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The temperature distribution inside a zigzag slab laser glass was measured using a Mach-Zehnder
interferometer. The temperature difference between the center and the surface of the slab caused
the fracture of the slab glass. Two laser glasses were fractured at a temperature difference AT,
of 110T, and 62T, respectively. For the design of high-average power glass laser, it is recommended
that the limit of the temperature difference AT, inside the slab glass should be smaller than 50C

for safe operation.

The design of high-average power solid-state laser
is mainly limited by the rate of heat dissipation from
an active medium.'*] The bulk active medium of a
solid-state laser is heated through the absorption of
optical pump radiation, but only their surfaces are cool-
ed by a coolant. The temperature distribution in the
active material is determined by the balance between
the heat generation due to absorption of pump radia-
tion and the heat removal by cooling process.*¢- The
nonuniform temperature distribution at the active me-
dium results in the fracture of the active medium due
to thermal stress and the distortion of the laser beam
due to a temperature-dependent refractive index.

Advanced Nd:glass laser applications which require
increasingly higher average output power necessitate
operation near the fracture limit of laser glass.”” The
output power is limited by the possible material frac-
ture arising from thermally induced stress which is
basically caused by deposited power in the active me-
dium.

This paper presents the temperature limitation in
the slab due to thermal fracture which should be con-
sidered in the design of high-average power Nd:glass
zigzag slab lasers.

We used two kinds of laser glasses which were a
phosphate glass, LHG-5, with 8 wt percent Nd doping
with gas cooling and a silicate one, LSG-91H, with 6
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wt percent Nd doping with pure water cooling. The
slab dimensions on the Brewster angle cut are 228 X 65
X5mm for LHG-5 and 221X 65X5 mm for LSG-91H
with a zigzag optical path of 20 internal reflections.
The beam at the output face has a rectangular shape
of 50X5 mm. The laser glass is supported by Teflon
spacers at the both edges of a slab glass in order to
eliminate the static wavefront distortions which are of-
ten caused by the mechanical O-ring fixtures. This sup-
porting structure acts also as thermal isolation and
reduces the beam wavefront distortion caused by the
sharp temperature gradient due to the heat conduction
in the glass edge. The laser glass is pumped by 32
xenon flashlamps(ILC/5F2C) from both sides of the
slab surfaces at a right angle to the optical axis. The
pumped cross section is 200X 50 mm.

The problems associated with the heat flow in the
active medium are well known and should be well un-
derstood in order to analyze thermal effects. The tem-
perature distribution'’- in the active medium can be
obtained from a two dimensional problem governed
by the time dependent equation,
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where T(x, y, t) is the temperature, Q(x, y, ¢) is the ther-
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mal power loading per unit volume, « is the thermal



< 4¥E5> Temperature Limitation for Safe Operation in a Slab Laser Glass Set by::-—Byung-Tai Kim 355

conductivity, C is the specific heat, and p is the mass
density. At steady state condition Eq. (1) becomes time
independent equation
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The thermal power loading per unit volume at the
y-direction, which is the direction of thickness, can be

expressed as
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where d is the slab thickness, a is the absorption coeffi-
cient, P, is the incident power at the slab face, and
X is the ratio of the generated heat to the absorbed
pump light by the slab. The thermal boundary condi-
tions at the slab surface in the y-direction are given
by
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where the coolant temperature 7T, is about 25C in the
present experiment, and k is the surface heat transfer
coefficient.”> The latter is expressed as
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under laminar flow condition, where &, is the thermal
conductivity of the coolant, L. is the effective length
of the coolant flow, v is the kinematic viscosity, U,
is the coolant velocity, and P, is Prandtl number. The
exverimental surface heat transfer coefficient'® can be
taken as the relation
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were ¢ is the heat flux, and 7, is the temperature

on the slab surface. The coolant velocity can be calcu-

lated from
=0 @
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where V, is the coolant flow, and S is the effective
cooled cross section at the slab surface. The Equation

(2) has the solution in the y-direction

TO)=T,+T'®. ®

where T, is the average temperature in the slab, and
T'(y) is the deviation from the average slab tempera-
ture. When X is assumed to be 1, these are calculated

as
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The temperature distribution depends on the pro-
duct of the absorption coefficient, @, and the thickness,
d, of the active material. Using Equations (8), (9), and
(10), the temperature variation in the slab of LHG-5
phosphate glass with a thickness of 5 mm was calcula-
ted under the condition of an input pumping power
of 2 kW and a N, gas flow of 360 //min. Fig. 1 shows
the temperature variation in the slab of LHG-5 phos-
phate glass cooled by N gas. Following these calcula-
tion data the active medium has to be carefully selec-
ted in the development of high-average power laser
because the large product ad results in large tempera-

ture elevation of the active medium and the coolant,
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which have a crucial effect on the fracture of the active

medium.
The fracture of the slab glass depends on the tem-
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Fig. 1. Temperature variation in the slab and the cool-
ant with 2 kW input power and 360 //min N,
gas flow.



356  =ehs]A] A4 A3 3F, 199349 9¢

Pin Diode

N" I Interterence
" Pattemn

cw-YAG

(1.064pm) 8.8
7" { 500mm
LHG-
= (YRR
zs ”\?FH i Mu*n"!@
g4 \‘A[ !
S8
i
o] 5 10
Time (min)

Fig. 2. Optical arrangement using Mach-Zehnder inter-
fermeter to measure the fringe shift due to
the temperature change.

perature difference inside the active medium under
repetitive pulsed operation. The temperature in the
slab laser glasses was measured using a Mach-Zehnder
interferometer as shown in Fig. 2. A c¢w-YAG laser
with a wavelength of 1.064 ym was used as a probe
beam. The lower part of Fig. 2 was the fringe shift
of the probe beam, which was recorded by a pen recor-
der with a pin diode. It was recorded while interfere-
nce patterns and far field patterns(FFP) of the probe
beam were checking up using CCD camera. The fringe
shift of the probe beam was counted at the center
of the slab and at + 2.5 cm away from the center th-
rough a pinhole with 400 ym diameter. The tempera-
ture rise can be calculated by the following relationt®
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where N, is the number of fringe shift at steady state,

A is the appropriate Nd:YAG wavelength, n is the re-
fractive index, B is the thermal expansion coefficient,
and / 1s the optical path length. In the case of the
LHG-5 phosphate glass with di/dT=4.6X10"%C and
/=249 mm, the average temperature can be written
as

NA

T.,= 12
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Fig. 3 shows the temperature distribution in the slab
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Fig. 3. Temperature distribution in the slab and the
coolant under steady state operation of 0.1 Hz
to 2 Hz repetition rate with a pumping energy
of 1 kJ and a N, gas flow of 360 !/min.

and the coolant as a function of deposited thermal pow-
er. The temperature was measured at the center,
top, and bottom of the slab at steady state of 0.1 Hz
to 2 Hz repetition rate under an input energy of 1
k] and a N, gas flow of 360 //min. With 2 kW pumping
power the average temperature 7, of the slab at the
position a was 119C, and the temperature difference
AT, between the center and the surface of the slab
at the position a was calculated to be 13.6C using
Eq. (12). The temperature difference between the posi-
tion a and the position ¢ was about 63C, which was
affected by the coolant flow direction.

The fracture of slab glasses was tested for two sili-
cate glasses, LSG-91H. The LSG-91H silicate glass was
operated under an input power of 20 kW(4 kJ/5 Hz)
which was a deposited power density of 364 W/cm?®
in the laser glass, and a pure water flow of 25 //min,
and it was fractured after 70 second operation. The
average temperature 7, and the temperature difference
AT, inside the slab were about 195C and 110C, re-
spectively. Another laser glass was fractured at a depo-
sited power density of 20.6 W/cm?® in another experi-
ment, too. In this case, the temperature difference AT,
in the slab was 62C. Fig. 4 shows the temperature
differences, AT and AT, in the slab and the coolant,
respectively, which are calculated by the Eq. (8) below
4k] pumping energy. From this result the temperature
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Fig. 4. Temperature difference in the slab, LHG-5
phosphate glass and LSG-91H silicate glass, and
coolant for safe operation with respect to depo-
sited power density and repetition rate.

difference AT, causes the slab fracture, which is over
50T . The maximum deposited power per unit volume
is about 16 W/cm® under pure water cooling. In the
case of N, gas cooling, the temperature difference AT
limits the laser operation. It seems to be below half
of the transformation temperature of the laser glass,
which is about 200C . The maximum deposited power
per unit volume is about 3 W/cm® It is because of
the capacity difference of heat removal between N:
gas and pure water, which is due to the thermal con-
ductivity of the coolant. The laser operation limitation
can be estimated by using these data in the present
apparatus. And this temperature limitation will be a
crucial point in the design of a high-average power
Nd:glass slab laser.

In conclusion, the temperature distribution was cal-
culated and measured in the slab laser glasses. In or-
der to design high-average power glass laser, the pro-
duct of the absorption coefficient and the slab thick-

ness is a very important parameter because the large
one results in large temperature elevation of the slab
and the coolant. The large temperature difference be-
tween the center and the surface of the slab caused
the fracture of the slab glass during the repetitive ope-
ration. In the design of high-average power glass laser,
it is recommended that temperature difference inside
the slab laser glass should be smaller than 50C for
safe operation.
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