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We present the results of a novel numerical and experimental investigation aimed at obtaining efficient
1:05 μm operation with a Yb:YAG laser. The model shows that the emitting wavelength of the Yb:YAG
laser is affected by the combination of length and doping concentration of the gain medium. Efficient
continuous-wave laser operation at the wavelength of 1050nm was experimentally obtained in good
agreement with the model predictions. Based on continuous-wave operation, generation of 1:8ps laser
pulses at the central wavelength of 1050nm, as well as 170 fs laser pulses at the central wavelength of
1053nm, were realized. © 2009 Optical Society of America

OCIS codes: 140.3580, 140.3615, 140.4050, 140.7090.

1. Introduction

Passive mode locking of diode-pumped ytterbium-
doped lasers by semiconductor saturable absorber
mirrors (SESAMs) has become a standard way to ob-
tain ultrafast pulses in the 1 μm wavelength region.
Among a variety of Yb-doped crystals, the Yb:YAG
crystal is one of the most important laser mediums
for this application for several important advan-
tages: excellent thermal–mechanical properties, ease
of growth in high-quality crystal, and a high doping
concentration without quenching. Because of these
favorable properties, remarkable progress has been
achieved with ultrashort Yb:YAG oscillators. An
average output power as high as 80W [1] and a pulse
energy higher than 10 μJ [2,3] at a wavelength of
1030nm have been demonstrated. Typically, the
Yb:YAG crystal has two main emission wavelengths,
1.03 and 1:05 μm. An ultrafast Yb:YAG laser operat-
ing at 1:05 μm has special advantages in comparison

with a laser at 1:03 μm. First, the gain around
1:05 μm is flatter and can support femtosecond
pulses with a broader spectrum and shorter pulse
width. Yb:YAG laser pulses as short as 100 fs have
been demonstrated at this wavelength [4]. In con-
trast, limited by the width of the narrow gain peak
at 1030nm, the shortest pulse achieved at this wave-
length has a width of 340 fs [5], and most femto-
second pulses are longer than 500 fs [1–3,6–8]. Sec-
ond, ultrashort pulses at 1:05 μm can be useful in
large glass laser facilities as the seeding source.

To obtain oscillation at 1:05 μm by the Yb:YAG la-
ser, one must suppress the oscillation at 1030nm.
Some studies have been reported about specially
coated mirrors to distinguish these two neighboring
wavelengths [5,9], which, however, inevitably brings
additional cavity losses and leads to low laser effi-
ciency. Wavelength control has already been inten-
sively studied in ytterbium-doped silica fiber lasers
[10,11]. However, to the best of our knowledge, there
are no published results about the relationship be-
tween the emission wavelength and the parameters
of the gain medium in a solid-state Yb:YAG laser. We
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investigated the preferred emission wavelength ver-
sus the length and the ion concentration of the Yb:
YAG crystal theoretically and developed a novel
method to obtain efficient 1050nm operation based
on the Yb:YAG laser. On this basis, we obtained
170 fs laser pulses at the central wavelength of
1053nm.

2. Theoretical Investigation

The electronic diagram of a ytterbium ion is shown in
Fig. 1; it is a typical quasi-three-level system. As the
zero phonon line is very narrow and the correspond-
ing absorption cross section is lower, the most
efficient pump transition for Yb:YAG is l1 to u2 at
940nm. Emission transitions are from u1 to l2
(1024nm) to l3 (1030nm) to l4 (1050nm). For a quasi-
three-level longitudinally pumped laser system, the
thickness of the gain medium is more crucial for the
laser oscillation than in a four-level system. In a
quasi-three-level system, the terminal level of the
laser transition is thermally populated. Thus mini-
mum pump intensity is required to reach population
inversion. As the pump is absorbed when it travels in
the gain medium, this minimum intensity is reached
after a crystal length, which is the so-called optimum
length. In the following we investigate the different
optimum lengths at different oscillation wavelengths
in a Yb:YAG laser by the model developed in [12,13].
Amplification of the laser wave and the absorption

of the pump wave are described by

dIεl
Iεl

¼ εg0fXu − f lgdz; ð1aÞ

dIε0p
Iε0p

¼ −ε0α0ff p − Xugdz; ð1bÞ

where Xu is the population density of the excited
state, Xu ¼ Nu=NYb, Nu is the population of the ex-
cited state, and NYb is the Yb3þ ion concentration.
The linear coefficients of gain g0 and absorption α0
are given by

g0 ¼ σlNYbðf lk þ f u1Þ; α0 ¼ σpNYbðf l1 þ f ujÞ; ð2Þ

with

f l ¼
f lk

f lk þ f u1
; f p ¼ f l1

f l1 þ f uj
;

where σp and σ1 are the absorption and emission
cross sections and f jk represents the Boltzmann par-
tition factors of sublevel k of manifold j, and ε and ε0
are �1 relative to the direction of propagation of the
laser and the pump beams, respectively. The dy-
namic equation for the population reads as

τu
dXu

dt
¼ Ipðf p − XuÞ − Xu − IlðXu − f lÞ; ð3Þ

where τu is the excited-state lifetime and Ip and Il
are the pump and laser intensity that travel in both
directions normalized to the saturation intensity
given by

Ilsat ¼
hνl

ðf lk þ f u1Þτuσl
; Ipsat ¼

hνp
ðf l1 þ f ujÞτuσp

: ð4Þ

In the continuous-wave regime, Eq. (3) reads as

Ipðf p − XuÞ − Xu − IlðXu − f lÞ ¼ 0:

Then

Xu ¼ f pIp þ f lIl
1þ Ip þ Il

; Ii ¼ Iþi þ I−i : ð5Þ

With regard to Eq. (1a), the laser beam is reabsorbed
when Xu < f l. Then the minimum pump intensity re-
quired to bleach the amplifier medium is given by

Xu ¼ f l; Imin
p ¼ f l

f p − f l
: ð6Þ

We now consider single-pass pumping when the
pump travels in one direction. For single-pass pump-
ing, the pump transmission required to invert the
amplifier medium is given by

Ipð0ÞΓ ¼ Imin
p ; Γ ¼ β ¼ Imin

p

Ipð0Þ
: ð7Þ

As the pump is absorbed when it travels in the am-
plifier, this minimum intensity required to bleach the
amplifier medium at the laser wavelength is reached

Fig. 1. Energy level diagram of Yb3þ ion in the Yb:YAG crystal.

Table 1. Values of the Crystal Parameters

Parameters Absorption Emission

λðnmÞ 940 1030 1050
f u þ f l 1:04Eþ 00 0.75 7.00E-01
σðcm2Þ 7.60E-21 3.30E-20 4.80E-21
τuðmsÞ 0.95 0.95 0.95
f i 0.838 0.0626 0.0205
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after an amplifier length we call optimum length. For
single-pass pumping and a continuous-wave laser,
the output intensity has been derived in [13]:

IoutðLÞ ¼ ð1−RsÞ
ffiffiffiffiffiffiffi
Rm

p g0

�
Ipð0Þð1−ΓÞ

α0 − f lL

�
þ ln

ffiffiffiffiffiffiffiffiffiffiffiffiffi
RmRs

p

ð1− ffiffiffiffiffiffiffiffiffiffiffiffiffi
RmRs

p Þð ffiffiffiffiffiffiffi
Rm

p þ ffiffiffiffiffiffi
Rs

p Þ ;

ð8Þ

where Rs and Rm are the reflectivity of the output
and rear mirrors, respectively (in our case, we as-
sume that all the losses of the cavity are taken into
account in the loss of the rear mirror), and, using
Eqs. (1a) and (1b), it is possible to find a relation that
connects the pump and the laser intensities. Then Γ
reads as follows:

Γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
RmRs

p
−

α0
g0 expf−α0ðf p − f lÞLg: ð9Þ

The optimum length for which the laser wave is not
reabsorbed leads to maximum output power. Then
the pump transmission must be equal to β, leading to

Lopt ¼
−1

f p − f l
ℓn

� ffiffiffiffiffiffiffiffiffiffiffiffiffi
RmRs

p 1
g0β

1
α0

�
: ð10Þ

This result can also be obtained by computing the
length for which IoutðLÞ is maximum using Eq. (8).
In continuous-wave laser operation of a three-level
system, the inversion density of the gain media re-
mains constant above the laser threshold. Then, for
a given laser medium, the pump transmission is
fixed and determined by the cavity loss level and
spectroscopic parameters of the gain media. It is
worth mentioning that Lopt as well as β depends on
the pump intensity.
We now investigate the length and the ion concen-

tration of the crystal for which oscillation at 1050nm
is preferred. The emission transitions of Yb:YAG are
from upper level u1 to lower level l3ð1030nmÞ and
l4ð1050nmÞ. First, as the l4 energy level is higher
than the l3 level, its thermal population is lower
and the f l parameter at room temperature is 0.0284
versus 0.0646. Then the corresponding optimum

crystal length is larger and more pump energy is ab-
sorbed. Using Eq. (10) we compute the optimum crys-
tal length versus the rear mirror reflectivity for
various pump intensities. The values of the crystal
parameters used for the computation are listed in
Table 1. The cross sections are spectroscopic [14].

Figure 2 shows the computed optimum lengths for
the two wavelengths of 1030 and 1050nm and for
(a) 5 and (b) 10 at. % doping concentrations. We ob-
served that, for a crystal length of 4mm with 5 at. %
doping, the crystal length is much lower than the op-
timum length for 1050nm oscillation at different
pump intensities but is close to the 1030nm optimum
length. As a result, oscillation at 1030nm is pre-
ferred and shows good agreement with the results
reported in [5]. In Ref. [5] a 5% doped, 3:5mm long
Yb:YAG crystal was used. Under the pump intensity
of approximately 36kW=cm2, laser oscillation was
achieved at the wavelength of 1030nm. But, for the
10 at. % doped crystal, one can see that the situation
is different. The preferred crystal length is much
shorter than that of a 5 at. % doping crystal. Only
when the crystal is very short, is oscillation at
1030nm preferred. If the crystal length reaches a
proper value, such as 4mm, the 1030nm laser is
more likely to be reabsorbed and suppressed. This
indicates a new way to suppress 1030 nm and obtain
oscillation at 1050nm only by choosing the Yb:YAG
crystal with proper ion concentration and optimized
length.

Fig. 2. (Color online) Optimum length versus reflectivity of the rear mirror for various pump intensities with (a) 5% and (b) 10% doping.

Fig. 3. Cavities used to study the (a) CW and (b) mode-locked la-
ser performance of a Yb:YAG laser. M1, M2, M4, concave mirrors
with a radius of curvature of 100mm; M3, plane high reflector;
CM1 and CM2, GTI mirrors; OC, output coupler.
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3. Experiment

We performed the experiment with a 10 at. % doped
Yb:YAG crystal having a length of 4mm. A typical
Z-shape cavity was used, and the crystal was located
in the middle of two concave high reflectors (M1
and M2), each with a radius of curvature of 10 cm;
see Fig. 3(a). All the coatings of the intracavity mir-
rors are identical for 1030 and 1050nm. We used a
continuous-wave Ti:sapphire laser at 940nm as
the pump. The maximum power available was 2W.
The pump beam was focused onto the crystal by a
100mm focal length lens. The pump intensity at
the front face of the Yb:YAG crystal is calculated
to be approximately 43:7kW=cm2 at 2W pump
power. The measured absorption of the crystal to the
pump light is 91%, which is in good agreement with
the theoretically calculated value of 92.6%
from Eq. (9).
For continuous-wave operation, we adopted two

kinds of output coupler with transmittivities of 1%
and 2.5%, respectively. Figure 4(a) shows the varia-
tion of the output power of the free-running laser as a
function of pump power with different output cou-
plers. The wavelength of the free-running laser was
measured with a scanning spectrometer. When the
pump power was increased from the threshold
power to 2W, the emitting wavelength was kept at
1050nm. This can be well explained by Fig. 2(b).
When the pump intensity was increased from zero
to 43:7kW=cm2, the length of the crystal was near

the optimum length of 1050nm oscillation and much
longer than that at 1030nm oscillation. Lasing at
1030nm is more likely to be reabsorbed and oscilla-
tion at the wavelength of 1050nm is preferred. Un-
der a pump power of 2W, the maximum output
power was as high as 650mW, leading to a slope ef-
ficiency as high as 45.8%.

The laser tunability was studied by inserting a
two-plate birefringent filter under Brewster angle,
as shown in Fig. 3(a). Figure 4(b) shows the results
obtained for TOC ¼ 1%. The full tuning range extends
continuously from 1021 to 1089nm, with a FWHM of
44nm. Based on the continuous-wave 1050nm op-
eration, we investigated the passive mode-locking
operation of this laser. The cavity layout is shown
in Fig. 3(b). The highly reflective rear mirror M3 was
replaced by a piece of SESAM combined with a
100mm radius-of-curvature concave mirror M4,
which was used to reduce the incident beam size on
the SESAM. The SESAMwas designed for 0.4%mod-
ulation depth and a saturation fluence of 120 μJ=cm2

at the central wavelength of 1040nm (BATOP
GmbH, Jena, Germany). Considering the additional
losses caused by the SESAM, we replaced the output
coupler with a 0.5% coupler. Without intracavity
dispersion compensation, we obtained stable mode-
locked pulses in the picosecond regime. A typical in-
tensity autocorrelation trace (obtained with an FR-
103MN autocorrelator, Femtochrome Research,
Berkeley, California) of the output pulses is shown

Fig. 4. (a) CW laser output power at 1050nm versus the pump power and (b) the tuning curve with the 1% output coupler and with an
incident pump power of 2W.

Fig. 5. (Color online) (a) Typical intensity autocorrelation trace of picosecond pulses and (b) the laser spectrum of picosecond operation.
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in Fig. 5(a). Assuming a sech2 pulse shape, one can
obtain the FWHM pulse duration of 1:8ps. A
simultaneous measurement of the pulse spectrum
is illustrated in Fig. 5(b).
To obtain femtosecond pulses, we used a pair of

Gires–Tournois interferometer (GTI) mirrors, which
introduce group delay dispersion (GDD) of −1200 fs2
from 1020 to 1080nm by single pass. It is enough to
compensate the positive GDD caused by the Yb:YAG
crystal and the net intracavity GDD remains at a
minus value. With this alignment, stable self-start-
ing solitonlike pulses were obtained. Figure 6 shows
the measured autocorrelation trace and the spec-
trum of the pulses. The pulse width is 170 fs assum-
ing a sech2 shape pulse, and the FWHM spectral
bandwidth reaches 7nm. The central wavelength
redshifted from 1050 to 1053nm. It is worth men-
tioning that the central wavelength of this femtose-
cond Yb:YAG laser is exactly the working wavelength
of a high energy Nd:glass based ultrafast amplifier
system. This experiment indicates that the femtose-
cond Yb:YAG laser has the potential to be an excel-
lent seed source for the above system. Under the full
pump power of 2W, the average power of the femto-
second pulses is 180mW at a repetition rate of
80MHz, corresponding to the peak power of 13.3 kW.

4. Conclusion

In conclusion, we have described a novel method that
combines numerical and experimental studies to
suppress 1030nm and obtain 1050nm oscillation
for the Yb:YAG laser. Numerical simulations were
carried out to estimate the preferred emission wave-
length of a continuous-wave Yb:YAG laser by taking
into account the pump intensity, crystal length, and
ion concentration. Then, by adopting the Yb:YAG
crystal with proper length and ion concentration,
we suppressed the 1030nm oscillation and achieved
efficient continuous-wave 1050nm lasing, which is in
fair agreement with the numerical model. On this ba-
sis, we demonstrated a femtosecond Yb:YAG laser at
a central wavelength of 1053nm, with a pulse width
of 170 fs and a spectral bandwidth of 7nm. We be-
lieve that the results of this study indicate a new
way to obtain 1053nm femtosecond pulses with a

Yb:YAG laser. If we were to replace the pump laser
with a diode laser at the same wavelength, even
higher output power would be possible in a compact
configuration. Because of the excellent properties of
this crystal and its potential broad emission band-
width at this wavelength, a 1053nm femtosecond
Yb:YAG laser with high power, high efficiency, and
a short pulse width operation is hopeful, which will
be one of the excellent seed sources for a high-nergy
Nd:glass laser facility.
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