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The operation dynamics of end-pumped solid-state lasers are investigated by means of a
gpatially resolved numerical rate-equation model and a time-dependent analytical
thermal model. The rate-equation model allows the optimization of parameters such as
the output coupler transmission and gain medium length, with the aim of improving the
laser output performance. The time-dependent analytical thermal model is able to
predict the temperature and the corresponding induced thermal stresses on the pump
face of quasi-continuous wave (gqcw) end-pumped laser rods. Both models are found to
be in very good agreement with experimental results.

I ntroduction

Diode-end-pumped solid-state lasers are very popodeause of their high efficiency,
excellent beam quality, compactness and robustbessto these good attributes, solid-
state lasers have numerous applications in theaaledicientific, military and industrial
fields. The ever increasing demand in laser apjpdica ensures that the development
and power scaling of high power diode-end-pumpditl-state lasers remains a very
active area of research. One of the most valuable that assists in the laser design and
construction process is the use of mathematicaletsaghd simulations that explain and
illustrate the operation principles of the laserthis paper, a spatially resolved quasi-
three-level rate-equation model is discussed. fifadel predicts the laser threshold and
efficiency and can be used to optimize the las@puwiupower by determining the
optimal output coupler, gain medium length and pwsige. The model is verified by
applying it to a quasi-three-level gcw Tm:GdY@ser. The second model that is
presented is a time-dependent analytical thermaleinof the temperature and the
corresponding induced thermal stresses on the plag® of quasi-continuous wave
(qcw) end-pumped laser rods. To illustrate an appbn of the model, it is applied to a
gcw pumped Tm:YLF rod and found to be in very gamteement with published
experimental results.

Rate-Equation Model
By assuming a two manifold energy level scheme,réte-equations that describe the
transient behavior of population densities in eafcthe manifolds are given by:
AN, (05 #15) Gy oy~ D) ey amy - N
dt hv, g g hy, 7,
N, =N, - N,
whereNp is the ground manifold population densii, the upper laser level population
density andNr the total density of active ionsr" and o2 are the effective emission
and absorption cross-sections at the pump wavdiemgh o"and o™ the cross-

sections at the laser wavelengthis the upper laser manifold lifetimeg, the pump
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efficiency whilel, andl, represent the pump and laser intensities resgdgtvith the
positive and negative superscripts indicating tbevard and backward propagating
directions. Under steady-state conditions, anaitisolutions to the populations
densities can be derived for a given pump and ledensity. The propagation of the
pump and laser intensities in the resonator areritbesl by

dlp - em abs . d|| - em abs

E_Ip(a-p N1 Jp No)’ E_Il(a-l N1 g No)
These differential equations are solved numericadly obtain the field intensity
distributions in the resonator while the energy iiwdeh population densities are updated
according to intensity at every spatial coordinate.

The rate-equation model is applied to a quasi-tleeel Tm:GdVQ laser [1]
where the model predicts a pump power thresholtl\Wfand a maximum output power
of 10 W at 38 W of incident pump power, with a sagficiency of 29% (Fig. 1). These
predictions compare extremely well with the expertal results of 5.5 W for threshold
and 28% for slope efficiency. Other than the purfiigiency that was estimated as 1.6
due to cross-relaxation process that takes plac@uhium, no parameters were tuned to
fit the data. The rate-equation fits the experiraedata very well up to about 20 W
incident pump power. At larger pump powers, a desgdn the laser’s slope efficiency
was observed experimentally. It is very likely thia decrease in the slope efficiency at
higher pump powers is due to the very strong therteas that is induced in
Tm:GdVQy. Since the rate-equation model doesn’t includetaeymal effects such as
thermal lensing, it is not able to predict this@ase in slope efficiency. While the laser
operated with an output coupler reflectivity of 9%#d a gain medium length of 3 mm,
the model predicts that the laser can be increfised 10.1 W to 13.9 W (increase of
37%) at 38 W incident pump power by optimizing théput coupler reflectivity and
gain medium length to 90% and 8 mm respectively.(E).
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Fig. 1. The Tm:GdOYlaser output power as a function of incident pyuoprer.
(Experimental data (red dots) along with the rajeation prediction (blue line)).
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Fig. 2. The simulated laser output power (at 38ndident pump power) as a
function of gain medium length and output coupleftectivity. The white star
indicates the point at which the laser operated.

Thermal Model

To predict the temperature and thermally inducedsses on the pump face of a
cylindrical end-pumped rod, the non—-homogeneoud d&fusion equation can be

solved by making use of a Green’s function appraaxcihhat the transient temperature
profile on the pump face of a cylindrical rod isem by

ZﬂﬂERi Jo (U, 1R I (U W/ R f (pit, 4,)
Wz, o= Kol (1)

with the time dependence givenfpt,u,) as

[ tesd

f(p,t,,um) ZEX[{_,U;—
1-exp u,—
TD

Definitions for all the symbols can be found in.[Bjue to the fact that the stress tensor

alone does not provide enough information regardingstal fracture, we use the

maximum shear stress to predict fracture. Thidsde known as the stress intensity or

the Tresca failure criterion, which in the plainagt approximation reduces to
a,(r,pT+t)=|o, - 7|

| 2Cm7ERi 3, (. W/ R)

| ke, S 3w,

As a verification of the analytical thermal modaltime—dependent three dimensional
coupled thermal-stress finite element analysis wgdemented [3]. The parameters
that were used in the numerical and analyticalniarmodels can be found in [2].
Fig. 3(a) shows the predicted time-dependence eftémperature in the centre of the
pump face of the Tm:YLF rod for a 10% pump dutyleyespectively (for a qcw pulse
on-time of 10 ms). The upper and lower boundarfebeshaded red region in Fig. 3(a)

u(r, pT +t) =

D

3,(Ur IR (P4,
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indicate the analytical model’'s predictions of themperature when the thermal
conductivity of the c- and the a-axis of Tm:YLF wersed respectively. It is clear from
the graphs that there is very good agreement batwee analytical and numerical
models when the lowest thermal conductivity is uisethe calculations. The upper and
lower boundaries of the shaded red region in Fb) Bdicate the analytical model’s
predictions of the maximum stress on the pump faken the two respective linear
expansion coefficients of Tm:YLF were used alongthwihe lowest thermal
conductivity.

o =
S o
E N
[ -]

©
o

I
o

@®
S

w

o

[S .- JEN]

S & o
S
T

N
o
=]

o

w

o
Maximum Stress Intensity [MPa]
= - n g w

o

20

Temperature in the Center of the Rod [ °C]

s}
o)

50 100 150 200 250 300 350 400 50 1 60 150 200 250 300 Séo 460
Time [ms] Time [ms]

@) (b)

Fig. 3(a). The analytically (red) and numericalbfack) predicted temperature in the centre of
the Tm:YLF rod and (b) maximum stress on the puage fas a function of time while the rod is
subjected to a gcw pump with a peak powe6D W at 10 Hz (qcw pulse on-time of 10 ms).

Conclusions

A rate-equation model was developed and applied Tm:GdVQ laser. The laser
efficiency and output power are among the parammeteat were investigated. A
comparison with experimental values shows that riiedel is very successful in
explaining and predicting the dynamics of the latgning continuous wave operation.
The model proved to be a very useful design toobfgermining the optimal values of
design parameters such as output coupling andatigsigth.

A time-dependent analytical thermal model was dmyed to investigate the
transient behaviour of thermally induced stressegaw end-pumped laser rods. The
analytical model was used to investigate the thestrass in a Tm:YLF rod and was
found to be in very good agreement with that ofn@etdependent coupled thermal-
stress finite element analysis.
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