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We present, to the best of our knowledge, the first intra-
cavity pumped Yb:YAG thin-disk laser. It operates at
1050.7 nm with a quantum defect of just 1.74% due to
pumping at 1032.4 nm. Low absorption of the pump light
at the pump wavelength of 1032.4 nm is compensated for
by placing the disk inside the resonator of another Yb:YAG
thin-disk laser which is diode-pumped at 940 nm. The
intra-cavity pumped laser has an output power of 10.3 W
and a slope efficiency of 8.3%. © 2015 Optical Society of
America
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Optically pumped lasers usually convert a pump beam of low
brightness into a laser beam of higher brightness. The efficiency
of these brightness converters is limited by the second law of
thermodynamics which dictates that a certain fraction of the
pump energy must be expelled to the environment if the
brightness is increasing [1]. This fraction of the pump energy
is called the quantum defect, and it is the energy difference of
the pump photon and the laser photon. It is usually transferred
to the environment as heat. The quantum defect is often the
main source of heat in solid-state lasers. Heat generation leads
to a nonuniform distribution of temperature inside the gain
medium [2]. As a consequence, the beam quality of the laser
is degraded by thermo-optical aberrations. Quasi-three level la-
sers such as Yb:YAG exhibit only a small quantum defect, but
they have to be pumped hard to obtain efficient laser emission
at room temperature. The availability of high brightness laser
diodes for optical pumping at 940 nm and the invention of the
thin-disk laser facilitated efficient laser emission of Yb:YAG [3].

The energy level diagram of Yb:YAG is shown in Fig. 1. The
Yb*-ion has only two electronic states: the ground state >/,
and the excited state *Fs ;. The Stark effect splits the ground
state into four energy levels and the excited state into three lev-
els. Yb:YAG thin-disk lasers are usually pumped at 940 nm and
emit laser radiation around 1030 nm, exhibiting a quantum
defect of 8.7%. Weichelt et al. presented a thin-disk laser that
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was pumped at 969 nm; hence, the quantum defect was 5.9%
[5]. Their laser was pumped from Z, the lowest energy level
of the ground state, directly into the upper laser level A;.
Pumping from Z| facilitates high absorption at the pump
wavelength because the energy level Z is strongly populated,
even at temperatures well above room temperature. When the
laser is pumped from Z;, the quantum defect cannot be made
smaller than the energy difference between the energy levels 2
and Z,. A further reduction of the quantum defect requires
pumping from Z,, Z3, or Z4. The lowest possible quantum
defect in Yb:YAG can be achieved by pumping from Z, to
Ay and lasing from A, to Z3. This laser would have a quantum
defect of approximately 0.4%, but has not been shown yet.
Our intra-cavity pumped laser is pumped from the energy
level Z5 directly into the upper laser level A,. Lasing occurs
between A, and Z4. White proposed level parameters to quan-
tify the system level of lasers [6]. A level parameter of four in-
dicates a four-level laser, and a level parameter of two would
indicate an (impossible) two-level laser. According to these level
parameters, the level parameter of our laser is 2.05 at room tem-
perature. However, the quasi-two-level system comes at a price:
Yb:YAG needs to be pumped hard to achieve gain at the weak
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Fig. 1. Energy level diagram of Yb:YAG at 300 K [4]. The energies
are denoted by Z in the lower multiplet and A in the upper multiplet;
the relative occupation numbers at room temperature are denoted by
/- The thicknesses of the arrows are proportional to the effective cross
sections of the transitions.
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Ay — Z laser transition, and the absorption at the Z3 — A4,
pump transition is very low. The standard solution to compen-
sate for the low absorption is the use of a multipass pumping
scheme. Thin-disk lasers use multipass pumping schemes
involving a parabolic mirror [7]. However, the number of
pump passes is limited by the accessible solid angle and the
beam quality of the pump [8]. We compensate for the low
pump absorption at the Z3 — A; transition by placing the disk
inside the resonator of another diode-pumped thin-disk laser.
In other words, we use the resonant enhancement inside the
resonator of the diode-pumped thin-disk laser to increase
the absorption. When the second disk is pumped, but has
not reached its lasing threshold, its ’F, /z—manifold is depleted,
and absorption for the pump radiation is reduced. If it is then
pumped harder, and lasing occurs; the 27 /,-manifold is repo-
pulated due to stimulated emission at the A, — Z laser tran-
sition. Hence, the intra-cavity power of the intra-cavity
pumped laser has to be high to ensure repopulation of the
*F;,-manifold. This discussion shows that the two lasers
are coupled, and a joint solution of their rate equations is re-
quired. The strong nonlinear coupling can result in chaotic la-
ser emission, self-sustained pulsations, and continuous-wave
laser emission. All of these have been observed in our experi-
ments. The solutions of the coupled rate equations leading to
chaotic laser emission and self-sustained pulsations will be
discussed in a full-length paper [9].

The experimental setup is shown in Fig. 2. The resonator of
the diode-pumped thin-disk laser is V-shaped and comprises a
dichroic mirror and two identical disks. The disks have the
same thickness & of 130 um and doping concentration 7,
of 9 at. %. One disk sits at the vertex of the “V” and is pumped
by diode lasers at 940 nm. A multipass pumping scheme con-
sisting of a parabolic mirror and three prisms establishes 16
single passes through the diode-pumped disk. The intra-cavity
pumped disk serves as the output coupler of the resonator by
absorbing a small fraction of the intra-cavity power. The oppo-
site end of the resonator is terminated by a dichroic mirror.
This mirror has a reflectivity greater than 99.5% at 1030 nm
and a reflectivity smaller than 45% at 1048 nm. Its purpose is
to force the diode-pumped laser to operate around 1030 nm.
Otherwise, the laser would operate around 1048 nm to avoid
the loss due to absorption by the second disk. The intra-cavity
pumped laser is set up with a V-resonator as well. The end mir-
rors of this V-resonator are two HR mirrors; both mirrors are
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Fig. 2. Experimental setup of the intra-cavity pumped thin-disk
laser. At a diode pump power of 300 W, the diode-pumped laser os-
cillates at 1032.4 nm, and the intra-cavity pumped laser oscillates at
1050.7 nm.
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specified for having a reflectivity greater than 99.98%.
Transmission measurements revealed a slightly higher transmis-
sion of one mirror; thus, this one effectively served as the out-
put coupling mirror.

We now want to calculate the wavelength of the diode-
pumped laser and compare it with the experiment. The wave-
length is determined by the spectral gain, the linear spectral
losses of the dichroic mirror, and the nonlinear spectral losses
due to absorption in the intra-cavity pumped disk. Above
threshold, the optimal output coupling of the intra-cavity
pumped laser could be determined using the laser-pumped-
laser model developed by Brown [10]. At the threshold of the
intra-cavity pumped laser, the saturation of its pump transition
is negligible, and we can replace the nonlinear losses by linear
ones. This is the case we now want to study, and we defer the
general case to the full-length paper. For the sake of simplicity,
we assume that both disks have the same temperature. Intra-
cavity losses due to scattering and impurity absorption are ne-
glected because they are small compared to the small-signal loss
of 3.6% per round-trip due to absorption by the second disk.
The saturation intensity at the vacuum wavelength 4 is given by
lsat(l) = hCO/[;’V(GabS(}') + Gem(ﬂ))rlo]’ WhCI‘C 0 is thC upper
state lifetime of Yb:YAG, 4 is Planck’s constant, 6,,(4) and
Oem (4) are the effective cross sections for absorption and emis-
sion at the wavelength 4, and ¢ is the speed of light in vacuum.
In the following, all intensities are normalized to their satura-
tion intensity, quantities referring to the diode-pumped disk are
denoted by (4), and quantities referring to the intra-cavity
pumped disk are denoted by (7). The gain-loss balance equation
of the diode-pumped laser at the lasing threshold is given by

explM\ g\ (] = 1/(1 - Tg(2) explMal (1)d]. (1)

Round-trip gain Loss due to
of the transmission of the

diode-pumped disk dichroic mirror

Round-trip transmission
of the intra-cavity
pumped disk

My “) — 4 is the number of amplification passes of the laser
beam through the diode-pumped disk per round-trip, go (%)
is the small-signal gain coefficient which will be derived below,
d is the thickness of the disks, 74 (4) is the spectral transmis-
sion of the dichroic mirror, M}’ = 2 is the number of pump
passes of the laser beam through the intra-cavity pumped disk
per round-trip, and 0‘0 (/1) is its small- 51gnal absorptlon coef-
ficient at the wavelength 4 given by 0’0 (/1) = Gabs (D) 71p»
where oabs(/l) is the effective cross section for absorption. The
multipass pumping scheme of the diode-pumped laser requires
the introduction of an effective pump intensity 1551)“ The effec-
tive pump intensity results from the 16 passes of the pump hght
through the diode-pumped disk [11]. Since the high pump in-
tensity in thin-disk lasers leads to partial saturation of the pump
transition, the effective pump intensity depends on the degree
of saturation:

(d) (d) (.(d)
(@) (a(d)) (@) 1 - exp[-M) (IP,eff)d] @
Peff - PD (d)(l(d)ﬂc)d >

P,el

where 1( ) is the intensity of the pump diodes on the first pass
of the pump beam through the disk, normalized to the satu-
ration intensity at 940 nm; M Pd) =16is the number of pump
passes through the diode-pumped disk; aP is the saturated
absorption coefficient of the disk given by a(Pd) (ipeg) =

apy/[1 + Peg(ay))]; and ag,()) is the small-signal absorption

coefficient of the diode- pumped disk for the 940 nm pump
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light. When deriving Eq. (2), we assumed a single pass absorp-
tion that is much smaller than unity and assumed that the ef-
fective pump intensity is constant within the disk. Please note
that Eq. (2) is an implicit equation because 1}4)5 is a function of
oy as expressed on the left side, but the right side contains o}

as a function of 1;”,)“ in two instances. The small-signal gain
coefficient g, (1) that includes the reduced absorption due
to the depletion of the 2F;/,-manifold of the diode-pumped
disk was derived in Eq. (14) of our previous publication [12],

(BD2) - D)y -
(d)P — ©)

&) = alh)
1+Peff

where aLg(ﬂ) is the small-signal absorption coefficient of the

diode- pumped disk. B@ is a ratio of the cross sections for the

diode-pumped disk which we define as follows:
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For our calculations, we use measured effective absorption and
emission cross sections at 300 K from Koerner et al. [13].
Inserting Eq. (3) into Eq. (1), and solving for the effective
pump intensity i, g, yields the normalized effective pumped
intensity at the lasmg threshold i Pdeff & (4) of the diode-pumped

laser as a function of the Wavelength

i ()= BOM, aify(2)d B
P, eff th In[1 - T4 (2)]+ afg WdM D (BD -1) - MY

(5)

The diode pump intensity i%)), 4 (4) which is required for reach-
ing the threshold of the diode-pumped laser can be calculated
by inserting Eq. 9) into Eq. (2). Figure 3 shows this diode
pump intensity i 4 (4) as a function of wavelength. The
observed mean laser wavelength of 1032.4 nm fits well to
the calculated wavelength that requires the lowest effective
pump power.
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Fig. 3. From 1030 to 1035 nm, the loss due to transmission of the
dichroic mirror (dotted, gray) is increasing rapidly while the unsatu-
rated absorption of the intra-cavity pumped disk (dashed, gray) is de-
creasing, leading to a minimum of the threshold pump intensity (solid,
black) at 1032.4 nm where lasing will start.
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In the experiments, both disks were pumped with circular
spots having flat-top intensity profiles to a good approximation.
The spots on the diode-pumped disk and on the intra-cavity
pumped disk initially had a diameter of 5.5 and 5.6 mm, re-
spectively. With these spot diameters, continuous-wave laser
output was achieved. When the pump spot on the intra-cavity
pumped disk was made smaller than 1.5 mm, chaotic intensity
fluctuations or self-sustained pulsations occurred, depending
on the pump spot diameter. All subsequent measurements were
carried out with a pump spot diameter of 5.6 mm on the intra-
cavity pumped disk to avoid intensity fluctuations.

Figure 4 shows the measured optical spectra of the diode-
pumped laser and the intra-cavity pumped laser in transverse
multimode operation. The optical spectra were measured with
an optical spectrum analyzer (HP 71450B), having a spectral
resolution of 0.1 nm. When the intra-cavity pumped laser starts
oscillating, both thin-disk lasers emit at two wavelengths each.
Three wavelengths can be identified in the optical spectrum
of the intra-cavity pumped thin-disk laser at high pumping
powers. We have shown that spatial hole burning enables
the simultaneous oscillation of several longitudinal modes with
a frequency spacing many times larger than the free spectral
range of the resonator [12]. At the maximum applied diode
pump power of 300 W, the diode-pumped laser was oscillating
at a weighted mean wavelength of 1032.4 nm, and the intra-
cavity pumped laser was oscillating at a weighted mean wave-
length of 1050.7 nm. Hence, the quantum defect was just
1.74%. Figure 5 shows the measured output power of the
intra-cavity pumped laser and the power of the diode-pumped
laser that leaked through the dichroic mirror. The diode-
pumped laser has a threshold of 132 W which compares well
with the value of 121 W for our mean pump wavelength of
934 nm. The maximum output power in transverse multimode
operation of the intra-cavity pumped laser was 10.3 W at a
diode pump power of 300 W; in addition, approximately
500 mW were transmitted by the HR mirror. At the same
pumping power, 28 W from the diode-pumped laser leaked
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Fig. 4. (a) Measured optical spectrum of the diode-pumped laser

and (b) measured optical spectrum of the intra-cavity pumped laser.
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Fig. 5. (a) Measured leakage power transmitted through the di-
chroic mirror of the diode-pumped laser and (b) measured output
power of the intra-cavity pumped laser in transverse multimode
operation.

through its dichroic mirror. When the lasing threshold of the
intra-cavity pumped laser is reached at 173 W of diode pump
power, the slope of the output power of the diode-pumped laser
decreases which indicates that the stimulated emission in the
second disk repopulates its 2F;/,-manifold and, therefore, in-
creases the absorption of the second disk.

The experimental results show that the diode-pumped laser
oscillates at a wavelength where the reflectivity of the dichroic
mirror is only 99%, leading to substantial losses. The reflectiv-
ity of an ideal dichroic mirror would be 100% at 1030 nm and
zero for longer wavelengths. A dielectric coating that comes
close to such a step function is difficult to manufacture because
it requires many precisely spaced dielectric layers. In principle,
the spectral tuning element does not have to be a mirror; any
other spectral filter could be used if it has low losses and can be
operated with intra-cavity powers in the multi-kilowatt regime.
Nevertheless, for high intra-cavity powers, mirrors as spectral
filters seem to be more suitable than transmissive intra-cavity
filters. Recently, Schuhmann and Larionov presented a thin-
disk laser that was stabilized at a wavelength of 1030 nm by
using an auxiliary cavity as end mirror; it comprises an output
coupler and a volume Bragg grating [14]. The auxiliary cavity is
suitable for high power application and has a spectral band-
width that is determined by the volume Bragg grating. We have
not tested the performance of such an auxiliary cavity for our
intra-cavity pumped laser yet.

In conclusion, we have presented, to the best of our knowl-

edge, the first intra-cavity pumped thin-disk laser. The low
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quantum defect of 1.74% minimizes thermo-optical aberra-
tions in the gain medium if the laser can be scaled to high out-
put power. The concept of intra-cavity pumping can also be
used for optical cooling of solids having a small absorption
at the pump wavelength. One example is the VECSEL laser
demonstrated by Ghasemkhani ez 2/ which was intra-cavity
pumped by a diode laser [15].

Finally, the availability of spectral filters with a sharper spec-
tral edge would increase the efficiency. Instead of using the
combination of 1032.4 and 1050.7 nm for the pump laser
and the intra-cavity pumped laser, one could also use the com-
bination 1026 and 1030 nm. Yb:YAG has sufficiently high
cross sections at these wavelengths and, with a quantum defect
of just 0.4%, the laser would operate even closer to the thermo-
dynamic limit. This, however, requires a spectral filter with an
even sharper edge.
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