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ABSTRACT Based on the four-level system, a theoretical
model of diode-laser end-pumped fundamental continuous-
wave Nd>T:YAG ceramic microchip lasers is proposed. The
fluorescence concentration quenching effect and the absorp-
tion efficiency of the host have been taken into account in the
model. The theoretical results of the numerical calculations are
in good agreement with those of experiments. The effects of
the concentration of the Nd*t:YAG ceramic, the thickness of
the Nd3*:YAG ceramic, and the transmission of the output cou-
pler on the laser performance (threshold and output power) are
addressed. The optimization of the concentration and the thick-
ness for the Nd*+:YAG ceramic microchip laser is presented.
This modeling is not only applicable to the Nd**:YAG ceramic
microchip laser but also to other four-level microchip lasers.

PACS 42.55.-f; 42.55.Xi; 42.70.Hj; 02.60.Cb

1 Introduction

Laser diode pumped solid-state microchip lasers
have been attractive light sources because of their compact-
ness, high output power, high efficiency, and so on. Owing
to the short gain-medium length for microchip laser op-
eration, the concentration of the gain medium should be
high enough for absorbing enough pump power for high-
efficiency operation. There are several neodymium-doped
high-gain media that are suitable for microchip laser oper-
ation: Nd**-doped vanadate (Nd**:YVOy,), Nd**:YAG, etc.
Although Nd**:YVO, crystal processes a high absorption
coefficient (31.2 cm™! for 1 at. % doping concentration) and
alarge absorption cross section (25 x 1071% cm?) [1], it is dif-
ficult to obtain high output power operation because of its
poor thermal-mechanical properties and it is difficult to grow
a high-concentration single crystal. Nd**-doped YAG crys-
tal has been a major laser material, but the concentration of
Nd:YAG crystal grown by the traditional Czochralski method
cannot be higher than 1 at. % without deteriorating the opti-
cal quality owing to the effective segregation coefficient of
neodymium in YAG being only 0.2. There are some reports
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about the growth of highly doped Nd:YAG crystals which can
be used as microchip laser gain media; however, the quality
is varied along the growth axis and the highly concentrated
section is in only a part of the crystal boules [1].

Recently, development of polycrystalline Nd-doped YAG
ceramic laser material has attracted a lot of attention for high-
power laser applications [2—8]. Compared to Nd:YAG crys-
tal, Nd:YAG ceramic laser material has several advantages,
such as easy fabrication of large-size and high-concentration
Nd:YAG ceramic. It is also less expensive, may be mass
produced, and so on. The laser performance of diode laser
pumped Nd: YAG ceramics has been demonstrated and highly
efficient operation has been achieved; a slope efficiency as
high as 57.6% and an optical-to-optical efficiency of 53%
have been achieved with these Nd:YAG ceramics as gain me-
dia [4]. The Nd: YAG ceramic laser material will be a promis-
ing laser material for high-power solid-state laser applica-
tions. The high concentration of Nd:YAG ceramic offers an-
other advantage for microchip laser applications. However,
there is concentration quenching with an increase of the dop-
ing concentration: the fluorescence lifetime of highly doped
Nd:YAG ceramics will decrease with concentration [2, 3, 8],
so the concentration effect should be taken into account when
highly doped ceramics are used as microchip laser gain media.
In this paper, a laser model including the concentration effect
based on the rate equations is presented and analytical and
numerical solutions of the laser performance (output power
and pump threshold) as functions of the doping concentration
and the thickness of the Nd:YAG ceramic gain medium are
also presented. The numerical simulation of the laser diode
pumped Nd:YAG ceramic microchip laser performance is in
good agreement with the experimental results. The optimiza-
tion of the doping concentration and the thickness of the gain
medium as regards the laser performance is presented for
guiding the design of highly efficient operation of laser diode
pumped Nd: YAG ceramic microchip lasers.

2 Laser model

Microchip lasers are formed by directly coating
dielectric films on the surfaces of a gain medium to form
the laser cavities, so, in principle, they are Fabry—Pérot cavi-
ties. Alternatively, microchip lasers can be formed by directly
coating a dielectric film on one surface of the gain medium
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to form the rear mirror of the laser cavity; the output coupler
is separated from the gain medium, which can be easily ad-
justed for optimizing other parameters to achieve optimized
operation of such a laser system. The cavities can be treated
as approximately concave—concave cavities with the thermal
effects of the medium taken into account or plane—concave
cavities. When the pump and laser beams in the gain medium
are assumed to be Gaussian beams, using an M? factor, the
radii of the pump and laser beams along the direction of the
light can be written as [9, 10]
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where z is the coordinate along the axis of the laser, w,(z)
and wy (z) are the radii of the pump and the laser beams at
2z, wpo and wy g are the radii of the pump and the laser beams
at the waist z =z, Ap and Ay are the wavelengths of the
pump and the laser, and » is the refractive index of the gain
medium. Generally, the length of the microchip gain medium
is less than several millimeters; therefore, the approximations
wp(z) = wyo and wy (z) = wr may be adopted.

For a laser gain medium pumped by longitudinally
continuous-wave (cw) incident pump power Py, the pump
rate can be written as W, = Pon,/hvp, where h is the Planck
constant, v, is the frequency of the pump power, 7, =1—
exp(—al) is the fraction of the incident pump power absorbed
by the laser gain medium of thickness /, and « is the absorption
coefficient at the pump wavelength A;. The normalized func-
tions that describe the spatial distribution of the pump power
and the spatial distribution of the laser cavity mode can be
expressed as [11]

2a —2r?
rp(rv Z) = 2 eXp 2 exp (_(XZ) ) (3)
W) Na Wy
2 —2r?
¢L (ra Z) = 2 exXp P . (4)
Twi ol wi,

The total number of the laser photons in the laser cavity is de-
fined as @ = 2nlP./hcvr, where P. is the laser power inside
the cavity, ¢ is the vacuum speed of light, v, is the frequency
of the laser, [ is the length of the gain medium, and n is the
refractive index of the gain medium.

Because a Nd:YAG ceramic laser is a four-level system,
the re-absorption of the ground state can be neglected; the rate
equations including the fluorescence concentration quenching
in steady state can be described as [11-13]
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where AN(r, z) is the spatial distribution of the population-
inversion density between upper and lower laser levels in

pumped conditions, o is the emission cross section of the gain
medium at the laser wavelength, (V) is the lifetime of the
upper-state level as a function of the concentration of the ac-
tive ions, and t(N,) can be described as (Ny) = to/[1 +
(C/Co)?] [3], where Ty is the lifetime of isolated Nd>* ions
in YAG ceramic, C is the atomic percentage of the doping
ions, and Cy is a parameter that describes the concentration-
quenching effect in Nd:YAG ceramic. The lifetime of the
4F3, state of Nd** ions in highly doped Nd:YAG ceramics
should be governed by the sum of probabilities for several
competing processes such as radiative decay, nonradiative de-
cay by multiphonon emission, and energy transfer to other
Nd** ions and other impurities. The concentration-quenching
effect in highly doped Nd: YAG ceramics may be ascribed to
a more-short-range mechanism of the Nd**—Nd** quenching
interaction; this phenomenon plays an increasingly important
role with increasing Nd-ion concentration (Nd** concentra-
tion > 1.5 at. %). Other impurities introduced during fabrica-
tion of highly doped Nd: YAG ceramic also play an important
role in the energy transfer between Nd>* and impurities when
the Nd concentration is higher.

The corresponding equation for the total number @ of pho-
tons in the cavity is [11, 12]

dj:EfffAN(r,z)@wL(r,z)dV—g=0, (6)
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where tq = 2nl/(c(L + Tp)) is the cold-cavity photon life-
time, L is the round-trip loss and can be expressed as L =
261, 6 is the internal loss per unit length in the laser gain
medium, [ is the length of the gain medium, »n is the refrac-
tive index of the gain medium, and 7j is the output-coupler
transmission.

From (5), the spatial distribution of the population-
inversion density is given by
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Substituting the population-inversion density given in (7) into
(6), an implicit relationship between the pump power Py and
the total laser power P, inside the cavity can be expressed as
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When the spatial distributions of the pump power and the laser
power inside the cavity, (3) and (4), are substituted into (8), (8)
can be rewritten as
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Equation (9) can be simplified by integrating over the length

of the gain medium; then
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and y = exp(—x); then (10)
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In(11), if P, = 0, the corresponding P, is the pump threshold
Py
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3 Numerical simulation and predictions

The laser model proposed above was used to calcu-
late the laser performance of diode laser pumped Nd**:YAG
ceramic lasers [4]. The parameters of the laser cavity and the
Nd:YAG ceramic laser material are listed in Table 1. The ex-
perimental and calculated results of the diode laser pumped
Nd**:YAG ceramic microchip laser are listed in Table 2; the
experimental data are quoted from [4]. In this table, Py,s =

Parameters Value Reference
o 4.9 x 10719 cm? [14]
Ap 808 nm

A 1064 nm

Wpo 70 pm

wro 142.5 pm

Py 1w

To 0.03

8 0.002 cm™! [8]

) 2.5 mm

Co 2.98 at. %

70 266 s

TABLE 1 Values of the parameters used in the numerical simulation for

Nd:YAG ceramic microchip lasers

Absorbed Output Threshold Slope

power (mW) power (mW) (mW) efficiency (%)
Experimental 842 465 27 57.6
Calculated 842 484 22 58.6
TABLE 2 Comparison of calculated and experimental results for the

Nd:YAG ceramic microchip laser

Pona, Pout = P: Ty, and n represent the absorbed pump power,
the output power, and the slope efficiency, respectively. From
Table 2, we can see that the numerical simulation of the diode
laser pumped 2 at. % Nd*T:YAG ceramic laser is in good
agreement with the experiments. The numerical simulation of
the output power as a function of the incident pump power
for a diode laser pumped 2 at. % Nd: YAG ceramic microchip
laser with 2.5-mm gain-medium length and 0.03 output-
coupler transmission is shown in Fig. 1. The differences be-
tween the calculated and the experimental results shown in
Table 2 and Fig. 1 may be caused by the following factors
which were not taken into consideration in the laser model: the
optical inhomogeneity of the ceramic gain medium, the distri-
bution variation of the absorbed pump power along the pump
direction inside the gain medium according to the Lambert—
Beer law, the other losses of the laser cavity, etc. The thermal
effect introduced by the absorbed pump power inside the gain
medium enhances the vibration of the nanocrystalline lattice
and it will reduce the quantum efficiency of the luminescence
and increase the line width of the luminescence spectrum,
which will increase the pump power threshold and decrease
the efficiency of the laser performance. For the end-pumped
microchip lasers, the absorbed pump power inside the gain
medium is not uniformly distributed and decreases from the
entrance of the pump power to the exit of the pump power, so
a deformation inside the gain medium will be induced, which
will result in more interaction between the active ions and the
impurities; therefore, the loss of the ceramic will increase. In
most cases, the radius of the pump power adopted in the nu-
merical calculations is not exactly the same as that in the laser
experiments because there is a measurement error when the
radius of the pump power was measured. Therefore, there will
be some discrepancy between the calculated results and the
experimental results.

From (11) and (12), we can see that the transmission of
the output coupler has an effect on the pump power thresh-
old and the output power of diode laser pumped Nd:YAG
ceramic lasers. The pump power threshold is proportional
to the transmission of the output coupler, and there should

600
— Simulation

500 @ Experimental
=
£ 400}
0]
(% 300}
o
2
5 200}
O

100+

O 1 1 1 1
0 200 400 600 800 1000
Incident pump power (mW)

FIGURE 1 Output power of 2 at. % Nd:YAG ceramic microchip laser as

a function of incident pump power. The length of the Nd:YAG ceramic is
2.5 mm, the output-coupler transmission is 3%
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be an optimizing transmission for the highest output power
under a certain pump power. Figure 2 shows the pump power
threshold and the output power of 2 at. % Nd:YAG ceramic
with 2.5-mm thickness under 1-W pump power as a function
of the transmission of the output coupler. The pump power
threshold increases with the transmission of the output cou-
pler, there is an optimal transmission of the output coupler
for achieving the highest output power, and the optimal trans-
mission for this configuration is about 0.13, the pump power
threshold being 81 mW. The highest output power is about
668 mW; the corresponding optical-to-optical efficiency is
67%.

The laser performance of Nd:YAG ceramic microchip
lasers strongly depends on the doping concentration of Nd**
ions and the thickness of the laser medium. Figure 3a shows
the contour plots of the pump power threshold as a func-
tion of the doping concentration and the thickness of the
Nd**:YAG ceramic; the internal loss per unit gain-medium
length is adopted to be 0.002 cm ™! as mentioned in [8] and the
transmission of the output coupler is set to 0.03. The thresh-
old decreases dramatically with the increase of the length
of the gain medium when the gain-medium length is shorter
than 0.15 mm as shown in Fig. 3b; the lowest pump power
threshold is achieved when the concentration is lower than
5at. % and the ceramic length is longer than 0.3 mm. The
pump power threshold increases with the doping concentra-
tion of the gain medium when the length of the gain medium
is greater than 0.15 mm because the lifetime is shortened with
an increase of the doping concentration for Nd: YAG ceramic.
The contour plots of the output power of an Nd3*:YAG ce-
ramic laser as a function of the doping concentration and the
thickness of the gain medium are shown in Fig. 4a. The out-
put power of an Nd*T:YAG ceramic laser can be achieved
by using different combinations of the doping concentration
and the thickness of the gain medium. There is an area for
optimizing operation of the laser; this area is within the dop-
ing concentration around 2—10 at. % and the thickness around
0.3-2 mm. The maximum output power of about 700 mW
can be achieved with 1-W pump power. The output power
increases dramatically with the thickness of the Nd: YAG ce-
ramic for different concentrations of Nd** ions when the
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FIGURE 2 The threshold and output power as a function of reflectivity of
the output coupler. The incident pump power was set to 1 W
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FIGURE 3 (a) A family of curves for the pump power threshold of the

Nd:YAG ceramic lasers as functions of the doping concentration and the
thickness of the gain medium. (b) More detailed contour plots of the pump
power threshold when the length is shorter than 0.5 mm. The transmission of
the output coupler was set to 0.03

thickness of the gain medium is less than 0.3 mm, as shown
in Fig. 4b. This is caused by the lower absorption efficiency
when the gain medium is shorter than 0.3 mm, as shown
in Fig. 5. Figure 5 shows the absorption efficiency of the
Nd:YAG ceramic as a function of the doping concentration
and the thickness of the Nd: YAG ceramic. For the efficient op-
eration of Nd:YAG ceramic microchip lasers, the absorption
efficiency should be over 90%; there is a range of doping con-
centration and length product to satisfy such a requirement, as
shown in Fig. 5. In this range, better laser performance can be
achieved as shown in Fig. 4; the high output power and high-
efficiency operation of an Nd:YAG ceramic microchip laser
can be achieved.

The value of the contour plots displayed in Figs. 3 and 4 is
that parameter spaces appropriate for various possible pump
power thresholds and output powers are immediately iden-
tifiable. This result implies that the laser performance of
Nd**:YAG ceramic microchip lasers strongly depends on the
doping concentration of the active ions, and it also shows that
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FIGURE 4 (a) A family of contour plots for the output power of the
Nd:YAG ceramic lasers as functions of the doping concentration and the
thickness of the gain medium. (b) Detailed contour plots of the output power
when the length is shorter than 0.5 mm. The transmission of the output cou-
pler was set to 0.03
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FIGURE 5 The absorption efficiency of diode laser pumped Nd>* :YAG ce-
ramic microchip lasers as a function of the doping concentration and the
thickness of the Nd>*:YAG ceramic

the cause of the concentration-quenching effect must be taken
into account for microchip lasers.

4 Conclusions

A theoretical model for cw Nd**-doped YAG
ceramic microchip lasers including the concentration-
quenching effect is proposed based on the four-level sys-
tem. Other factors related to the output power of diode
laser pumped Nd:YAG ceramic microchip lasers, such as
the gain-medium’s thickness, the doping concentration of
Nd** ions, the incident pump power, the transmission of
the output coupler, and the fluorescence lifetime of the up-
per level, are taken into account. The numerical simulation
of the diode laser pumped Nd:YAG ceramic microchip laser
is in good agreement with experiments. From the calcu-
lation of the pump power threshold and the output power
as functions of the thickness and the concentration of the
gain medium, the optimized relationship between the dop-
ing concentration and the thickness of the Nd:YAG ce-
ramic enables the microchip lasers to have a relatively low
pump power threshold and a highly efficient laser oper-
ation at a certain pump power level. The effect of a de-
crease of the thickness will benefit the thermal manage-
ment for laser operation with high-concentration Nd:YAG
ceramic as gain medium. The same output power can be
achieved by using a different-concentration gain medium
with the relevant thickness. The optimized concentration for
microchip laser operation should be over 2 at. %, and the
optimized length of the Nd:YAG ceramic microchip laser
should be in the range between 0.3 mm and 2 mm. This
model can be also applied to other four-level cw microchip
lasers.
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