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This paper proposes an analysis of a Yb:KYW laser emitting at 981 nm intracavity pumped by a Nd : YVO4
laser operating at 914 nm. It gives some guidelines to optimize the laser performance. An output power of 1 W
has been obtained at 981 nm for a pump power of 23 W at 808 nm. It presents a simple and original model to deal
with the line competition between 981 nm and the other lines at 1000 and 1023 nm and explains how a temperature
increase can promote the 981 nm laser emission. This approach could be useful for other lasers that are subject to
line competition. © 2010 Optical Society of America

OCIS codes: 140.3480, 140.3580, 140.3430, 140.3615, 140.3530.

1. INTRODUCTION
Laser source developments around 980 nm based on ytter-
bium-doped materials are rising due to their wide range of ap-
plications. Moreover, the possibility of second harmonic
generation (SHG) for a blue emission around 488 nm (corre-
sponding to an argon-ionized transition) is another motivation
for increasing the performance of this kind of source. Still, the
three-level nature of the transition involves the use of very
high pump intensity in order to avoid reabsorption losses
at the lasing wavelength. This explains why the first laser sys-
tems emerging at 980 nm were fiber lasers [1,2], now demon-
strating impressive output powers [3,4]. Indeed, the pump is
confined throughout the propagation, enabling it to maintain a
high level of population inversion and to limit the reabsorption
losses. Moreover, the pump-signal overlap is enhanced in
comparison with a direct diode pumping. However, this archi-
tecture suffers from two intrinsic limitations. First, the com-
pacity is limited by the fiber length and its minimum radius of
curvature. Second, cw intracavity SHG remains difficult to
achieve with this kind of setup since the intracavity power
is generally low in fiber lasers. Consequently, SHG with fiber
lasers is generally carried out in an extracavity configuration.
This leads to low efficiency and requires the use of very effi-
cient nonlinear crystals (like ppLN or ppKTP) together with a
high power at the fundamental wavelength 980 nm [5,6].

On the opposite hand, Yb-doped bulk crystals could be an
alternative since they would offer the possibility of intracavity
SHG and microchip integration. However, the direct diode
pumping of crystalline three-level laser media remains diffi-
cult due to the bad spatial beam quality of high-power laser
diodes. The intracavity pumping configuration represents
one way to solve this problem as demonstrated in a Yb:S-FAP
crystal [7]. Nevertheless, two problems appear with Yb:S-FAP.
First, the emission wavelength is slightly red shifted with re-
spect to the 976 nm operation required to approach the argon
laser line after SHG. Moreover, this crystal is not commer-
cially available. Closer to the required wavelength and more

widely used are the ytterbium-doped tungstate crystals
family, such as Yb : KYðWO4Þ2 (Yb:KYW) or Yb : KGdðWO4Þ2
(Yb:KGW). These crystals exhibit a strong emission line at
981 nm. Previously demonstrated under Ti:sapphire pumping
[8], the first laser emission with Yb:KYW at 981 nm was
achieved in 2009 [9] with an intracavity pumping configura-
tion. A similar experiment was carried out later [10] demon-
strating around 100 mW at 490:5 nm by SHG.

Through thesepublications, it appears that the laserdesign is
not obvious. Indeed, the emission spectrum of Yb-doped tung-
state is continuousbetween981and 1040 nmwithpeaks at 981,
1000, 1023, and 1040 nm [11], following the crystal orientation.
As opposed to Yb:S-FAP [12], strong gain competition will
occur between the 981 nm line and the other transitions. More-
over, the design of an intracavity-pumped laser requires adjust-
ing the absorption carefully: if the absorption at the pump
wavelength is too high, the threshold of the pump laser will in-
crease, reducing the efficiency of the pump laser. Conversely if
the absorption is too low, the output at 981 nmwill be reduced.

The purpose of this paper is to give a theoretical analysis in
order to design a Yb:tungstate laser at 981 nm with intracavity
pumping at 914 nm by a Nd : YVO4 laser. We also explain how
to manage the line competition. This work is based on experi-
mental results reported in [9] and a theoretical approach
based on gain calculations. In Section 2, we explain how to
choose the tungstate crystal: Yb:KYW or Yb:KGW. Section 3
deals with the absorption of the tungstate crystal, taking the
intracavity pumping scheme into account. Section 4 explains
how to adjust the transmission of the mirrors to avoid the line
competition and promote laser emission at 981 nm. Finally,
we investigate the temperature effect on the line competition
between the 981 and 1000 nm transitions.

2. CHOICE OF THE Yb-DOPED TUNGSTATE
CRYSTAL
The most widely used and commercially available tungstate
crystals are Yb:KGW and Yb:KYW. Their properties are
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relatively similar [13–15], and it is difficult to know which is
the best for a laser emission at 981 nm. Table 1 gives the main
properties to be considered for laser operation at 981 nm. The
cross sections are from [13,14] and the lifetimes are from [15].
One should note that different values are given for the life-
times : from 300 [16] to 600 μs [17].

The effective emission cross section is higher for Yb:KGW,
whereas the effective absorption cross sections and the
lifetimes are similar. One would thus be inclined to choose
Yb:KGW over Yb:KYW. However, one has to take the line com-
petition into account between 981 nm and the closest peak
after 981 nm corresponding to 1000 nm for Yb:KYW and
997 nm for Yb:KGW (Fig. 1).

To investigate this problem, we consider the gain cross
section σg:

σg ¼ ðσel þ σalÞ · x − σal; ð1Þ

where σel and σal are the effective emission cross section and
the effective absorption cross section at the considered laser
wavelength, x is the ratio of the upper-level population density
n2 to the total density of Yb ions nt : x ¼ n2=nt. To reach the
transparency at 981 nm (meaning a gain coefficient equal to
zero), x needs to be 0.44 for Yb:KGW and 0.46 for Yb:KYW.
This value is denoted xtr . For this population inversion ratio,
we calculate the gain cross section at 1000 nm in Yb:KYW and
997 nm for Yb:KGW. The results reported in Table 2 clearly
show that the gain at 997 nm is much higher for Yb:KGW than
for Yb:KYW at 1000 nm. Consequently, to limit the line com-
petition, we prefer Yb:KYW, even if its spectroscopic proper-
ties are slightly lower at 981 nm.

3. CHOICE OF THE Yb:KYW ABSORPTION
The basic principle for the intracavity pumping of Yb:KYW is
reported in Fig. 2. For the pumping, we chose a Nd : YVO4 la-
ser pumped by a laser diode at 808 nm. This laser operated at
914 nm is referred to as the pump laser in the rest of the paper.
914 nm is far from the absorption band of Yb:KYW, which is
typically between 930 and 981 nm. However, the small absorp-
tion coefficient will be compensated by the high value of the
intracavity power at 914 nm. The Yb:KYW crystal is intro-

duced in the cavity of the 914 nm laser, which is a high-finesse
resonator. For the sake of simplicity, the cavities at 981 and
914 nm are superimposed, thanks to specific coatings on the
mirrors.

In an intracavity pumping configuration, the choice of the
crystal absorption is critical: if it is too high, it increases the
threshold of the pump laser; if it is too low, it reduces the out-
put power. Indeed, the optimum absorption is strongly related
to the optimum output coupling for the pump laser as
previously mentioned for intracavity pumped lasers [18]. To
specify the Yb:KYW crystal (i.e., length and doping concentra-
tion), one has to study the pump laser first. The experimental
setup for the pump Nd : YVO4 laser is presented in Fig. 3.

We used a laser diode emitting at 808 nm coupled into a
100 μm core diameter fiber with a numerical aperture of 0.22.
This diode provides up to 25 W of unpolarized emission. The
fiber output is imaged with two identical doublets (60 mm fo-
cal length) into the Nd : YVO4 crystal with a waist radius of
50 μm. The 5 mm long, a-cut 0.1% doped Nd : YVO4 crystal
is antireflection (AR) coated at 914 and 981 nm to reduce
the intrinsic losses of the cavity. It was oriented with its c axis
perpendicular to the plan of the cavity such that laser emis-
sion at 914 nm will be linearly polarized perpendicularly to
this plan. It is also AR coated at 1064 nm to prevent laser os-
cillation between the two facets of the crystal. The first three
mirrors of the cavity (M1, M2, and M3) are highly reflective at
both 914 and 981 nm and highly transmissive at 1064 nm, once
again to prevent the parasitic oscillation of the high gain tran-
sition line in the Nd : YVO4. The last mirror of the cavity (M4)
is the output coupler for the 981 nm emission, but still highly
reflecting at 914 nm. Different output couplers are used in this

Table 1. Comparison of the Spectroscopic
Properties at 981 nm for Yb:KGW and Yb:KYW

Yb:KYW Yb:KGW

Effective emission
cross section σelð981 nmÞ

13:4 × 10−20 cm2 15 × 10−20 cm2

Effective absorption
cross section σalð981 nmÞ

11:5 × 10−20 cm2 11:6 × 10−20 cm2

Lifetime τ 440 μs 438 μs

Fig. 1. (Color online) Energy levels in Yb:KYW and Yb:KGW and associated emission wavelengths.
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study with a transmission between 20% and 70% at 981 nm.
The second waist of the cavity (between M3 and M4), has a
size of 40 μm (radius) and is used to introduce the AR-coated
(at 981 and 914 nm) Yb:KYW crystal.

Knowing all the parameters of the laser, we developed a the-
oretical simulation to find the optimum output coupling at
914 nm of this laser. For the calculations, we used the formal-
ism described in [19]. Figure 4 gives the computed output
power versus the transmission of the output coupler. It shows
an optimumcoupling around 7% at 914 nm. Indeed, the absorp-
tion of the Yb:KYWcrystal can be considered as a coupling out-
side the cavity. The crystal absorption is then equivalent to the
transmission of an output coupler, and the absorbed power at
914 nm is equivalent to the output power at 914 nm. For the
experiment, we had at our disposal a 2:5 mm 2% doped Yb:
KYW (corresponding to a doping concentration of 1:27 ×
1020 atoms per cm2).The crystal was cut along the Ng axis
in order to benefit from the strong emission at 981 nm for a
polarization along the Nm axis. Following the spectral shape
of the effective absorption cross section σap [13], we can esti-
mate that σap=Nmð914 nmÞ ¼ 0:4 × 10−20 cm2 for a polarization
parallel to theNmaxis and σap=Npð914 nmÞ ¼ 0:2×10−20 cm2 for
a polarizationparallel to theNpaxis. This leads to adouble pass
absorption of 23.8% for theNmaxis and12.2% for theNpaxis, in
small signal, i.e., without saturation of absorption. As shown in
Fig. 4, the absorption parallel to the Np axis is relatively close
the optimum, whereas the absorption parallel to the Nm axis is
too high. As theNd : YVO4 laser emits a linearly polarized beam
at 914 nm, the crystal must be oriented such that its Np axis is
parallel to the Nd : YVO4 linear polarization. This was con-
firmed experimentally:with theYb:KYWNpaxis perpendicular
to the Nd : YVO4 polarization, the laser at 914 nm was very
close to the threshold at the maximum of pump power
(23 W at 808 nm). For the other orientation (Np axis parallel),
the pump power at threshold was reduced to less than 8 W.

The absorption of the Yb:KYWmay also depend on the laser
regime: if the output coupling at 981 nm is high, the popula-
tion inversion needs to be significant. It is correlated with a

depletion of the ground state and, hence, to a saturation of
the absorption at 914 nm. In this case, the small signal absorp-
tion is not the relevant parameter to choose the appropriate
Yb:KYW. One has to choose a crystal with a small signal ab-
sorption higher than the optimum value given in Fig. 4. Con-
versely, if the laser operates in a highly reflective cavity at
981 nm, as it is the case for intracavity SHG, the ground state
depletion is limited, and one has to chose a small signal
absorption close to the optimum value.

4. CHOICE OF THE MIRROR
TRANSMISSION: EFFECT OF THE LINE
COMPETITION
In this section, we consider the line competition between the
981 nm line and the closest lines at 1000 and 1023 nm existing
in Yb:KYW. Even if the emission spectrum is continuous in
Yb:KYW, we consider only the emission at these peak wave-
lengths where the laser will tend to oscillate predominantly.
As shown in Fig. 1, these transitions start from the same emit-
ting level, but the lower level is different. It is the ground state
for the transition at 981 nm, and it corresponds to higher en-
ergy levels for the transitions at 1000 and 1023 nm.

We focus the study on the oscillation threshold at the dif-
ferent wavelengths as a function of the pump power at
914 nm. In our case of intracavity pumping, the pump power
is the intracavity power P914 at 914 nm. From the Fig. 4 (by
dividing the output power by the transmission), we can esti-
mate that the intracavity power at 914 nm can reach values on
the order of 100 W at maximum pump power. This order of

Table 2. Comparison of the Gain Cross Section at
1000 nm and 997 nm for Yb:KYW and Yb:KGW,
Respectively, for a Transparency at 981 nm`

Yb:KYW Yb:KGW

xtr at 981 nm transparency 0.46 0.44
Wavelength considered 1000 nm 997 nm
Effective emission
cross section σel

5:1 × 10−20 cm2 8:3 × 10−20 cm2

Effective absorption
cross section σal

1:6 × 10−20 cm2 1:8 × 10−20 cm2

σgðxtrÞ (at 1000 or 997 nm) 1:5 × 10−20 cm2 2:6 × 10−20 cm2

aThe cross sections come from [13,14].

Fig. 2. (Color online) Basic principle for Yb:KYW intracavity
pumping.

Fig. 3. (Color online) Experimental setup for laser operation at
981 nm under intracavity pumping. M1, M2, and M3 are highly reflec-
tive mirrors at both 914 and 981 nm and highly transmissive at
1064 nm. M1, is the output coupler at 981 nm, and it is also highly
reflective at 914 nm.

Fig. 4. (Color online) Computed optimum output coupling for the
Nd : YVO4 laser pumped at 23 W. The passive losses are fixed to
3% at 914 nm to take the different mirrors into account. The absorp-
tions of our Yb:KYW are given in double pass.
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magnitude was also experimentally confirmed by the mea-
surement of the power leaking through the mirror M3.

In order to calculate the small signal gain coefficient,
different approximations can be done. The Rayleigh length
in the Yb:KYW is approximately 10 mm, which means that
we can assume a constant beam size for the pump and the
signal in the crystal (having a length of 2:5 mm). As the Yb:
KYW crystal introduces relatively low losses and is pumped
on the both sides in the 914 nm linear cavity, we can assume
that the intracavity power P914 is constant in each point of the
crystal. For the calculations, we used the rate equations and
the gain coefficient given in [19]. We assume that the effective
emission cross section at 914 nm is null for Yb:KYW and that
the transverse profile of the laser beam at 914 nm has a Gaus-
sian shape. For a very small laser signal (meaning that the la-
ser intensity can be neglected in the calculation), we can write
the small signal gain coefficient at the wavelength λ (981, 1000,
or 1023 nm) as

g0ðr; λ; P914Þ ¼ nt

σelðλÞ · σap 2P914

hν914πw2
914
exp

�
−

2r2

w2
914

�
−

σalðλÞ
τ

σap 2P914

hν914πw2
914
exp

�
−

2r2

w2
914

�
þ 1

τ

; ð2Þ

where ν914 is the frequency associated to the wavelength
914 nm and w914 ¼ 40 μm is the 914 nm beam size.

Assuming that the beam size is also constant at the wave-
length λ, with a radius denotedwλ, the small signal gainG0 can
be expressed as a function of the intracavity power at 914 nm
and the wavelength λ:

G0ðλ; P914Þ ¼ Exp

�
l ·
Zr

0

4g0ðr; λ; P914Þ
w2

λ
· exp

�
−

2r2

w2
λ

�
rdr

�
;

ð3Þ

where l is the length of the Yb:KYW and rc is the crystal radius
(1:5 mm in our case).

Figure 5 shows the small signal gain versus the intracavity
pump power at 914 nm. The shapes are very different versus
the wavelength. The gain starts to be very close to 0 at 981 nm
(strong signal absorption) and becomes high for large intra-
cavity pump powers. This behavior can be related to the
three-level nature of this transition coupled with a strong ef-
fective emission cross section. Conversely, the lower levels of
the transitions at 1000 and 1023 nm are less thermally popu-
lated, involving higher gain at low pump power, but the smal-
ler effective emission cross section at these wavelengths
limits the gain value at high pump power levels.

The oscillation threshold is also related to the cavity losses.
As the transmission of the cavity mirrors varies as a function
of the wavelength, we introduce TðλÞ, the transmission of the
“cold” cavity (i.e., without the gain media) after one round
trip. This quantity results from the knowledge of the transmis-
sion curves of the cavity mirrors and the passive losses (de-
noted as L and should be independent of the wavelength).
Consequently,

TðλÞ ¼ T1ðλÞ þ T2ðλÞ þ T3ðλÞ þ T4ðλÞ þ L; ð4Þ

where T1, T2, T3, and T4 are the transmissions of the mirrors
M1, M2, M3, and M4, respectively.

Moreover, at a fixed intracavity power P914, we introduce
the threshold cavity transmission T thðλ; P914Þ corresponding
to the value of the cavity transmission needed to reach the
oscillation threshold at the considered wavelength. Following
this definition, T th is related to the small signal gain by

T thðλ; P914Þ ¼ 1 −
1

G2
0ðλ; P914Þ

: ð5Þ

The benefit to using this quantity is that the discussion can be
concentrated on the transmission of the mirrors. As it is
shown in the end of this section, the use of T th enables one
to deduce the mirror transmission values needed for laser os-
cillation at 981 nm very easily.

Figure 6 presents the threshold cavity transmission T th at
the three wavelengths of interest (981, 1000, and 1023 nm) for
different intracavity powers at 914 nm. For better legibility,
lines between points have been plotted. A value of zero for
T th means that the laser must operate without losses to reach
the oscillation threshold: this value is obtained when the
pump power is equal to the pump transparency (i.e., G0 is
equal to unity). Conversely, a negative value for T th would
correspond an absorbant laser medium, where the population
inversion is not high enough to reach the transparency (i.e.,G0

is less than unity). A negative value has no physical signifi-
cance (and is not represented on the Fig. 6); it just indicates
that the oscillation threshold cannot be reached.

For low powers at 914 nm (8 W), the oscillation threshold
can be reached only at 1023 nm as this transition requires only
a small amount of population inversion to reach the transpar-
ency. The lower level of the laser transition being more popu-
lated at 1000 nm, the pump power required to reach the
transparency is higher (typically between 8 and 16 W). This ef-
fect is even more pronounced at 981 nm since a pump power
between 24 and 32 W is needed. Thanks to Fig. 6, we can also
observe the evolution of the cavity threshold transmission
when the pump power increases for the three wavelengths.
It is clear that T th increases at a much smaller rate at 1023 than
at 1000 than at 981 nm. This is due to the effective emission
cross section increasing from 1023 to 981 nm: once the trans-
parency is reached, the gain in the medium is very high at
981 nm (as shown in Fig. 5). As an example, T th can reach a
value of 97.7% at 981 nm for an intracavity pump power of
80 W. This corresponds to a large small signal gain of
G0 ¼ 6:6. Consequently, the shapeofT th versus thewavelength
is modified following the intracavity pump power. At low intra-
cavity power, it has a maximum at 1023 nm. Next, it peaks at

Fig. 5. (Color online) Small signal gain calculated at 981, 1000, and
1023 nm as a function of the intracavity pump power at 914 nm. For
the three wavelengths, the beam size wλ is equal to 50 μm.
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1000 nm for intracavity power between 16 and 32 W. Finally, it
has a maximum at 981 nm for higher values of P914.

In order to knowwhich wavelength can reach the threshold
first, one has to consider the cavity transmission curve TðλÞ,
as defined earlier. One example is given in Fig. 6 for a set of
mirrors having a lower transmission at 981 nm (the passive
losses are estimated to be 1%). At a given pump power, the
oscillation threshold is reached if T thðλ; P914Þ ¼ TðλÞ. As an
example, Fig. 6 shows that the oscillation threshold is reached
close to 37 W for the 981 nmwavelength and at higher powers
at 1000 and 1023 nm.

To understand the line competition, one has to know which
wavelength reaches the oscillation threshold first. We assume
that the intracavity pump power varies continuously from
zero to its maximum value when the laser is switched on.
Given the shapes of T thðλ; P914Þ and the way T thðλ; P914Þ in-
creases when P914 increases, it is clear that the first wave-
length to reach the oscillation threshold is 981 nm in the
particular case of TðλÞ presented in Fig. 6. Once the oscillation
threshold is reached, the gain is clamped at its value at thresh-
old. This means that T thðλ; P914Þ does not move once the laser
is running, as this quantity is related to the gain by Eq. (5).
Consequently, the oscillation threshold can never be reached
at 1000 and 1023 nm. In this case, we observed a laser oscilla-
tion at 981 nm only. This behavior was experimentally
confirmed. Figure 7 presents the output power at 981 nm ver-
sus the pump power of the Nd : YVO4 laser. An output power
of 1 W has been achieved in this configuration.

We also tested other output couplers (M4) having lower
transmissions and other spectral shapes. Figure 8 gives the
transmission cavity curve in two cases [T1ðλÞ and T2ðλÞ]. Even
if T thðλ; P914Þ is given for fixed values of P914 in Fig. 8 (for the
sake of simplicity), we can estimate the oscillation threshold
and deduce the wavelength that reaches the threshold first.
The method is to consider the slope of T thðλ; P914Þ with re-
spect to the slope of the transmission cavity curves. Let us
study the curve T thðλ; 32 WÞ with respect to T1ðλÞ as an exam-

ple: the wavelengths 981 and 1000 nm seem to be above the
oscillation threshold. However, one has to consider which
wavelength reaches the threshold first. As the slope of
T thðλ; 32 WÞ between 981 and 1000 nm is larger than the slope
of T1ðλÞ, it is also the case for the slope of T thðλ; P914Þ for low-
er values of pump power [see the evolution of T thðλ; P914Þ in
Fig. 8]. Consequently, when the laser reaches the threshold at
1000 nm (for a pump power of approximately 30 W), the laser
is below the threshold at 981 nm. Finally, the laser oscillates
only at 1000 nm for the transmission cavity T1ðλÞ.

The same demonstration can be carried out for the trans-
mission cavity T2ðλÞ: in this case, the first wavelength appear-
ing is 1023 nm at a pump power of approximately 10 W. Both
cases were experimentally confirmed [9].

Hence, the choice of the mirror transmission is critical in
order to operate the laser at 981 nm. Two rules can be set fol-
lowing this study: first, a high output coupling promotes the
laser oscillation at 981 nm. For a flat transmission curve TðλÞ,
this will correspond to a value of approximately TðλÞ ¼ 70%
(see Fig. 9). Second, 981 nm can be favored if we can control
the shape of the transmission curve. For a laser oscillation at
981 nm in a highly reflective cavity at 981 nm (necessary for
SHG), the cavity transmission needs to be higher than 65% at
1000 nm and higher than 55% at 1023 nm (Fig. 9). It is worth
noting that these transmissions are lower than the maximum

Fig. 6. (Color online) Threshold cavity transmission T th at the three wavelengths of interest (981, 1000, and 1023 nm) for different intracavity
powers at 914 nm. The arrows show the moving of T th when the intracavity power increases.

Fig. 7. (Color online) Laser emission at 981 nm as a function of the
pump power for the Nd : YVO4 laser (at 808 nm).
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values of T th at the considered wavelengths. A rough analysis
would lead one to choose dichroïc mirrors introducing losses
at 1000 and 1023 nm that are higher than the maximum gain.
This means T > T th and corresponds to a transmission higher
than 85% at 1000 nm and higher than 70% at 1023 nm. Hence,
this analysis of the line competition allows one to reduce the
transmission requirements on the cavity mirrors.

5. EFFECT OF THE TEMPERATURE ON THE
LINE COMPETITION
As mentioned in [9], when we used an output coupler leading
to the transmission curve T1ðλÞ (described in Fig. 8), we ob-
served a laser oscillation at 1000 nm at room temperature.
However, we observed a wavelength switch at 981 nm when
the temperature reached 360 K and a laser operation at
981 nm for higher temperatures. The purpose of this section

is to explain how these two transitions are temperature depen-
dent and how they affect the line competition.

The effective absorption cross section is related to the
temperature T by the fractional population of the different
sublevels:

σalðTÞ ¼ σalðT0Þ
f aðTÞ
f aðT0Þ

ð6Þ

with the fractional population

f aðTÞ ¼
exp

�
−

El
kT

�

P
i exp

�
−

Ei
kT

� ; ð7Þ

where E1 is the energy level concerned by the transition, Ei

represents any energy level of the ground state manifold (see
Fig. 1), k is the Boltzmann constant, and T0 is the reference
temperature (300 K in our case).

Fig. 8. (Color online) Threshold cavity transmission T th and cavity transmission in two cases (T1 and T2) corresponding to different mirrors M4.

Fig. 9. (Color online) Shape of cavity transmission for laser action at 981 nm in two cases. Case 1 has a high output coupling and a flat transmis-
sion curve (T flatðλÞ). Case 2 has a highly reflective cavity (TðλÞ for HR cavity at 981 nm).
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In the same way, the effective emission cross section can be
expressed versus the temperature:

σelðTÞ ¼ σelðT0Þ
f eðTÞ
f eðT0Þ

ð8Þ

with the fractional population

f eðTÞ ¼
exp

�
−

E2
kT

�

P
j exp

�
−

Ej

kT

� ; ð9Þ

where E2 is the emitting level and Ej represents any energy
level of the excited state manifold.

Using the Eqs. (6)–(9), we plot the relative variation of the
cross sections versus the temperature in Fig. 10. At 981 nm,
both emission andeffective absorption cross sections decrease
versus temperature. This is due to the depletion of the ground
state and the emitting level by theBoltzmann law. The effective
emission cross section at 1000 nm follows the same behavior,
as it is related to the same emitting level. Conversely, the effec-
tive absorption cross section at 1000 nm increases versus tem-
perature. This is due to the thermal population of the lower
level. Figure 10 clearly highlights the difference between a pure
three-level transition (981 nm) and the quasi-three-level transi-
tion (1000 nm).

Equations (2) and (3) can be rewritten with a dependency
of temperature, including the expressions of σel and σal versus
temperature. In Eq. (2), two other parameters can vary with
the temperature: the effective absorption cross section σap
and, consequently, the intracavity power at 914 nm: P914. Fol-
lowing the absorption value of our Yb:KYW and by the help of
Fig. 4, it is clear that P914 increases if the absorption de-
creases. Consequently, the product σapP914 [as is stated in
Eq. (2)] will be much less sensitive to temperature than the
cross sections. It is supposed to be constant to simplify the
following calculations.

With the knowledge of the cross sections variation versus
temperature, it is possible to calculate the threshold cavity
transmission as a function of temperature. This was reported
in Fig. 11 for an intracavity pump power of 32 W at 914 nm

(close to the oscillation threshold for the cavity transmission
T1). In both cases (981 and 1000 nm), the threshold cavity
transmission decreases with the temperature. This is of course
related to the gain decrease with the temperature, and means
that the pump power needs to be higher in order to reach the
oscillation threshold. Becauseof the quasi-three-level nature of
the transition at 1000 nm, the decrease of T th is more pro-
nounced at 1000 than at 981 nm.

Finally, we can use the same approach as the one presented
in the previous sections to understand the line competition ver-
sus temperature. Figure 12 gives the threshold transmissionT th

for three temperatures (300, 360, and 400 K) and its position
with respect to the cavity transmissionT1ðλÞ. At 300 K, the first
wavelength reaching the oscillation threshold (when the pump
power increases) is 1000 nm for a pump power slightly lower
than 32 W, as explained in Section 4. At 360 K, the slope of T th

is exactly the same as the slope ofT1ðλÞ, whichmeans that both
wavelengths reach the oscillation threshold for the same pump
power (32 W). At T ¼ 400 K, the slope of T th is lower than the
slope of T1ðλÞ. Hence, the oscillation threshold will be reached
at 981 nm first for a pump power slightly higher than 32 W.
Consequently, this theoretical analysis is in agreement with
the experimental behavior of the laser: at a temperature higher
than 360 K, the three-level transition at 981 nm is promoted.

Fig. 10. (Color online) Relative variation of cross sections at 981 and
1000 nm versus the temperature. The references are the cross sec-
tions at 300 K. The curves for the effective emission cross sections
are superimposed.

Fig. 11. (Color online) Threshold cavity transmission versus tem-
perature at 981 and 1000 nm for an intracavity pump power of
32 W at 914 nm.

Fig. 12. (Color online) Threshold cavity transmission T th and cavity
transmission (T1) for three temperatures: 300, 360, and 400 K for an
intracavity pump power of 32 W at 914 nm.
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6. CONCLUSION
Thispaperhaspresenteda theoreticalanalysisofan intracavity-
pumped Yb-doped KYW operating at 981 nm. It gives some
guidelines to develop a bulk laser on this three-level transition.
It demonstrates that Yb:KYW ismore suitable than Yb:KGWbe-
cause of a less pronounced line competition with the closest
quasi-three-level line at 1000 nm.

Then it explained that the crystal absorption needs to cor-
respond to the optimum output coupling for the pump laser in
an intracavity pumping configuration. In our case (pumping at
914 nm with a Nd : YVO4 laser, itself pumped at 808 nm), it
corresponds to a double pass absorption of 7%. This order
of magnitude can be easily found in standard commercial
Yb:KYW (Ng cut 2:5 mm long 2% doped Yb:KYW). In Section
4, we introduced a simple and original method to explain the
line competition occurring in Yb:KYW between 981 nm and
the quasi-three-level lines at 1000 and 1023 nm. This method
is based on the threshold cavity transmission, a quantity re-
lated to the small signal gain of the Yb:KYW. This method en-
ables one to explain the laser behavior experimentally
observed: the emission wavelength dependence following
the output mirror transmission and its spectral shape. It high-
lights two ways to promote the 981 nm transition. First, an
output coupler with a large transmission at 981 nm will favor
the 981 nm emission since the gain on this transition is much
higher than the gain at 1000 and 1023 nm. Under these con-
ditions (output coupler with a transmission of 67%), we
achieved an output power of 1 W at 981 nm for a pump power
at 808 nm of 22 W. Second, the laser oscillation at 981 nm
only can be achieved thanks to the spectral selectivity of
the cavity mirrors, which allows one to operate in a highly re-
flective cavity at 981 nm in order to realize intracavity SHG at
490:5 nm. Our analysis of the line competition shows that the
transmission requirements at 1000 and 1023 nm can be re-
laxed compared to a rough analysis setting that the cavity
losses should be higher than the maximum gain at this wave-
length. Hence, the cavity transmission should be 65% at
1000 nm instead of 85% and 50% at 1023 nm instead of 70%.

Finally, we propose for the first time an analysis of the line
competition versus the temperature. The thermal population
of the different energy levels, associated with the different nat-
ure of the transitions, explain why the three-level line at
981 nm is favored when the temperature increases. Our ana-
lysis is in agreement with the wavelength switch between 1000
and 981 nm experimentally observed when the temperature
reached 360 K.

The results and analysis obtained here can contribute to the
design of a microchip laser integrating the intracavity pump-
ing, the highly reflective cavity at 981 nm, and the nonlinear
crystal for SHG at 490:5 nm. From a more general point of
view, the simplicity of the threshold cavity transmission meth-
od to understand the line competition could be useful for
other lasers, such as Nd lasers operating on the three-level
transition at 880 nm [20].
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