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Optimized analysis of the slab configuration in
diode-pumped quasi-three-level solid-state lasers
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Abstract: Based on the condition of the maximized laser gain, the laser gain, the optimal
optical crystal length and width of quasi-three-level solid-state slab lasers, which variate with
pump power,are analyzed and optimized. At the same time we found that the the concentration
of doping medium and the width of the slabs satisfied a certain relation under the condition of
diode-side-pumped mode in lower pump power. The laser gain, the optical length and width of
the slabs are optimized and simulated when pump power changes from 0 to 2 kW. These
results can also be applied to the design for other quasi-three-level solid-state lasers.

Key words: diode pumping; quasi-three-level; solid-state laser; slab geometry.

: TN242 (A

710065)

, Yb : YAG

1 Introduction

Quasi-three-level solid-state lasers, specially
the ytterbium-doped lasers are of the great attra-
ctiveness due to the higher quantum efficiency and
the lower thermal load""*. Lower heat generation
is a key issue to high-efficiency and high-power
laser output. Therefore, a variety of geometries
of Yb : YAG lasers have been demonstrated, su-

ch as microchip designs™

£6]

, wave-guides™ ™, fib-
, and nonplanar ring structuresfor low po-

(8137 in end-pumped and

er

wer output; rod lasers
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side-pumped configurations, thin disc geometr-
ies!" for high peak and average powers. How-
ever, all of these designs are limited in the output
powers of ~1 kW. The laser slab geometry-'* !
is an important configuration for the solid-state
lasers to scale lasers of high peak and average
powers, since the slab configuration has the lower
thermal lens effect and thermal beam distortions.
Recently, a novel zigzag slab design that uses
pumping along the slab’s edges was proposed""’.

Moreover, the oscillator modeling predicted that

Foundation item ; National 863 plan project (Grant No. 20030103)



* 260 ¢ 2006,27(4) s

output powers beyond 1kW and up to 100 kW
could be achieved. Optimizing the performance of
such slab lasers depends on understanding and
analyzing how laser charac-teristics such as small
signal gain, slope efficiency, and threshold are
affected by the spatial distribution and mode
overlap of the laser and pump fields, and
reabsorption loss. At the same time it is
important how to correctly choose and determine
the characteristic parameters of laser media such
as dopant concentration, diameter and length of
rod geometry; dimension and Brewste-cut angle
of the slab configuration according to criteria. An
optimum crystal rod length that minimizes the
threshold in term of incident pump power in
longitudinally TEM,, Gaussian beam pumping
was proposed by Risk!®). The optimal optical
length of the laser rod for the maximal laser
diode-end-pumped  was

output intensity in

obtained by LimM*. The optimum laser rod
diameter for maximum output energy in a solid-
state neody-mium laser trans versely pumped
with multiple laser diode array was reported ®).

The applications of the quasi-three-level
solid-state lasers in high-energy laser weapons are
described in Ref. [21]. Lower thermal loading
and thermal distribution of Yb : YAG laser is
demon-strated by Ref. [13].

In this paper, assuming that pump light
distribution is symmetric top-hat function, laser
beam distribution function is Gaussian shape and
considering the space-dependent population rate
of quasi-three level solid-state laser, based on the
maximized laser gain condition, we have analyzed
and optimized the laser gain, the optimal optical
crystal length and width of quasi-three-level
lasers

solid-state slab in diode-edge-pumped

geometry.

2 Theoretical analysis

Proceeding from the space-dependent rate

equations, if the depletion of the ground-state
population and the spatial hole burning effect are
neglected, we derived the expression of the laser
gain coefficient g (x, y, 2) associated with the

spatial distribution of pump light and laser mode

as
1+ SDotRr(x,y,2) —aN)
g(x,y,2)= o
1+ (107 Dogtay ) |
Q)
for small signal gain coefficient g,(x,y,2),
gy, )= 1+fDotRr(x,y,2)—0cN}
(2

where, r (x, vy, 2) and ¢ (x, y, z) are the
normalized spatial distribution functions of pump
light and laser mode respectively, z is the lifetime
of the upper laser level, ¢ is the peak emission
cross section, @ is the total photon number in the
cavity, N is the doping concentration of the
lower laser level, c is optical velocity and » is
refractive index, f, and f, are the fractional
population in the upper and the lower laser levels
respectively. The pump rate R at which ions are
excited into the upper laser manifold during the
pump process is given by R=7%,7,P,/hv,, where
Ppis the incident pump power, 7, and 7, are the
pump quantum efficiency and the absorbed
efficiency respectively, hy, is the pump photon
energy.

For quasi-three level Yb-doping solid-state
lasers, diode-edge-pumped slab geometry is a
favorite scheme. Therefore, we will focus on the
optimization of diode-edge-pumped quasi-three-
level Yb : YAG slab geometry. In practical laser
design the choice of the parameters of laser
medium such as doping concentration, dimension
of length and width, and thickness for slab
geometry are very important. So we define the
product (N L) of the doping concentration and

laser crystal length as the optical crystal length,
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which is used to modify the laser properties.

3 Simulation and optimization design
Here we assume that the pump beam is the

top-hat and uniformity pump distribution at

diode-edge-pumped slab geometry. The pump
distribution function is given by
7‘,,(I,y,z):%mexp(—ax) (3)

where S.=DL is the area of the slab pump edge,
L is the thickness, D is the slab length, the
absorption efficiency 7,=1—exp (—aW), W is
the slab width,

absorption coefficient.

a = N,o., is the effective

Substituting Eq. (3) into Eq. (2) and then
integrating with respect to x, y, z along three
directions of the slab, we get the expression of
the single pass gain as

p/S

go— (fl+f )T771177a 7]( Ntot 11 (4)

For the convenience of analysis, we intrude a
parameter of the optical crystal width N, W to
modify the slab geometry. The maximal product
of the gain and the slab width will be got by
differentiating Eq. (4) with respect to N, W and
make the differential equation zero. We get the

maximal product of the gain and the slab width as

1+ SDHm,P,/S, {1—exp[ln(

(gOW)mwx hV/,

And the optimal optical width (N, W) of the
slab satisfies the following equation
Sihy,
ol }
RRGEAE SV
In calculation, we chose f, =0. 046, f,=
0.772, 6,=0.77X10""cm?, ¢ =0.951 ms, hy,

( Nm\ w ) opt —

=2.097 X107 "], and assumed unity quantum
efficiency 7, = 1. 0. The pump power changes
from 0 to 2 kW, the thickness of the edge-
pumped slab is chosen as 600 pm, 800 pm and
1000 pm. The maximal product of the single pass
gain and the width of the slab related to pump

power is calculated and shown in Fig. 1.
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Fig.1 The maximized product of the gain
and the width versus pump power

The optimal optical width (N, W) of the

Jihy,
\ (f1+f2)fo'u771,Pp/S ) :|

1 Sfihy,
T 1“[(fﬁf Y20 1. P, /. J

slab versus pump power at different slab thi-
ckness is given in Fig. 2.

From Fig. 2 we find the optimal optical
length is negative at low pump power, the
corresponding values are 370 W for thickness of
600 pm, 496 W for thickness of 800 pm, and 620
W for thickness of 1000 pm. For 1 at. % doped

&)
T

Thickness=600 um
Thickness=800 um
Thickness=1 000 um

R J L L L R
200 400 600 800 10001200 1400 16001800 2000
Pump power/W

=)

Optimal optical width/ ( X 10™ cm™)

Fig. 2 Variation of the optimal optical

crystal width with pump power
Yb : YAG and slab thick-ness of 600um the
optimalslab length is 9. 4 mm at the pump power
of 1 kW. In order to make a comparison with the
results cited by Ref. [17], the maximal single
pass gain can also be given by differentiating Eq.

(6) with respect to and make the differential

equation zero. Therefore, under the condition of
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the maximal single pass gain, the optimal slab unity. The optimal slab width (W) of the slab is

width (W) of the slab satisfies the following independent of the pump power density.

equation

(Nlmo'“W‘Fl)exp(f‘\‘}m%”"'):l (7)

By using similar process mentioned above for

diode-end-pumped composited Yb : YAG slab

We find that this expression has greatly

geometry, we get the maximal single pass gain

difference with the results cited by Ref. [17],

where the product of the absorption coefficient and the optimal optical length (N, /L) of the slab

and the slab width is approximately equal to as
PP P,/S. | (it r,/s
(g max=(S1+ )7, ho, —a—“{lJrln[L 5 ) ey }}6 (&
(NlmL)WZ(%ln{( fl}b—fg)r o [hpy/S} 9 pump power and pumping cross section of laser
u A I »

In calculation, the pump power changes from
0 to 2 000 W, the doping cross-section S of the
composited slab is chosen as 600 pm X 600 pm,
800 pm X 800 pm, and 1000 pm X 1000 pm.

Variation of the maximal single pass gain
with pump power for the different cross-section of
the composite Yb : YAG slabs is calculated and

shown in Fig. 3.
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Fig. 3 The maximized laser gain versus pump power

Fig. 3 shows that the maximal gain depends
on the pump power and the cross section of the
composite slab. For pump power of 2 kW the
gain is 44 for the cross section of 0. 36 mm?; and
about 16 for that of 1. 0 mm?* The refore, this
structure is favourite for quasi-three level laser
requiring high intense pump.

The optimal optical crystal length (N,L) of
the slab is given by Fig. 4.

Fig. 4 shows that the optimal slab length is

got for different doping concentration for a given

slab. For example, for 5 at. % doped Yb : YAG
and cross section of S, the optimal slab length is

10 mm at the pump power of 1 kW.

S=600 um X 600 um
S$=800 um X800 um
S=1000 um X 1000pum

Optimal optical length/( X 107" cm?)
IS

0 200 400 600 800 1000 1200 1400 16001800 2000
Pump power/W

Fig. 4 Variation of the optimal optical

crystal length with pump power

4 Conclusion

In conclusion, we have derived the variation
of laser gain, and optimal optical length and
width of quasi-three-level slab solid-state lasers
with pump power density in diode-edge-pumped
geometries. The laser gain, and the optical length
and width of the slabs are optimized and
simulated when pump power changes from 0 to

2 kW. These results can also be applied to the

design of other quasi-three-level solid-state
lasers.
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