of the simplifications required in the 
closed-form solutions, we also analyzed the problem 
with the HIKE two-dimensional finite element stress 
analysis code.* He simulated thermal stresses In 
a cut through the thickness of the disk and Included 
the temperature Increase from (1) ASE plus surface 
parasitic oscillations and (2) ASE alone. He used a 
graded mesh In all of our NIKE calculations so that 
the elements were concentrated at the Interface 
between the disk and cladding where the temperature 
gradient Is the greatest. 

ftft«u1t< and Discussion 

In Table 1, we compare closed-form and numerical 
values for shear stress, and stresses perpendicular 
and parallel to the cladding-disk interface. The 
closed-form solutions considered ASE heating only 
(36-K maximum AT), and predict a peak stress 
parallel to the interface and a shear stress along 
the epDxy interface between the disk and cladding, 
whereas the NIKE code also predicts perpendicular 
stresses. Table 1 also Includes NIKE results when 
ASE plus surface parasitic oscillation heating Is 
present (125-K maximum AT). Figure 3 shows 
NIKE-pred1cted deflections, contour plots of parallel 
and perpendicular stress, and both shear and 
perpendicular stress along the epoxy Interface with 
ASE heating only; the deflections are magnified for 
clarity. 

The two- and three-material closed-fom 
solutions agree reasonably well with the 
corresponding NIKE solutions. The peak compressive 
stresses 1n the cladding are -16, -14. and -21 HPa 
for two-material, three-material, and NIKE 
calculations, respectively. Compressive stresses of 
this magnitude will not produce failure In glass. 

The agreement between the two-material peak 
tensile stress in the disk glass (4.5 vs 7.3 HPa) and 
peak shear stress at the interface (4.5 vs 7.5 MPa) 



Table 1. Thennal stress 1n a 31.5-cm Nova d i s t calculated wi th closed-form and HIKE numerical analyses. 
Compression Is negative and tension Is pos i t ive . 

Closed-form solutions 

ASE heating only 
2 material 3 nater ia l Tlmoshenko 
plan view plan view plan view 

NIKE umerical solutipns 

ASE heatlnn onlv 
Cut through 
thickness o f 

the disk 

ASE plus surface parasi t ic 
oscH la t lon heatlna 

Cut through 
thickness o f 

the disk 

-21 to 0.2 
-0.1 to 19 

-27 to -2.5 
1.4 to 24 

-0.2 to 7.3 
-0.1 to 7.0 

4.0 to 24 
-21 to 1.4 

0 to 7.5 
0 to 9.5 

0 to 19 
0 to 19 

Cladding 
Paral le l stress <HPa) -16 
Perpr l l c u l a r stress (HPa) a 

Disk 
Paral le l stress (HPa) 4.5 
Perpendicular stress (HPa) a 

Interface 
Shear stress (MPa) 4.5 
Perpendicular stress (HPa) a 

aNot calculated with the closed-form solut ions. 

is also reasonable, but values predicted by the 
three-material so lut ion are low. 

Figure 3(a) shows that the normal expansion o f 
the cladding Is res t r i c ted by the disk, glass, which 
resul ts In l a te ra l bending o f the disk surface. This 
bending r e m i t s In high tension stresses (19 HPa 
maximum) i n the cladding perpendicular to the 

Deflerlians (mm) 
magnified 1000 times. 

M lour locations 

tb) Shear stress and stress 
perpendicular to (he interface 
along the length ol the 
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Fig. 3. Deflection and stress through the half-thickness of a 
Nova laser disk with ASE heating alone. 

interface near the surface of the disk [see Fig. 3(b) 
and 3(c)]. Although the closed-form solutions did 
not predict this stress. It Is Important because this 
stress can delamlnate the epoxy adhesive and/or crack 
the cladding glass. Lyon? measured the shear and 
perpendicular (cleavage) bond strength of the epoxy 
adhesive to be 24 and 25 HPa without glass 
treatment. Perpendicular bond strength exceeds 

38 HPa when the glass is treated with a 
sllacie coupling agent that Improves the 
epoxy-to-glass adhesive bond. Hence, no 
delamlnatlon 1s predicted. Glass is a 
brittle material and cracking 1s expected 
when tensile stresses reach 
7 to 14 HPa.» However, we have not 
observed any disk or cladding glass failures 
at peak. Nova fluences of 20 J/cis*. If 
any cracks in the cladding glass did occur, 
they would be perpendicular to the tensile 
stress (I.e., parallel to the interface). 
[Note that the cladding's parallel stress Is 
compressive, as shown In Fig. 3(d)]. 

An analysis of our previous fused-glass 
edge cladding design by Stokowskl, Yarema, 
and Stowers*. using the SAP4 finite 
element code, predicted a peak tensile 
stress of 17 HPa 1n the cladding 
perpendicular to the Interface for a thermal 
load similar to the one we used. The 
location and magnitude of their result 
agrees well with our NIKE calculated 19-HPa 
peak tensile stress. 

Bending of the disk glass also produces 
tension stresses in the dUk. The tension 
stress parallel to the Interface Is nearly 
the same magnitude as the perpendicular 
stress (7.3 vs 7.0 HPa). Cracking 1s less 
likely in the disk glass than In the 
cladding because the peak tensile stresses 
are lower in the disk. Because the parallel 
and perpendicular strssses are nearly the 
same magnitude, any cracks that do occur 
would be at a 45" angle f n w the interface 
to the surface of the disk. Only the 
magnitude of the shear stress along the 
interface Is Important (0 and 7.5 HPa) 
because any failure results from magnitude 



and 1s Independent of shear stress direction 
tFlg. 3(b)]; the sign Indicates the direction of the 
shear stress. The results are similar to those of Fig. 
3 when the disk, edges are not tilted and ASE plus 
surface parasitic oscillation heating are present, but 
the calculated peak tensile stress in the cladding Is 
then 24 HPa. 

Photographs of a 46-cm Nova disk, with the edge 
cladding attached to the dist glass with epoxy adhesive 
show that delamlnatlon and cracking did occur, but the 
fluence Incident on the disk-cladding Interface exceeded 
by several times that which would actually occur in Nova 
because of surface parasitic oscillations. However, 
this failure allowed us to qualitatively compare our 
analytical results with experimental results. The 
delamlnatlon started at the surfaces of the disk where 
the perpendicular stress in the cladding Is at a maximum 
level—Just as we predicted. Cracking in the cladding 
was parallel to the interface and cracking In the disk 
glass angled up from the Interface to the surface of the 
disk—also as we predicted. 

In our analyses, both closed-fom and numerical, we 
neglected the epoxy adhesive. He assumed that the epoxy 
must survive without failure and that It Is so thin 
(about 25 ym> that any forces present on one side of 
the epoxy would be transmitted nearly undiminished to 
the other side, almost as 1f the epoxy adhesive was not 
present. Neglecting the epoxy adhesive, therefore, 
gives an upper bound on the stress transmitted and hence 
an upper bound on the stress In the disk glass. 

Equation 3 can be used to show that the effect of 
the epoxy adhesive 1s negligible. He let material 1 
represents the disk glass, material 2 the epoxy 
adhesive, and material 3 the cladding glass. If *-, 
Is low, which It Is, then the first tern In square 
brackets is negligible and the tent In the denominator 
that Includes t, 1s also negligible. Therefore, the 
stress in the disk glass o L 1s essentially the 
same If we assume that the value of t. Is low or Is 
2ero. Similarly, the stress In the cladding glass 
u3 Is essentially independent of t 2 as long as 
t 2 is low. 

Conclusions and Recommendations 
Closed-form and numerical solutions all predict high 

theiiral stresses caused by the heating of the edge 
cladding as ASE and surface parasitic oscillation light 
1s absorbed by the cladding (see Table 1). Our recent 
experiments show that the shear and perpendicular 
(cleavage) strengths of the epoxy bond exceed the 
respective interface stresses that we have predicted. 
The NIKE numerical solutions Indicate the fom and 
location of the delamlnaticns ana cracking that we 
observed when we illuminated a 46-cm laser disk at 
fluences several times higher than those In Nova. 

Several options are available for decreasing peak 
tensile stresses and thereby increasing the probability 
of the successful operation of the laser disks. Less 
doping of the cladding reduces the tenperature Increase 
and the peak stresses In the cladding, however It lovers 
the total absorption. Graded doping in the cladding, 
with the lower absorption coefficient cladding next to 
the epoxy adhesive, also reduces peak stresses. 
Cladding glass with a lower coefficient of thermal 
expansion reduces stresses for the same doping. An 
alternate cladding material (e.g., a polymer) with a low 
Young's modulus also reduces stresses. 

Replacement laser disks for tlova will have glass 
cladding with an absorption coefficient of 4.5 rather 
than our previous 7.5 cm - 1 value. Recent 
experiments show that this reduced absorption 
coefficient is satisfactory. 
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