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The thermal behavior of a Nd:YAG laser rod under flashlamp pumping has been investigated 
experimentally using a very simple interferometric technique, The degree of pumping 
uniformity and the heat generation rate inside the rod was evaluated fo,r single pulse 
pumping. The temperature increase at the center of the rod under a high repetition rate 
pulsed operation was also measured, and this result is used to deduce the surface heat 
transfer coefficient. 

The problem of managing the thermal energy depos- 
ited inside a solid-state laser rod under high power and 
high repetition rate optical pumping has long been of crit- 
ical importance in the design of an industrial solid-state 
laser. Thermal effects which stem from the temperature 
gradient inside the laser rod as a result of the cooling pro- 
cess and nonuniform pumping are mainly responsible for 
the optical distortions of the laser beam. 

The thermal behavior of a rod during pumping has 
been widely investigated in determining the variations of 
the optical length.‘.’ Cabezas et aL3 measured the optical 
length variation during single pulse pump period using the 
interferometric method in their early work. Mangir and 
Rockwell4 have measured the heat deposited in the un- 
cooled rod. Mann and Webe? obtained the surface heat 
transfer coefficient (SHTC) and the heat generation effi- 
ciency of inside the rod for a single pulse operation. The 
time-dependent temperature distribution of an infinitely 
long laser rod with a uniformly generated heat source has 
also been studied theoretically by Koechner,6 and that for 
a rod of finite length has been derived by Farrukh et al.? 
Recently, a comparative study of different pumping reflec- 
tors has been made by Docchio et a1.s and by Milev eE aI. 
Their results seem to be inconclusive in finding a relation- 
ship between the pumping geometry and the intensity pro- 
file of the laser beam. 

In our experiments, we measured the spatial tempera- 
ture distribution and the heat generation rate (HGR) in- 
side the rod after single pulse pumping. Moreover, the tem- 
perature rise at the center of the water cooled rod for a 
high repetition rate pulsed operation was also measured 
using a simple interferometric technique. With these re- 
sults, we easily deduced the SHTC of the rod, which allows 
the prediction of the temperature of a multikilowatt- 
pumped Nd:YAG rod. Consequently, we were able to evai- 
uate the practical parameters such as the transverse pump- 
ing uniformity and temperature rise of the rod under high 
power and high repetition rate pulsed operation. 

Figure 1 shows the interference of a He-Ne laser probe 
beam inside a rod. Because of the flashlamp pumping, the 
temperature of a rod increases and the optical path length 

changes. Thereafter, the pumping is suddenly stopped and 
the optical path length begins to return to the original state 
via the cooling process. A Nd:YAG rod has two parallel 
optically polished endfaces, which have a reflectance of 
6.6% for 0.633 pm. The transmitted beam (beam 1) and 
the beam reflected (beam 2) from both endfaces are inter- 
fering, and their intensity is modulated with time as the 
rod is cooled. The relationship between the temperature 
increase AT and the number of fringe shifts S with time at 
shy point is given by 

-I S(r) t 
where /z is the wavelength of the probe beam, L, is the 
length of the rod (152 mm), a is the linear expansion 
coefficient of the rod (7.5~ lo- 6/“C), n is the refractive 
index (1.83) at the probe wavelength, and dn/dT is its 
thermal coefficient (7.3 x 10 - 6PC).‘o 

The pump pu:.se is very short compared to the period 
of heat removal; !zence, we can ignore the heat diffusion 
during the pumping period. The pumping uniformity can 
be clearly seen from the initial temperature distribution 
over the cross section of a rod just after single pulse pump- 
ing. 

Also, the HGR QI at a given point inside the rod can be 
expressed as 

O(r) =mC,AT(r) V/W, (2) 
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FIG. I. Interference between beam I and beam 2 due to the partial 
reflectance of two end-aces of the rod. 
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FIG. 2. Experimental setup for the measurement of the temperature in- 
side of a Nd:YAG rod. 

where uz is the mass density of the rod (4.56 g/cm’), Cp is 
the specific heat of the rod (0.59 W s/g/C), Vis the rod 
volume, and W is the flashlamp input power.” 

At a high input power and high repetition rate pulsed 
operation, the rod is cooled down and the radial heat flow 
changes the initial temperature distribution to a parabolic 
temperature profile. Consequently, this makes the rod be- 
have like a thick positive lens. This lens effect focuses the 
probe beam to the optical axis of the rod.* Therefore, the 
measurement of the temperature is almost impossible ex- 
cept at the rod center because the overlap of two interfer- 
ing beams is difficult to predict at other parts of the rod. 
The steady-state temperature distribution at any point 
along the radial direction can be expressed by the following 
equation:” 

T(r) _ T =dW w (a2 - 3) 1 
’ 2rraLo ( 2Ka +x , 

) 
(3) 

where T, is the coolant temperature, a is the radius of rod 
(3.6 mm), and h is the SHTC. If the HGR 4(O) are mea- 
sured using Eq. (2), the temperature distribution of the 
rod can be obtained from Eq. (3). Also from Eq. (3)) the 
knowledge of T(0) and 4(O) provide the SHTC, which 
determines the temperature difference between the rod sur- 
face and the coolant. 

Figure 2 shows the experimental setup used for mea- 
suring the temperature inside a rod for a single pulse and a 
high repetition rate pulsed operation. A single elliptical 
gold-plated pumping reflector, whose elliptical axes are 
19.0 and 16.5 mm in length, was fabricated in this labora- 
tory. An expanded (6X ) 5 mW He-Ne laser beam was 
incident on the rod through an X-Y movable aperture with 
a 1 mm diameter located in front of the rod. A solar cell 
detector was used for counting the interference fringe shift. 

The initial temperature distributions along the x axis, 
which connects the lamp and rod center, and y axis were 
measured just after the single pulse pumping to evaluate 
the degree of the pumping uniformity. Figure 3(a) shows 
that an asymmetric temperature distribution exists along 
the x axis. This effect is due to direct pumping from the 
lamp in the closed-coupled configuration of the pumping 
reflector. There is a symmetric temperature distribution 
with respect to they axis [Fig. 3(b)]. As the pumping light 
impinges on the rod center, the pumping light is absorbed 
by the medium. For the present reflector, we could see that 
the heat deposited at the outer edge was about 20% larger 
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FIG. 3. Initial temperature distributions of a Nd:YAG rod along the (a) 
x axis, (b) y axis just after single pulse pumping. 

than that of the center. This means that the rod acts as a 
negative lens at the initial pumping stage. 

The heat generation rate depends on the pumping ge- 
ometry, the reflectance of the reflector wall, and spectral 
distribution of the pumping light, etc. In this experiment, 
the average value of the HGR 4 was 5%&0.5%. This 
value is lower than those from previous works.5V” Perhaps 
this is due to the poor reflectivity of our pumping reflector 
wall. 

The temperature of the rod center was measured by 
counting the number of interference fringe shifts using Eq. 
( 1). Figure 4(a) shows the temperature at the rod center 
as a function of the cooling water flow rate. As the water 
flow rate increases, the temperature at the rod center de- 
creases. In the case of high power pumping, it is difficult to 
measure the temperature at the rod center with this tech- 
nique because there are too many fringe shifts (order of 
-lo*) to count within a short temperature relaxation 
time, typically 1 s. In this case, the SHTC has to be deter- 
mined in order to calculate the temperature at the rod 
center. It is clear from Eq. (3) that if we know T( 0) from 
Fig. 4(a) and the HGR 4( 0), the SHTC can be easily 
calculated. Also, the SHTC can be calculated from Hsu’s 
equation6 which is valid for laminar and turbulent flow, 
and is presented in the Appendix. Figure 4(b) shows the 
measured and theoretical values of the SHTC as a function 
of the cooling water flow rate. The coolant flowmeter of 
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FIG. 4. (a) Temperature rise of the rod center as a function of the water 
flow rate after a high repetition rate pulsed operation. (b) Measured 
values of the SHTC as a function of water flow rate with calculated values 
from Hsu’s equation: (Cl) calculated values from Eq. (Al), which are 
valid for the laminar flow region shaded with dots; (0) measured values 
from this simple interferometric technique; (A) calculated values from 
Eq. (A2), which are valid for the turbulent flow region shaded with dots. 
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coolant in our experiment indicated that we were in an 
intermediate flow region. The experimental values are well 
matched with the interpolated values obtained through 
Eqs. (Al) and (A21 in the intermediate flow. With the 
HGR parameter, the calculated SHTC allows the scaling 
of the rod temperature up to multikilowatt pumping pow- 
ers. 

In conclusion, the initial temperature distribution of a 
rod was measured along the two orthogonal axes just after 
single pulse operation. This result is also applicable in eval- 
uating the influence of a pumping reflector geometry on the 
pumping uniformity inside a rod. The temperature increase 
of the rod center was measured interferometrically in high 
repetition rate pulsed operation with a moderate input 
power. With the HGR, this result determines the temper- 
ature profile of a rod in moderate input power and is used 
to deduce the SHTC, which is an important parameter 
used to predict the temperature distribution of the rod at a 
higher power input. 

Appendix. The surface heat transfer coefficient h can be 
calculated using the following equations: 

Laminar flow: 900 < NRe < 2000, 

Ay Agiky (Dr-J”~4 ($)“.*. 

(AlI 

Turbulent flow: 12 000 < NRe < 220 000, 

h =0.02 (A21 

TABLE I. Parameters for SHTC calculation. 

Property Values and units 

K,,. ‘: thermal conductivity of the coolant 6x10-j Wcm-‘“C-l 
D, : rod diameter 6.35 mm 
D, : inner diameter of the cooling jacket 13.0 mm 
p: mass density of the coolant 1.0 g/cm” 
a: fluid velocity 4V/[r( Z$ - #)I .*. . . 
V: volumetric IIow . . . . 
p: viscosity lo- ? gem -Is-I 
Cw: specific heat of thsr coolant 1.0 wsg-‘“C 
g: gravitational constant 981.0 cm/s2 
y: volumetric thermal expansion coefficient 6.4 X 10 - 5 *c-r 

‘Reference 6. 

where the Reynolds number is NRe = [pu ( D2 - D1 )1/p, the 
Prandtl number is NPr = Cw/Kw, and the Grashof num- 
ber is Nor = CC4 - 4)3p2gr[T(a) - Tc11/p2.Thepa- 
rameters for SHTC calculation are listed in Table I. 
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