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ABSTRACT A theoretical model based on a quasi-four-level sys-
tem is modified to investigate the effect of Yb concentration on
performance of continuous-wave Yb:YAG microchip lasers by
taking into account temperature-dependent thermal population
distribution, temperature-dependent emission cross-section and
concentration-dependent fluorescence lifetime, thermal load-
ing, thermal conductivity, and thermal expansion coefficient.
The local temperature rise in Yb:YAG crystal caused by the
absorbed pump power plays an important role in the laser
performance of Yb:YAG microchip lasers working at ambient
temperature without actively cooling the sample. The output
wavelengths dependent on output coupling, Yb concentration,
and pump power level were analyzed quantitatively. The numer-
ical simulation of Yb:YAG microchip lasers is in good agree-
ment with experimental data. The optimized laser operation for
Yb:YAG microchip lasers is proposed by varying the thickness
and output coupling for different Yb concentrations. The effect
of thermal lens, thermal deformation effect, and saturated in-
version population distribution inside the Yb:YAG crystal on
performance of heavy-doped Yb:YAG microchip lasers are also
addressed.

PACS 42.55.Xi; 42.70.Hj; 42.55.Rz

1 Introduction

With the rapid development of high power, high
brightness InGaAs laser diodes emitting at 940 nm, much
effort has been exerted to develop high power, laser-diode-
pumped, ytterbium-doped solid-state lasers. Among ytter-
bium-doped solid-state laser materials, Yb:YAG has been
a promising candidate for high-power laser-diode (LD)-
pumped solid-state lasers [1, 2], because YAG is an attractive
host material with excellent thermal, chemical and mechani-
cal properties [3]. Yb:YAG crystals have several advantages,
such as a long storage lifetime (about 1 ms) [4, 5], a very low
quantum defect resulting in three times less heat generation
during lasing than comparable Nd-doped laser systems [6],
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a broad absorption bandwidth and less sensitivity to diode
wavelength specifications [5,7], and easy growth of high
quality and moderate ytterbium contain crystals without lu-
minescence quenching [8]. However, the quasi-four-level sys-
tem of ytterbium-doped materials limits the laser performance
of these materials by the thermal population of terminated
lasing levels of the 2F;, state (especially for 1030 nm oscilla-
tion at ~ 612 cm ™! terminated laser level) [5], which contains
~ 5% of the %F; 2 population at room temperature (RT).
Therefore, temperature controlling Yb:YAG crystals is an im-
portant factor in the design of high power lasers. High average
output power lasers based on Yb:YAG have been achieved
with high efficiency by using different laser cavity configu-
rations such as end-pumped microchip lasers, edge-pumped,
and side-pumped laser systems [9—13] to control the tempera-
ture of the working Yb:YAG part. Some of the applications
require that the lasers should be compact and economic; there-
fore, the cooling system is eliminated for compact and easily
maintainable laser system. Thus, laser-diode end-pumped mi-
crochip lasers are a better choice to achieve highly efficient
laser operation under high pump power intensity. The effect
becomes worse at high temperature induced by the heat gener-
ated by the absorbed pump power inside the Yb: YAG crystals.
In addition, the thermal population still depends strongly on
the concentration of Yb** lasants in YAG crystal. There-
fore, high pump power intensity is required to realize highly
efficient performance of Yb:YAG microchip lasers at room
temperature without active cooling of the working Yb:YAG
crystal. The effect of Yb concentration of these microchip
lasers has been investigated systematically and found that the
Yb concentration has great effect on laser performance, owing
to the strong reabsorption loss and thermal lens effect [14].
Several theoretical models for investigation of end-
pumped quasi-four-level lasers [15, 16] have been proposed
by taking into account the reabsorption losses; however, pre-
vious theoretical modeling of quasi-four-level lasers focused
on the 946 nm oscillation from Nd:YAG crystals and did not
take into account concentration-dependent fluorescence life-
time. Recently, some theoretical models have been proposed
for describing end-pumped quasi-three-level lasers, such as
Tm3+:YVOy,, Ti:sapphire, and Yb:YAG lasers [17-20]. Al-
though the reabsorption loss and concentration quenching
effect were included in the theoretical modeling of Yb:YAG
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microchip lasers [19], the model is concentrated on laser per-
formance under sufficient temperature control of the gain
medium, the thermal effect induced by the absorbed pump
power was not included in the model. The thermal con-
ductivity of YAG decreases and thermal loading parameter
increases with increasing ytterbium concentration. Further-
more, there is strong emission quenching, which is attributed
to uncontrolled impurities during crystal growth. These
concentration-dependent thermal properties of Yb:YAG have
great unwanted effects on the laser performance of Yb:YAG
microchip laser at ambient temperature without sufficient
active cooling system. The thermal conductivity, thermal ex-
pansion coefficient, thermal loading of Yb:YAG crystals also
relate to the temperature, temperature rise-induced by the
pump power deposited on the gain medium are important fac-
tors to be considered in the laser performance of Yb:YAG at
ambient temperature. Also temperature has great impact on
the emission peak cross-section of Yb: YAG crystals [21,22].
It is necessary to establish a theoretical model to include all
above-mentioned thermal properties of Yb:YAG crystals.

In this paper, we report on the theoretical investigation of
the effect of Yb>*-ion concentration on the development of
Yb:YAG microchip lasers at ambient temperature. The oper-
ating characteristics of Yb:YAG microchip lasers were inves-
tigated based on the well-established rate equations [15, 16]
by taking into account the temperature-dependent reabsorp-
tion loss of quasi-four-level system and temperature effects
due to the heat generated by the absorbed pump power. The
numerical simulation results are in very good agreement with
the experimental data presented in Part I of this paper [14].
Although there is strong reabsorption loss for Yb:YAG mi-
crochip lasers working at room temperature without sufficient
cooling the samples, the performance of such microchip lasers
can be further improved by choosing optimized thickness
and output coupling. Comparable laser performance can be
achieved in certain working condition by using heavy-doped
Yb:YAG crystals. The theoretical modeling of such microchip
lasers shows that better laser performance can be achieved by
using Yb:YAG crystal doped with lower ytterbium concen-
tration. The laser properties at 1030 nm become worse than
those at 1049 nm with the Yb3*-ion concentration owing to
the strong thermal population distribution in its pump area.
The effect of thermal lens and saturated inversion popula-
tion distribution inside the gain medium on the performance
of Yb:YAG microchip lasers are also addressed for different
Yb concentrations and output coupling under different pump
power levels.

2 Theoretical analysis of Yb:YAG microchip lasers

Microchip lasers are formed by directly coating the
dielectric films on the surfaces of the gain medium to form
the laser cavities, so in principle, they are Fabry—Pérot cav-
ities. On the other hand, 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 out-
put coupler is separated from the gain medium which can be
easily adjusted for optimizing other parameters to achieve op-
timized operation of such a laser system. The cavities can be
treated as approximately concave-concave types with the ther-

mal 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 [20, 23]
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where z is the coordinate along the axis of the laser, wp(z)
and wy (z) are the radii of the pump and the laser beams at z,
wpo and wy g are the radii of the pump and the laser beams at
waist z = zo, Ap and Ar, are the wavelengths of the pump and
the laser, n is the refractive index of the gain media. Gener-
ally, the length of the microchip gain media is less than several
millimeters; therefore, the approximation of w;,(z) = wpo and
wr.(z) = wro may be adopted.

For a laser gain medium pumped by longitudinally cw
incident pump power Py, the pump rate can be written as
W, = Pona/hv,, where h is the Planck constant, v, is the fre-
quency of the pump power, 1, = 1 —exp(—al) is the fraction
of the incident pump power absorbed by a laser gain medium
of thickness / for one-pass pumping configuration, and « is
the absorption coefficient at pump wavelength A,. The nor-
malized functions that describe the spatial distribution of the
pump power and the spatial distribution of the laser cavity
mode can be expressed as [16]
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The total number of the laser photons in the cavity is defined as
@ =2I.P./hcvy, where P, is the laser power inside the cavity,
c is the vacuum speed of the light, and vp. is the frequency of
the laser emission, /. is the optical length of the resonator.

For the end-pumped microchip lasers, owing to the small
pump beam diameter compared to the diameter of the gain
medium, the heat flow prefers along the radius direction;
therefore, the temperature distribution in the gain medium for
end-pumped laser can be written as, according to [24],
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where T is the coolant temperature at r = R, r is the trans-
verse radial coordinate, k is the thermal conductivity of the
gain medium, R is the radius of the gain medium or the
aperture of the cooler, P,(z) is the heat generated inside the
gain medium when the incident pump power is Py, Py(z) =
Py exp(—az) fn, fn is the thermal loading parameter of gain
materials, E;(x) is the exponential integral function: E;(x) =

[e.¢]
i (%) dt. For the end-pumped microchip lasers, the tem-
X
perature variation along the z-axis is smaller than that along
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the radial direction, so the average temperature along the
z-axis is adopted in calculation of the thermal lens effect and
numerical simulations of the laser performance. Therefore,
the temperature distribution inside the gain medium can be
expressed as

o) = To + - |1 <R2>+E 2R g (2
r=I1c+-—|In| —= il = -E&|—=])]|>
4kl r2 wgo wgo

(6)

where P, = Pon, fi is the total heat generated inside the gain
medium when the incident pump power of Py is applied.

The thermally induced lens is so far the most bothering is-
sue in the development of high power solid-state lasers and
limits the laser output power with good beam quality to a nar-
row pump power range. Longitudinal pumping leads to the
most pronounced nonuniform heating distribution resulting
from the localized absorption of the pump radiation, this ef-
fect becomes more severe with high concentration doping in
Yb:YAG crystals. For a microchip laser that is end-pumped
by a fiber-coupled laser-diode, the thermal lens makes the res-
onator stable, and the focal length of the thermal lens, fi, is
given by [25, 26]

w2k [ dn
fin = [
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where dn/dT is the thermal dispersion, «, is the thermal ex-
pansion coefficient, # is the refractive index, C; is the elasto-
optical coefficient, v is the Pisson’s ratio, and wy, is the average
pump beam waist in the active medium. The focus length of
the thermal lens depends on the square of the pump beam ra-
dius and incident pump power.

Owing to the pronounced heat distribution in the pump
section, the thermal lens can be assumed to be located at sur-
face with high reflectivity at lasing wavelength. The ABCD
matrix M for a round trip optical path starting from the output
mirror of microchip lasers can be expressed as [27, 28]

M= (1 = @l/nfun) 20/n— l2/n2ﬁh)> ®)
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From the stable laser cavity condition, there exits a critical
pump power, Peiical, at Which the thermally induced lens
causes the laser cavity to be unstable, the critical thermal lens
that relates to the stability of microchip laser cavity is given by

fth,critical =2l/n. 9)

Comparing (7) and (9), the critical pump power can be ex-
pressed as

nwgkn dn 5 -1
m E—i—(n—l)(l—i—v)ae—l—n oteCr
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(10)

Thermal conductivity, thermal expansion coefficient, and
thermal dispersion all have strong relationship with tempera-
ture, the commonly cited thermal conductivity of undoped
YAG crystal is 0.103 W/(cmK) [29]. However, the ther-
mal conductivity decreases with increasing of the Yb>*-ion

concentration in YAG crystal, such as 0.078, 0.073, and
0.055W/(cmK) for 5, 15, and 25 at. % Yb:YAG measured
in [8]. The temperature-dependent thermal conductivity of
undoped YAG was described as

_a d
(In(T)* T

wherea=1.9 x 107" W/(cmK), b =5.33 K™, c =7.14,and
d=331W/cm.

The change in refractive index of YAG with temperature
dn/dT can be calculated from the change in optical path
length with temperature and thermal expansion coefficient o
with temperature as follows [30, 31]:

k(T) = : Y

dn

ﬁ(T) =n((T) —a.(T)) . 12)
y(T) is the fractional change in optical path length with tem-
perature, which can be determined from the period of the
interference fringe pattern as follows [30]:

1 d(@nL)
T)=—
Y= ar
The temperature dependence of y(7') can be fitted with the
experimental data in [30] as

13)

Y(T)=449x108T —1.56x107°. (14)
For thermal expansion coefficient, a., we adopt [32]
ae(T)=d'T" (15)

where a’ = 1.14 x 107 K~®*D and »" = 0.69.

The temperature of Yb:YAG crystal rises with pump
power working at ambient temperature, the thermal conduc-
tivity is lower, and the thermal expansion coefficient and the
thermal dispersion are larger. Therefore, the thermal lens ef-
fect becomes severe and the critical pump power decreases
with local temperature rise inside the gain medium.

Because Yb:YAG laser at RT is a quasi-four-level system,
the reabsorption of the ground state has a great effect on the
laser performance, the rate equations including the lumines-
cence concentration quenching and the reabsorption of the
ground state in steady state can be described as [15, 16, 33]

dAN(r, 2) _ _ AN(r, 2) + fiow Not
—a M9 M)
LETD gy 2 = 0), (16)

where A N(r, z) is the spatial distribution of the population in-
version density between upper and lower laser levels under
pumped conditions, o is the emission peak cross-section of
the gain crystal at the laser wavelength, which depends on
the temperature, fiow and fy, are the Boltzmann factors at the
terminated and the upper laser levels of the Yb: YAG crystal,
respectively; f = fiow + fup; T(Nior) is the lifetime of the up-
per laser level as a function of the concentration of the active
ions.

Figure 1 shows the energy-level diagram of Yb: YAG crys-
tal and energy gap of each Stark levels from the ground state.
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FIGURE 1 Energy level diagram of the Yb:YAG crystal. The pump and

laser transitions are noted by the heavy lines. The calculated Boltzmann oc-
cupancies at up laser level and terminated laser levels (612 and 785 cm™!) at
room temperature are also shown

It is assumed that there is rapid thermalization of the levels
within each manifold so that the relative populations of the
sublevels within a manifold can be treated as Boltzmann dis-
tribution. The Boltzmann distribution factor at the upper laser
level and the terminated laser levels (612 cm™! for 1030 nm
oscillation and 785 cm™! for 1049 nm oscillation) of Yb:YAG
crystal can be described as follows:

fup=exp(—Ea1 /ksT)/ > exp(—E ;i /kgT) . (17)
fiow=exp(=Ez3/ksT)/ ) _ exp(—Ezi/ksT)

i

(13)

where kg is the Boltzmann constant and 7 is the temperature.
fiow should be calculated by replacing Ez3 with Ez4 when
the laser oscillates at 1049 nm. f,, and fiow are strongly de-
pendent on the temperature of Yb:YAG, fi,w increases with
temperature, especially for 1030 nm oscillation.

The corresponding equation for the total number @ of pho-
tons in the cavity is [15, 16]

- /// ANG. )Py (r.2)dV — 2 =0,
n T

where 7, = m is the cold-cavity photon lifetime, L is the
round-trip loss and can be expressed as L = 241, § is the in-
ternal loss per unit length in the laser gain medium which has
strong dependence on the Yb3*-ion concentration, and /. is
the optical length of the resonator, T, is the output coupler
transmission.

From (16), the spatial distribution of the population inver-
sion density is given by

(19)

WpT(Ntot)rp(rs 2) = fowNot
1+ 0% Dby (1, 2)
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where I1 (r, z) is the intracavity laser intensity, I is the sat-
urated intensity of Yb:YAG crystal, AN,(r, z) is the pump
power-induced inversion population.

Substitute the saturated inversion population density given
in (20) into (19), an implicit relationship between the pump
power Py and the total laser power P, inside the cavity can be
expressed as

[ OOT(Ntot)%rp(r 2) — fiow Neot
Arlo // ¢L(r,2)rdrdz
0 0

1+ r(Nm[)U 2an¢ ¢ ( )

=L+Ty. 2D
When the spatial distributions of the pump power and laser
power inside the cavity (3) and (4) are substituted into (21),
(21) can be rewritten as

T(Nior) h‘i(j::lr))zo exXp ( w2r ) exp(—az) — Jiow Nt
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Equation (22) can be simplified by integrating over the length
of the gain medium, then

2Py
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Letx = %, a= w—%“ and y = exp(—x), then (23) becomes
Wro Who
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in (24), if P, =0, the corresponding Py is the pump threshold
P th:

24)
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4102 T(Nior)o '

th =
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3 Theoretical calculations comparing
with experimental data

For quasi-four-level laser system such as Yb:YAG
crystals, the pump power threshold of microchip laser ex-
pressed by (25) is strongly dependent on the optical proper-
ties of the gain medium (especially thermal loading parame-
ter, the emission cross-section and fluorescence lifetime), the
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pump condition (pump beam diameter), the intracavity loss,
useful output coupling loss and the reabsorption loss at las-
ing wavelengths. The reabsorption loss is proportional to the
Yb3*-ion concentrations, thickness of the gain medium, and
temperature-dependent thermal population distribution factor
fiow at terminated laser levels of Yb:YAG crystal. Figure 2
shows the calculated absorbed pump power thresholds for
1030 nm and 1049 nm oscillation as a function of the trans-
mission of the output coupler for different Yb concentrations.
Both the absorbed pump power thresholds at 1030 nm and
1049 nm increase with T, for different Yb concentrations and
the thickness of the Yb: YAG crystals. However, the absorbed
pump power threshold at 1049 nm increases faster than that
at 1030 nm with T,.. There are transmissions of the output
coupler (Toc,auar) for dual-wavelength oscillation (4.8, 5.3 and
6.6% for 1-mm-thick Yb:YAG doped with 10, 15 and 20 at. %
Yb3+, respectively; 8.6% for 0.5-mm-thick Yb:YAG doped
with 20 at. % Yb*). When these output couplings are used,
the absorbed pump power thresholds at 1030 and 1049 nm are
equal for different concentrations and thickness of Yb:YAG
crystals. Therefore, dual-wavelength oscillation at 1030 nm
and 1049 nm is possible by adjusting output coupling in mi-
crochip Yb:YAG lasers without controlling the loss by exter-
nal factors, such as using different transmission of the output
coupler. When T, is lower than T gual, the absorbed pump
power threshold at 1049 nm is lower than that at 1030 nm;
therefore, the laser prefers to oscillate at 1049 nm. Conversely,
when Tq is higher than Toc gual, the absorbed pump power
threshold at 1030 nm is lower than that at 1049 nm; therefore,
the laser prefers to oscillate at 1030 nm. Also the heat gen-
erated in the Yb:YAG gain medium plays a role on the laser
oscillating wavelengths, as shown in Fig. 2. For a 1-mm-thick
10 at. % Yb:YAG microchip laser with T, = 5%, the pump
power threshold at 1030 nm is lower than that at 1049 nm;
therefore, the laser oscillates at 1030 nm. The crystal tem-
perature increases with a further increase of the pump power;
therefore, the reabsorption loss increases, the value of the
transmission of the output coupler for both wavelengths os-
cillation increases. Also, the threshold at 1049 nm is lower
than that at 1030 nm, and the laser oscillates at 1049 nm for

0.5

1030 nm

1049 nm4@,’/i’
7

Pth,abs (W)

0.0 . ° CYD_IZO at.% | (rising temperature)
"0 5 10 15 20 25
T .. (%)

FIGURE 2 The absorbed pump power thresholds at 1030 nm and 1049 nm
as a function of transmission of the output coupler for Yb:YAG crystals
doped with different Yb3* lasants. The effect of temperature rise on the pump
power thresholds for 10 at. % Yb:YAG at both wavelengths are also shown

10 at. % Yb:YAG, which is in fair agreement with the experi-
mental observations of laser emitting wavelength switching
from 1030 nm to 1049 nm for 10 at. % Yb:YAG microchip
laser with T,. = 5% [14]. For high Yb doping concentrations,
owing to the strong reabsorption, the Toc quai Value for both
wavelength oscillations are large; therefore, for To. = 5%,
the absorbed pump power threshold at 1049 nm is lower than
that at 1030 nm, the lasers prefer to oscillate at 1049 nm. For
Ty > 10%, the useful output coupling loss is large, the ab-
sorbed pump power threshold at 1049 nm is larger than that
at 1030 nm, owing to the smaller emission cross-section at
1049 nm compared to that at 1030 nm. Therefore, the laser
oscillates at 1030 nm. The cause of the change of laser wave-
length and dual-wavelength operation for a 10 at. % Yb:YAG
microchip laser with Ty, = 5% is attributed to the quasi-four-
level nature of Yb:YAG and the local temperature rise due
to the heat generated at high pump power. The local tem-
perature rise inside Yb: YAG has a great effect on the thermal
population distribution of terminated laser level for 1030 nm.
Therefore the reabsorption around the strong emission peak
of 1030 nm increases, the threshold for 1030 nm oscillation
increases; however, the local temperature rise has little ef-
fect on the reabsorption loss around the weak emission peak
of 1049 nm for Yb:YAG crystal, there is a tradeoff between
1030 and 1049 nm lasing. With a further increase of the local
temperature, the laser prefers to oscillate at 1049 nm rather
than at 1030 nm with T,. = 5%. Therefore, when the absorbed
pump power is higher than a certain value, the laser oscil-
lates at 1049 nm. For heavy-doped Yb:YAG crystals (15 and
20 at. %), the reabsorption loss plays an important role in
the laser oscillation threshold, the laser prefers to oscillate at
1030 nm that at 1049 nm.

The numerical simulations of Yb:YAG microchip
lasers [14] were performed by taking into account the reab-
sorption loss relating to the local temperature rise due to heat
generation inside the gain crystal by absorbed pump power,
temperature-dependent stimulated emission cross-section,
thermal conductivity [8], concentration-dependent fluores-
cence lifetime, thermal loading [8] and so on. The parameters
of the laser cavity and the Yb:YAG laser material used in the
numerical simulations are listed in Table 1. The stimulated

Parameters Value
Ap 940 nm
A 1030 nm
1049 nm
wpo 60 pm
wLo 60 m
Py 10.5W
To 0.05,0.1,0.15 and 0.2
B 0.002 cm™! for 10 at. % Yb
0.004 cm™! for 15 at. % Yb
0.006 cm™! for 20 at. % Yb
I 1 mm
0.5 mm
Co 39 at. %
n 1.82
Cy 0.0195
v 0.3
TABLE 1  Parameters for Yb:YAG microchip lasers used in the theoretical

simulations
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emission cross-section, o, and the thermal population frac-
tion fiow and fyp of Yb:YAG crystal are strongly dependent on
the temperature [21]. The relationship between the stimulated
emission cross-section of Yb:YAG crystal and temperature
can be described as

10.5

I+ exp (L518)

o(T) =2+ x 107 cm® [21].

Concentration-dependent fluorescence lifetime, (Nyy), can
be described as t( Ny ) = (0.67442+0.37632 exp(—C/Cp)) x
1073 s [21], where C is the atomic percentage of the dop-
ing ions, Cy is the parameter that describes the concentration
quenching effect in Yb:YAG crystal. The laser performance
was simulated by numerically solving the (24) for YAG crys-
tals doped with different Yb>*-ion concentrations under dif-
ferent output coupling conditions. The numerical simulations
of the output power for microchip lasers with different Yb3*-
ion concentrations as a function of the incident pump power
under different coupling conditions for 1049 nm (T, = 5%)
and 1030nm (7, = 10%) oscillations are shown in Fig. 3
together with the experimental data taken from [14]. The nu-
merical simulations of the laser performance (output power,
optical-to-optical efficiency with respect to the incident pump
power are listed in Table 2) are in good agreement with the
experimental data for different working conditions. The nu-
merical simulation results show that 1-mm-thick Yb:YAG
crystals doped with different concentration (Cy, = 10, 15 and

20 at. %) laser operation at 1049 nm can be used for achiev-
ing comparable laser output, and the laser performance is
little better for higher concentration. However, the laser per-
formance of 0.5-mm-thick Yb:YAG (Cy, = 20 at. %) is not
improved compared to 1-mm-thick Yb:YAG (Cy, = 20 at. %)
with respect to the incident pump power. For 1030 nm laser
oscillation, the output power decreases with Yb concentra-
tion for 1-mm-thick Yb:YAG microchip lasers owing to the
strong reabsorption at the terminated laser level. The best
laser performance at 1030 nm was achieved by using Yb: YAG
(Cyp = 10 at. %) with smaller reabsorption loss. The thin
Yb:YAG (Cy, =20 at. %) does not benefit the laser per-
formance at 1030 nm, and even worse than that working at
1049 nm. It should be noted that (24) does not take into ac-
count of the thermal lens effect induced by the heat generation
resulted from absorbed pump power; therefore, the output
power increases with pump power even when the pump power
exceeds the critical pump power limited by the thermal lens
and thermal deformation effects, making the laser resonator
unstable and causing the laser to stop.

Figure 4 shows the output power as a function of the
thickness of Yb:YAG crystal doped with different Yb con-
centrations. The incident pump power was set to 10.5 W in
the simulations. Laser output power at 1049 nm oscillation
with To. = 5% is higher than that at 1030 nm oscillation with
Toc = 10% for all the Yb concentrations (Cyp = 10, 15, and
20 at. %). Optimized thickness of Yb:YAG crystal is different
for 1049 nm and 1030 nm oscillation, the optimized thick-

5 5
T =5% T =10%
oc q oc
o~ gf t=1mm: 9 o~ 4} t=1mm:
S [—oc,=10a% ° S [—oec,=10a%
5 [~ © C,=15at% AABALY 5 |— o c,=15a%
2 3r— ac,=20at% z 3r— ac,=20at%
g g
5 2f 5 2
a o
=] * =
O 1t £=0.5mm : O 1 = 0.5mm: FIGURE 3 The numerical simulations of the
— % C,=20at% Tk C =20at% output power of Yb:YAG microchip lasers under
0 e S e S S L 0 Z 1 1 * L different working conditions for (a) 1049 nm and
o 1 2 _3 4 5 6 7 8 910 0 2 ) 4 6 8 10 (b) 1030 nm oscillations. The dots are the experi-
a Incident pump power (W) b Incident pump power (W) mental data taken from [14]
Yb:YAG Toc (%) AL (nm) Pin (W) Pout (W) No-o(in) (%)
Exp. Cal. Exp. Cal.
10 at. %, 1 mm thick 5 1049 10.5 4.35 4.77 43 45
10 1030 10.5 4.6 4.73 44 45
15 1030 10.5 35 4.19 34 40
20 1030 10.5 3.4 3.74 33 40
15 at. %, 1 mm thick 5 1049 10.5 4.6 473 44 45
10 1030 10.5 39 451 41 43
15 1030 10.5 35 4.24 36 40
20 1030 10.5 33 3.96 36 38
20 at. %, 1 mm thick 5 1049 10.5 3.05 5.01 45 48
10 1030 55 1.04 1.77 24 32
15 1030 5 0.9 1.45 21 29
20 1030 5 0.71 1.27 18 25
20 at. %, 0.5 mm thick 5 1049 5.5 1.5 1.93 33 35
10 1030 5.5 0.81 1.56 26 28
15 1030 5 0.48 1.3 17 26
20 1030 35 0.38 0.67 14 19
TABLE 2  Comparison of calculated and experimental results for microchip Yb:YAG lasers. Experimental data of output power and optical-to-optical

efficiency are the maximum values obtained from experiments. Pj, is the value used in numerical calculations, which is close to the experimental conditions



DONG et al. Effect of ytterbium concentration on cw Yb:YAG microchip laser performance — Theoretical modeling

373

o
T
\
'

3]
T

w
T
'
/
’
4

Outupt power (W)
E

2L i T, =5%: T, =10%: el
—¢,=10at% ----C,=10at% -

1Hf —c,=15at% ----C,=15at%
—cC,,=20at% ----C,=20at%

0 . . . : .

0 1 2 3 4 5 6

Thickness (mm)

FIGURE 4 Output power of Yb:YAG microchip lasers as a function of the
thickness of Yb:YAG crystals for different Yb concentrations. The incident
pump power was set to 10.5 W when the calculations were performed

ness of Yb:YAG crystal at 1049 nm oscillation is thicker than
that at 1030 nm. The better laser performance can be ob-
tained by choosing thicker Yb:YAG doped with lower Yb
concentrations or thin Yb:YAG crystal with high Yb con-
centration. Optimized crystal lengths working at 1049 nm are
3.38,2.28 and 1.7 mm for Yb:YAG crystal doped with 10, 15
and 20 at. % Yb>*-lasant. Therefore, the optical-to-optical ef-
ficiency of over 59% at 1049 nm with respect to the incident
pump power can be achieved by using 10 at. % Yb:YAG with
optimized thickness of 3.38 mm and Ty, = 5%. Optimized
crystal length (2.67, 1.75 and 1.2mm for Yb:YAG crystal
doped with 10, 15 and 20 at. % Yb3+t-lasant) is shortened for
1030 nm operation owing to strong thermal population distri-
bution compared to that at 1049 nm. For 1-mm-thick Yb:YAG
crystals, laser performance at 1049 nm of 20 at. % Yb:YAG
with respect to the incident pump power is better than that
of 10 and 15 at. % because the thickness of Yb:YAG crystal
is close the optimized thickness. Laser performance becomes
worse by using thinner crystal (< 1 mm) for single-pass end-
pumped Yb: YAG microchip lasers. Figure 5 shows the output
power of 1-mm-thick Yb:YAG microchip lasers at 1049 nm
and 1030 nm as a function of the transmission of the out-
put coupler for different Yb concentrations under 10.5 W in-
cident pump power. For 1049 nm oscillation, output power
for 20 at. % Yb:YAG with T, = 5% is better than those for
10 and 15 at. % Yb:YAG, which is in good agreement with
the experimental data without considering the strong ther-
mal lens effect in highly doped Yb:YAG microchip lasers.
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FIGURE 5 Output power of Yb:YAG microchip lasers as a function of the
transmission of the output coupler for different Yb doping concentrations.
The incident pump power was set to 10.5 W when the calculations were
performed

However, for 1030 nm operation, the effect of output coup-
ling on 10 at. % Yb:YAG microchip laser is stronger than
on 15 and 20at. % Yb:YAG microchip lasers. The output
power of 10 at. % Yb:YAG microchip laser decreases faster
with T, than those for 15 and 20 at. % Yb:YAG microchip
lasers when T > 10%. For T,c = 10%, the output power of
10at. % Yb:YAG microchip laser is higher than those from
15 and 20 at. % Yb:YAG, however, with further increase of
T,., the output power of 15 at. % is higher than those from 10
and 20 at. % Yb:YAG when T, > 14%. Under certain output
coupling, the optimizing laser performance of end-pumped
Yb:YAG microchip lasers can be achieved by adopting thick
Yb:YAG crystals doped with low Yb concentration. With cur-
rent available fiber-coupled laser-diode as pump source, the
large Rayleigh range (several millimeters depending on the
pump beam diameter incident on the laser crystal) from laser-
diode can be obtained, for optimized 3.38-mm-thick Yb:YAG
doped with 10 at. % Yb ions can be well pumped and relative
uniform pump power distribution can be achieved.

Although numerical simulations of microchip laser per-
formance of Yb:YAG crystals doped with different Yb con-
centrations are in good agreement with experimental data (as
shown in Fig. 3), the output power roll-over observed in the
experiments cannot be fully explained by the thermal popu-
lation distribution inside the gain medium and reabsorption
loss, because the average temperature rise along the thickness
of gain medium is assumed for the simplified calculations.
However, for end-pumped Yb:YAG microchip laser, owing
to the absorbed pump power distribution as an exponential
decay along the thickness of gain medium; therefore, the tem-
perature distribution inside its gain crystal is different along
the thickness and the radius of the generated crystal. Fig-
ure 6 shows the temperature distribution along the thickness
and the radius of YAG crystals doped with different Yb>*-
ion concentration according to (5), the incident pump power
of 10.5 W for 10 and 15 at. % Yb:YAG and 5 W for 20 at. %
Yb:YAG was used in the calculation of the temperature distri-
bution. The maximum temperature rise locates at the entrance
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FIGURE 6 Temperature profile distribution along the thickness and ra-
dius of Yb:YAG crystals for (a) 10at. % Yb:YAG under 10.5 W incident
pumping; (b) 15 at. % Yb:YAG under 10.5 W incident pumping; (c) 20 at. %
Yb:YAG under 5W incident pumping; (d) 0.5-mm-thick Yb:YAG doped
with 20 at. % Yb under 5 W incident pumping



374 Applied Physics B — Lasers and Optics

of the pump beam incident on the Yb:YAG crystal, the tem-
perature decreases along the thickness because the absorbed
pump power decreases exponentially. Temperature increases
with Yb**-ion concentration under the same pump power
level (as shown in Fig. 6a and b). The temperature for 20 at. %
Yb:YAG crystal (Fig. 6¢c and d) even with only 5W inci-
dent pump power is close to that for 15 at. % Yb:YAG crys-
tal (Fig. 6b) under 10.5 W incident pump power. For heavy-
doped Yb:YAG crystals, the temperature difference between
the entrance surface and the exit surface is larger than that
for low doped Yb:YAG crystals. Temperature of working
Yb:YAG crystal increases with absorbed pump power, and
the temperature is higher for heavy-doped Yb:YAG crystals
than that for low doping Yb:YAG crystals under the same
pump power levels. Therefore, the thermally induced popu-
lation distribution at the terminated laser levels is large for
heavy-doped Yb:YAG crystals and makes the laser perform-
ance less efficient.

The temperature rise in Yb:YAG gain medium induced
by the absorbed pump power inside the gain medium leads
to strong thermally induced lenses and decreases in the crit-
ical pump power for stable laser oscillation according to (7)
and (10). Because the thermal conductivity becomes worse
for YAG doped with heavy concentration of Yb**-ion, the
thermal loading coefficient is getting larger for heavy-doped
Yb:YAG crystal [8]; therefore, the critical pump power range
for stable laser oscillation is narrower for heavy-doped crys-
tals. The critical pump powers were calculated to be 49, 31,
and 10.4 W for 1-mm-thick 10, 15, and 20at. % Yb:YAG
crystals. The laser performance of heavy-doped Yb:YAG mi-
crochip lasers is limited by the thermal lens effect: the higher
the concentration, the stronger the thermal lens effect, the nar-
rower the critical pump power range. Although the critical
pump power becomes smaller with Yb concentration, the cal-
culated critical pump power for YAG crystals doped with dif-
ferent ytterbium concentrations is still higher than that in the
experiments using heavy-doped Yb:YAG crystals. This was
caused by the uncertainty of the thermal properties of heavy-
doped Yb:YAG crystals. The thermal lens effects induced
by the absorbed pump power in the gain medium have great
effect on the laser output beam, whose diameter becomes
smaller with enhanced thermal lens effect for heavy-doped
Yb:YAG crystals, which is one of the causes for the roll-
over of the output power for Yb:YAG microchip lasers ob-
served in the laser experiments. According to (10), the critical
pump power is inversely proportional to the thickness of the
gain medium; therefore, the critical pump power for 0.5-mm-
thick Yb:YAG was calculated to be 22 W for 0.5-mm-thick
Yb:YAG crystal doped with 20 at. % Yb and was larger than
that for 1-mm-thick Yb:YAG; however, these results contra-
dict the experimental results of 20 at. % Yb:YAG with differ-
ent thicknesses (as shown in Fig. 3). The difference between
the experimental data and theoretical calculations of criti-
cal pump power for 20 at. % Yb:YAG crystal with different
thicknesses is caused by the fact that we did not take into ac-
count the thermal deformation of thin crystal under high pump
power. The thermal deformation in thin crystal is severer than
that in thick crystal and is another main reason for the small
critical pump power for thin gain medium. The combination
effects of thermal lens and thermal deformation in thin crys-

tal result in a decrease of the output power or even cause the
output laser to stop.

Besides the thermal lens effect and thermal deformation
effect limiting, the laser performance in a single-pass end-
pumped Yb:YAG microchip laser, the saturated inversion
population distribution also has a great effect on the laser per-
formance. Equation (20) expresses the spatial distribution of
the saturated inversion population density along the thick-
ness and radius of Yb:YAG crystal including the reabsorption
loss due to the thermal distribution in terminated laser lev-
els. By taking into account the temperature effect, we show
the saturated inversion population distribution inside Yb: YAG
crystals with 10 and 15 at. % Yb3*-ion concentrations at two
terminated laser levels under 10.5 W incident pump power in
Fig. 7. The inversion population distribution along the thick-
ness of Yb:YAG crystal with high doping concentration has
larger variation between the entrance surface and exit sur-
face of the pump power beam. Therefore, for heavy-doped
Yb:YAG crystal, the entrance section is well pumped, but
the inversion population close to the exit section may be not
useful for the laser oscillation, owing to the lower inversion
population. The gain at the exit section cannot overcome the
resonator losses including the reabsorption loss, the reabsorp-
tion loss becomes severe with heavy-doped Yb:YAG crystal.
In particular, this effect is stronger at 1030 nm oscillation that
that at 1049 nm, because of the strong reabsorption loss at
1030 nm compared to that at 1049 nm for Yb:YAG crystal.
The effective gain length is shorter than the Yb:YAG crys-
tal length, a poor pump section acts as an additional loss to
the laser oscillation. Therefore, the performance of heavy-
doped Yb:YAG microchip lasers become worse compared
to the lower Yb**-ion concentration YAG crystal (as indi-
cated in Fig. 2 in [14]). Figure 8 shows the saturated inver-
sion population inside 1-mm-thick and 0.5-mm-thick YAG
crystal with 20 at. % Yb>* dopants at 1.05 and 1.03 um os-
cillations under 5 W incident pump power. By shortening
the Yb: YAG thickness, although the temperature distribution
along the thickness and radius is the same for different thick-
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FIGURE 7 Saturated inversion population distribution along the thickness
and sagittal radius of 1-mm-thick Yb:YAG microchip lasers under 10.5 W in-
cident pump power, at (a) 1.05 wum and (b) 1.03 um oscillation for 10 at. %
Yb:YAG; at (¢) 1.05 pm and (d) 1.03 um oscillation for 15 at. % Yb:YAG.
The unit of the saturated inversion population is x 10?° cm™3
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nesses of Yb:YAG crystals doped with 20 at. % Yb>*-ions,
the average temperature rise inside the thin gain medium is
higher than that in thick gain medium because the tempera-
ture is inversely proportional to the thickness of gain crystal
for such microchip lasers, the thinner the gain medium, the
higher the temperature as indicated in (6). Therefore, the laser
performance is worse than the thick crystal with 20 at. % Yb>*+
dopants. The saturated inversion population distribution in-
side the gain medium is another important factor affecting the
laser performance of heavy-doped Yb: YAG microchip lasers.
As discussed above, the output power roll-over of Yb:YAG
microchip lasers at room temperature without actively cool-
ing the gain medium is caused by the combined effect of
the thermal lens effect, thermal deformation and saturated in-
version population distribution inside the gain medium. For
Yb:YAG doped with low Yb concentration, the thermal prop-
erties are better than those of Yb:YAG doped with high Yb
concentration; thick crystal is favorable for laser performance.
However, for high concentration Yb:YAG crystals, although
thin crystal can increase the critical pump power, Yb:YAG
with thin crystal length is more easily deformed by the heat
generated inside the gain medium. Therefore, the laser cavity
becomes unstable with thin crystals and high doping concen-
tration, causing the laser to stop. Here, the thermal defor-
mation of the thin gain medium is the dominant factor for
determining the critical pump power other than the thermal
lens effect in the case of heavy-doped Yb: YAG crystals.

4 Conclusions

In conclusion, the performance of Yb:YAG mi-
crochip lasers is simulated based on the rate equations, includ-
ing the reabsorption loss and temperature-dependent emis-
sion peak cross-section and concentration-dependent thermal
properties and luminescence lifetime of the 2Fs), state. The
calculated results are in good agreement with the experimen-
tal data. Besides the effect of thermal population distribution
and other temperature- and Yb concentration-dependent pa-
rameters, we also discussed the thermal lens effect, thermal

deformation effect, and saturated inversion population distri-
bution inside the gain medium, which are also important fac-
tors for limiting the laser performance of Yb: YAG microchip
lasers, especially for heavy-doped Yb:YAG microchip lasers
working at 1030 nm. The oscillating wavelength was analyzed
by comparing the absorbed pump power threshold at differ-
ent laser wavelengths for different output coupling and Yb
concentrations. Wavelength switching from 1030 nm to dual-
wavelength oscillation and then 1049 nm oscillation was ex-
plained by the absorbed pump power thresholds at 1030 nm
and 1049 nm for 10 at. % Yb:YAG microchip laser with T, =
5%. The performance of Yb:YAG microchip laser at 1049 nm
is better than that at 1030 nm owing to the weak reabsorption
loss. The laser performance of Yb:YAG microchip lasers can
be further improved by choosing optimized crystal thickness
at room temperature, the optical-to-optical efficiency of over
59% at 1049 nm with respect to the incident pump power can
be achieved by using 10 at. % Yb:YAG with optimized thick-
ness of 3.38 mm.
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