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Abstract: Based on the quasi-three-level system, a theoretical
model of diode-laser end-pumped fundamental continuous-wave
(CW) Yb*":YAG microchip lasers is proposed. The fluorescence
concentration quenching effect, the temperature dependent me-
chanical and optical properties and the absorption efficiency of
the host have been taken into account in the model. The theoret-
ical results of the numerical calculations are in good agreement
with those of experiments. The effects of the concentration of
the Yb®>T:YAG crystal, the thickness of the Yb3+:YAG crystal,
the temperature and the transmission of the output coupler on the
laser performance (threshold and output power) are addressed.
The optimization of the concentration and the thickness for the
Yb3T:YAG crystal microchip laser is presented. The effects of
the temperature and the pump power intensity on the optical-to-
optical efficiency are discussed. The output power can be scaled
by increase the working area of the laser gain medium. This mod-
eling is not only applicable to Yb®>:YAG crystal microchip laser
but also to other quasi-three-level microchip lasers.
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function of temperature and pump power intensity.
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1. Introduction

The average output power and the beam quality in the
solid-state lasers are limited by the thermally induced ef-
fects such as thermal distortion, birefringence, and the
thermal stress fracture in the solid-state gain medium.
Laser efficiency, however, depends on spectroscopic prop-
erties of the gain medium, such as the quantum defect and
the saturation intensity, as well as the beam waist and the
pump geometry. Cryogenically cooled Yb: YAG has signif-
icant potential for power scaling of efficient high-average-
power solid-state lasers with good beam quality because
of the material’s excellent thermo-optical and spectro-
scopic properties at low temperature [1,2]. Laser diode
pumped solid-state microchip lasers have been attractive
light sources because of their compactness, high output
power, high efficiency, and so on. Owing to the short gain
medium length for microchip laser operation, the concen-

tration of the gain medium should be high enough for ab-
sorbing enough pump power for high efficiency operation.
Ytterbium doped YAG crystal has been an attractive gain
medium for obtaining high output power and high beam
quality. High efficiency laser operation of Yb:YAG lasers
at liquid nitrogen temperature have been demonstrated us-
ing different geometries of Yb:YAG crystal (laser rod, and
microchip) recently [3-5].

The thin disk laser based on Yb:YAG crystal has been
an attractive configuration to realize the high beam qual-
ity and high output power operation [6,7]. However, the
pumping configuration of laser diode pumped thin disk
is multi-pass pumping of the thin disk and is very com-
plex for designing and adjusting, the easiest way is to use
single-pass or two-pass pumping Yb:YAG microchip laser
at low temperature as described in [4,5]. The slope effi-
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ciency and optical-to-optical efficiency of such laser is as
high as 80% and 70%.

Recently development of the high concentration doped
Yb:YAG crystal laser material has attracted a lot of at-
tentions for high power laser applications. Compared to
Nd:YAG crystal, Yb:YAG crystal laser material has sev-
eral advantages such as easy growth of large size and
high concentration Yb:YAG crystal, less expensive, mass
production, and so on. The laser performance of diode
laser pumped Yb:YAG microchip and thin disk laser
has been demonstrated and high efficient operation has
been achieved, the slope efficiency as high as 57.6% and
optical-to-optical efficiency of 53% has been achieved
with these Yb:YAG crystal as gain media. The Yb:YAG
crystal laser material is a promising laser material for high
power solid-state laser applications. The high concentra-
tion of Yb:YAG crystal offers another advantage for mi-
crochip laser applications. However, there is concentration
quenching with increase of the doping concentration, the
fluorescence lifetime of highly doped Yb: YAG crystal will
decrease with concentration [2], so the concentration effect
should be taken into account when highly doped Yb:YAG
crystal used as microchip laser gain medium. Also the ther-
mal population at lower-laser-level strongly depends on
the doping concentration and temperature. In this paper, a
laser model includes the concentration effect and tempera-
ture dependent stimulated emission cross-section and ther-
mal population distribution of the lower-laser-level based
on the rate equations was presented. The analytical and nu-
merical solution on the laser performance (output power
and pump threshold) as functions of the doping concentra-
tion and the thickness of the Yb:YAG crystal gain medium
at different temperatures are presented. The numerical
simulation of laser diode pumped Yb:YAG microchip laser
performance is in good agreement with the experimental
results. The optimization of the doping concentration and
thickness of the gain medium at different temperature on
the laser performance are presented for guiding to design
high efficient operation of laser diode pumped Yb:YAG
microchip lasers. The effects of the temperature and pump
power intensity on the laser performance such as optical-
to-optical efficiency are addressed. The power scaling of
Yb:YAG microchip laser is predicted.

2. Laser model

Microchip lasers are formed by directly coating the dielec-
tric films on the surfaces of the gain medium to form the
laser cavities, so in principle, they are Fabry-Perot cavities.
Or microchip lasers can be formed by directly coating the
dielectric film on one surface of the gain medium to form
the rear mirror of the laser cavity, the output coupler is sep-
arated from the gain medium which can be easily adjusted
for optimizing other parameters to achieve optimizing op-
eration of such laser system. The cavities can be treated as
approximately concave-concave cavities with the thermal
effects of the media taken into account or plane-concave

cavities. When the pump and laser beam in the gain media
are assumed to be Gaussian beams, using an M 2 factor,
the radii of the pump and laser beams along the direction
of the light can be written as [8, 9]
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where z is the coordinate along the axis of the laser, w,(2)
and wy,(z) are the radii of the pump and the laser beams
at z, wpo and wr are the radii of the pump and the laser
beams at waist z = 2o, A, and Az, are the wavelengths of
the pump and the laser, n is the refractive index of the gain
media. Generally, the length of the microchip gain media is
less than several millimeters, therefore, the approximation
of wy,(2) = wyo and wr,(z) = wre may be adopted.

For a laser gain media pumped by longitudinally CW
incident pump power Py, pump rate can be written as
W, = Pong/hv,, where h is the Planck constant, v, is
the frequency of the pump power, 1, = 1 — exp(—2al)
is the fraction of the incident pump power absorbed by
a laser gain medium of thickness [ for two-pass pumping
configuration, and « is the absorption coefficient at pump
wavelength \,. The normalized functions that describes
the spatial distribution of the pump power and the spatial
distribution of the laser cavity mode can be expressed as

[10]
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The total number of the laser photons in the laser cavity
is defined as @ = 2I.P./hcvy,, where P, is the laser power
inside the cavity, c is the vacuum speed of light, and vy, is
the frequency of the laser, [ is the optical length of the
resonator.

The temperature distribution in the gain medium for

end-pumped microchip laser can be written as according
to [11]

T(r,z) = (%)

2 2 2 2 2
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where T, is the coolant temperature at r = R, r
is the transverse radial coordinate, k£ is the thermal
conductivity of the gain medium, w,o is the pump
power beam waist incident on the gain medium, R
is the radius of the gain medium or the aperture of
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the cooler, Pj(z) is the heat generated inside the gain
medium when the incident pump power is Py, Pn(z) =
Pyalexp (—az) + Ry exp (—2al + az)|f, where « is
the absorption coefficient of the gain medium at pump
wavelength, [ is the length of the gain medium, R, is
the reflectivity of the front surface for pump wavelength,
E;(z) is the exponential integral function:

® —t

For the end-pumped microchip lasers, the temperature
variation along the z axis is smaller than that along the ra-
dial direction, so the average temperature along the z axis
is adopted. Therefore, the temperature distribution inside
the gain medium can be expressed as,

T(r) = ©)

2 2 2
o)+ m () n(2)]
T (O wao

where Py, = Pyng fh-

Because Yb:YAG laser is a quasi-three-level system,
the reabsorption of the ground state has a great effect on
the laser performance, the rate equations including the flu-
orescence concentration quenching and the reabsorption
of the ground state in steady state can be described as
[10,12,13]

dAN

AANTE) _ pWory (r,2) - 9
AN(’I", Z) + flothot fCJAN(Tv Z) —

— - (Ntot) - n dsd)L (7’, Z) - 07

where AN(r, z) is the spatial distribution of the popula-
tion inversion density between upper and lower laser lev-
els in pumped conditions, o is the emission cross sec-
tion of the gain medium at the laser wavelength, f,,, and
fup is the Boltzmann factor at the lower laser level and
the upper laser level of the Yb?':YAG crystal, respec-
tively, f = fiow + fup» T(Niot) is the lifetime of the
upper state level as a function of the concentration of the
active ions and 7(Ny.) can be described as 7(Nyp) =
(0.67442 +0.37632 exp(—C/Cp)) x 1073 s [2], where C
is the atomic percentage of the doping ions, Cj is the pa-
rameter that describes the concentration quenching effect
in Yb:YAG crystal. The lifetime of the *Fs /, state of Yb**
ions in highly doped Yb:YAG crystal should be governed
by the sum of probabilities for several competing pro-
cesses such as radiative decay, nonradiative decay by mul-
tiphonon emission and energy transfer to other Yb37 ions
and other impurities. The concentration quenching effect
in highly doped Yb:YAG crystal may be ascribed to more-
short-range mechanism of the Yb3* - Yb3*+ quenching in-
teraction, this phenomenon plays an increasingly impor-
tant role with increasing Yb ion concentration (Yb3T con-
centration > 15 at.%). Other impurities introduced during

fabrication of highly doped Yb:YAG crystal also play an
important role in the energy transfer between Yb3* and
impurities when the Yb concentration is higher.

The corresponding equation for the total number & of
photons in the cavity is [10,12]
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is the cold-cavity photon lifetime, L is the round-trip loss
and can be expressed as L = 241, ¢ is the internal loss per
unit length in the laser gain medium, and [, is the optical
length of the resonator, T is the output coupler transmis-
sion.

From Egq. (7), the spatial distribution of the population
inversion density is given by
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Substitute the population inversion density given in
Eq. (9) into Eq. (8), an implicit relationship between the
pump power F, 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
laser power inside the cavity Eq. (3) and Eq. (4) are sub-
stituted into Eq. (10), Eq. (10) can be rewritten as
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Eq. (11) can be simplified by integrating over the
length of the gain medium, then
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Let x = 2r° /w}, a = wiy/w3, and y = exp(—zx),

then Eq. (12) becomes

7 (Niot) %ya = fiowNiotl
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in Eq. (13), if P. = 0, the corresponding Py is the pump
threshold P;;,:
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3. Numerical simulation and predictions

The laser model proposed above was used to calculate the
temperature dependent laser performance of diode laser
pumped Yb3T:YAG microchip lasers [4] by taking tem-
perature dependent stimulated emission cross section and
the thermal population distribution of Yb:YAG crystal into
account. The parameters of the laser cavity and Yb:YAG
laser material are listed in Table 1. The stimulated emis-
sion cross section, ¢ and the thermal population fraction

Parameters | Value

Ap 940 nm

A 1030 nm
Wpo 90 pm

wro 67 pm

Py 0.58 W

To 0.15

1) 0.002 cm™!
[ I mm

Co 39 at.%

Table 1 Values of the parameters used in the numerical simula-
tion for Yb:YAG microchip lasers taken from [4]

T, Pin, | Pout, mW Pin, mW Slope

K w efficiency, %
Exp. | Cal. | Exp. | Cal. | Exp. | Cal
70 0.58 | 430 | 420 | 120 | 54 90 80
100 | 0.58 | 380 | 392 | 145 | 78 82 79
130 | 0.58 | 320 | 332 | 190 | 126 | 78 74
150 | 0.58 | 225 | 261 | 215 | 192 | 64 69

180 | 0.58 | 50 100 | 419 | 390 | 30 53

Table 2 Comparison of calculated and experimental results for
the Yb:YAG microchip laser
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Figure 1 (online color at www.lphys.org) Output power of
25 at.% Yb:YAG microchip laser as a function of incident pump
power at different temperatures, the length of Yb:YAG crystal is
1 mm, the output coupler transmission is 15%. The solid sym-
bols show the experimental data, the lines show the numerical
simulations

fiow and fyp, of Yb:YAG crystal are strongly dependent
on the temperature [2]. The relationship between the stim-
ulated emission cross section of Yb:YAG crystal and tem-
perature can be described as [2]

10.5
T+ oxp (T50)

The temperature of Yb:YAG microchip is calculated ac-
cording to Eq. (6). The experimental and calculated results
of the diode laser pumped Yb3T:YAG microchip laser at
different cooling temperature are listed in Table 2, the ex-
perimental data are quoted from [4]. In this table, P,,s =
Py and P,,; = P.Tj represent the incident pump power
and the output power, respectively. From Table 2, we can
see that the numerical simulation of diode laser pumped
25 at.% Yb3*:YAG laser is in good agreement with those
of the experiments. The numerical simulation of the output
power as a function of the incident pump power for diode
laser pumped 25 at.% Yb:YAG microchip laser with 1 mm
gain medium length and 0.15 output coupler transmission
is shown in Fig. 1. The differences between 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 the consideration in the laser model: the optical
inhomogeneity of the gain medium, the distribution varia-
tion of the absorbed pump power along the pump direction
inside the gain medium according to Lambert-Beer law,
the other loss of the laser cavity, etc. The thermal effect
introduced by the absorbed pump power inside the gain
medium enhances the vibration of the crystalline lattices
and it will reduce the quantum efficiency of the lumines-
cence and increase the linewidth of the luminescence spec-
trum, which will increase the pump power threshold and

o(T) = x 10720 cm?.
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Figure 2 (online color at www.lphys.org) The temperature de-
pendent pump power intensity threshold for Yb:YAG microchip
laser

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 the deformation inside the gain
medium will be induced, which will result in more interac-
tion between the active ions and the impurities, therefore
the loss of the crystal will increase. In most cases, the ra-
dius of the pump power adopted in the numerical calcu-
lations is not exactly the same as that in the laser experi-
ments because there is measurement error when the radius
of the pump power was measured. Therefore, there will be
some discrepancies between the calculated results and the
experimental results.

Fig. 2 shows the temperature dependent threshold
pump power intensity. The pump power intensity increase
dramatically with temperature when the temperature is
above 120 K, this is caused by the thermal distribution of
the low-laser-level population and the decrease of the stim-
ulated emission cross section of Yb:YAG crystal. To ob-
tain efficient laser operation from 200 K to room temper-
ate, the high pump power density is required. This result
agrees with the high pump power intensity for Yb doped
laser crystal. The pump power intensity in [4] is very low
(2.3 k€W/cm? at maximum pump power), there is no laser
oscillation when the temperature is higher than 180 K.

From Eqgs. (13) and (14) we can see that the transmis-
sion of the output coupler has the effect on the pump power
threshold and the output power of diode laser pumped
Yb:YAG microchip lasers. The pump power threshold is
proportional to the transmission of the output coupler, and
there should be an optimizing transmission for the high-
est output power under certain pump power. Fig. 3 shows
the pump power threshold and the output power of 25 at.%
Yb:YAG crystal with 1-mm thickness under 0.58-W pump

1.0 0.6
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Figure 3 (online color at www.lphys.org) (a) The pump power
threshold and (b) output power as a function of transmission of
output coupler at different temperature. The incident pump power
was set to be 0.58 W. The solid lines show the pump power
threshold, the dashed lines show the output power

power as a function of the transmission of the output cou-
pler at different temperatures. The pump power threshold
increases with the transmission of the output coupler, the
threshold pump power increases with temperature for the
same transmission of the output coupler, the higher the
temperature, the higher the pump power threshold. There
is an optimal transmission of output coupler for achiev-
ing highest output power at different temperature, and
the optimal transmission for this configuration increases
from 3.5% to 7% with temperature from 70 K to 180 K.
The highest output power is about 483 mW at 77 K, and
105 mW at 180 K, corresponding optical-to-optical effi-
ciency is 83.3%, 18.1% respectively.

The laser performance of Yb:YAG microchip lasers
strongly depends on the doping concentration of Yb3*
ions and the thickness of the laser medium at certain tem-
perature. Fig. 4 (a) shows the pump power threshold as a
function of the thickness for different doping concentra-
tion of the Yb3T:YAG crystal at 70 K, the internal loss per
unit gain medium length is adopted to be 0.002 cm™! as
mentioned in [8], the transmission of the output coupler
is set to be 0.05, the incident pump power is 0.58 W. The
threshold decreases dramatically with the increase of the
length of gain medium when the gain medium length is
shorter than 0.25 mm as shown in Fig. 4a, the lower pump
power threshold can be achieved when the crystal length
is longer than 1.25 mm, 0.75 mm, 0.3 mm, and 0.3 mm
for 5 at.%, 10 at.%, 25 at.%, and 40 at.% doping con-
centration, respectively. The pump power threshold nearly
does not increase with the doping concentration of the gain
medium when the length of gain medium is greater than
1.25 mm because thermal population distribution effect of
lower laser level can be neglected at low temperature. The
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Figure 4 (online color at www.lphys.org) The pump power
threshold as a function of thickness for different doping concen-
tration of Yb:YAG crystal at (a) 70 K, (b) 100 K, and (c) 180 K

same situation for the pump power threshold was also ob-
served when the laser was working at 100 K (as shown
in Fig. 4b). With further increase working temperature,
the pump power threshold strongly depends on the thick-
ness and the concentration of Yb:YAG crystal (as shown in
Fig. 4c). There is an optimum thickness of the Yb: YAG for
different doping concentration to obtain the lowest pump
power threshold. The optimum thickness of Yb:YAG crys-
tal are 1.5 mm, 0.8 mm, 0.3 mm, and 0.2 mm for 5 at.%,

500

— b5at%
—— 10 at.%
— 25at.%
—— 40at.%

Output power, mW

O 1 1 1 1 1 1 1 1
0 05 10 15 20 25 30 35 40 45
Thickness, mm

500
(b)

400 |
E_ — bat%
5 300 | —— 10at%
= —— 25at%
8. — 40 at%
5 200 H
Q.
i
]
@]

100

0 1 1 1 1 1 1 1 1

0 05 10 15 20 25 30 35 40 45
Thickness, mm

Output power, mW

0 05 10 15 20 25 30 35 40 45
Thickness, mm

Figure 5 (online color at www.lphys.org) The output power as
a function of thickness for different doping concentration of
Yb:YAG crystal at (a) 70 K, (b) 100 K, and (c) 180 K

10 at.%, 25 at.%, and 40 at.% Yb doping concentration at
180 K. The output power of Yb?*:YAG laser as a function
of the thickness of the gain medium for different doping
concentrations at 70 K is shown in Fig. 5a. The maximum
output power can be achieved with 4.5 mm, 2.5 mm, 1 mm,
and 0.8 mm thickness for 5 at.%, 10 at.%, 25 at.%, and
40 at.% respectively. Nearly the same situation keeps for
the Yb:YAG laser working at 100 K (as shown in Fig. 5b)
expect for the output power of highly doped Yb:YAG de-
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creases a little with increase of the thickness of the gain
medium which is caused by the thermal population dis-
tribution in highly doped Yb:YAG crystal becoming sig-
nificant which can not be ignored. When Yb:YAG laser
works at 180 K or above, the thermal population distribu-
tion have very significant effect on the laser performance
(as shown in Fig. 5¢). There is an optimum thickness for
different doping concentration to obtain the maximum out-
put power. The optimum thickness are 2.3 mm, 1.2 mm,
0.45 mm, and 0.27 mm for 5 at.%, 10 at.%, 25 at.%, and
40 at.% Yb doping concentration, respectively. The max-
imum output power decreases with the doping concentra-
tion, which shows that concentration quenching effect and
the reabsorption at the laser wavelength due to the thermal
population distribution in highly doped Yb:YAG crystal
on the laser performance is more strongly at higher tem-
perature than that at lower temperature. From Fig. 4 and
Fig. 5, the lower pump power threshold and higher output
power can be achieved by using different combinations of
the doping concentration and the thickness of the Yb:YAG
crystal. The thicker gain medium with low concentration
can be chosen to realize more uniform pump power distri-
bution along the pump direction at low temperature.

The output power can be scaled by increasing the
pump beam radium and the pump power and keeping the
pump power intensity as constant which is smaller than
the value of the thermal fracture limit. The scaling of the
power have been demonstrated by increasing the pump
power diameter at nitrogen temperature [5]. The incident
pump power is 135 W, the diameter of the pump beam is
1.5 mm, the transmission of the output coupler is 28%, a
0.6 mm thickness Yb:YAG doped with 25 at.% Yb was
used as a gain medium. The maximum output power is
75 W was achieved at an absorbed pump power of 106 W
with single-pass pumping configuration. Taking these data
into the previous equations, the output power as a function
of the incident pump power is shown in Fig. 6, which is
in good agreement with the experiment [5]. The optical-
to-optical efficiency can be enhanced by using two-pass
pumping configuration. The optical-to-optical efficiency
of end-pumped microchip Yb:YAG laser as a functions of
temperature and pump power intensity is shown in Fig. 7a.
High efficient performance of microchip Yb:YAG laser
can be realized by working at low temperature or being
pumped with high intensity pump power. The temperature
has great effect on the laser performance of Yb:YAG laser,
high efficient laser performance can be realized when
Yb:YAG working below 160 K even with low pump power
intensity, at the same time the thermal properties is better
of Yb:YAG at low temperature than at room temperature.
Yb:YAG laser working at low temperature provides more
flexibilities for obtaining efficient laser output because the
optical property such as stimulated emission cross section
is larger and the thermal properties are better than those
at room temperature. Fig. 7b shows the output power as
a function of pump beam diameter at different tempera-
tures when the pump power intensity is kept as 8 kW/cm?
with two-pass pumping configuration. The output power is
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Figure 6 (online color at www.lphys.org) (a) The output power
and optical-to-optical efficiency as a function of the incident
pump power, (b) the pump power threshold and output power as
a function of the transmission of the output coupler for Yb:YAG
microchip laser cooling at nitrogen temperature. The transmis-
sion of the output coupler is 28%. The thickness of Yb:YAG is
0.6 mm

nearly proportional to the square of the pump beam diame-
ter at different temperatures. The output power of Yb: YAG
microchip laser increases with the decrease of the temper-
ature at the same pump power diameter.

4. Conclusions

The theoretical model for CW Yb3* doped YAG mi-
crochip lasers including the concentration quenching
effect and temperature dependent emission cross section
and the temperature dependent thermal population distri-
bution is proposed based on the quasi-three-level-system.
Other factors related to the output power of diode laser
pumped Yb:YAG microchip lasers, such as the gain
medium’s thickness, the doping concentration of Yb3*
ions, the incident pump power, the transmission of the
output coupler and the fluorescence lifetime of the upper
level, are taken into account. The numerical simulation of
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Figure 7 (online color at www.lphys.org) (a) The optical-to-
optical efficiency of Yb:YAG microchip laser as a function of
temperature and pump power intensity. The 0.6 mm Yb:YAG
doped with 25 at.% Yb is used as gain medium, the transmission
of the output coupler is 20%. (b) The output power of Yb:YAG
microchip laser as a function of pump beam diameter at different
temperature when the pump power intensity is 8 kW/cm?

diode laser pumped Yb:YAG microchip laser at different
temperature is in good agreement with those of the exper-
iments. From the calculation of the pump power threshold
and output power as functions of the thickness and the con-
centration of the gain medium at different temperature, the
optimized relationship between the doping concentration
and the thickness of the Yb:YAG crystal enables the mi-

crochip lasers have a relatively low pump power threshold
and high efficient laser operation at a certain pump power
level. The effect of decrease of the thickness will bene-
fit for the thermal management for laser operation with
high concentration Yb:YAG crystal as gain medium. The
same output power can be achieved by using different con-
centration gain medium with relevant thickness. The opti-
mized concentration for microchip laser operation should
be over 10 at.%, and the optimized length of Yb: YAG mi-
crochip should be in the range of between 0.3 mm and
2 mm. The efficient laser performance of Yb:YAG laser
can be realized by working at low temperature or using
high pump power intensity. Low temperature operation of
Yb:YAG laser provides more flexibilities for efficient laser
design owing to the better optical and thermal properties
of Yb:YAG at low temperature. The output power can be
scaled by increasing the working area of the Yb: YAG gain
medium.
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