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ABSTRACT We describe an arrangement for an Yb:YAG thin
disk laser, which enables narrow bandwidth operation in single-
frequency mode at freely selectable wavelengths within the
broad tuning range of the laser. This is facilitated by a combi-
nation of a double-stage birefringent filter and an etalon inside
the laser cavity. We investigate the wavelength selection char-
acteristics of the single elements as well as their combination.
A simple procedure is implemented for a computer-based au-
tomation of wavelength tuning. The reflectivity of the partially
reflecting resonator mirror is optimised, and the laser pump
power is adapted for best tuning performance. Single-frequency
emission is achieved in a frequency range of 9.75 THz (wave-
length range 1020 nm to 1055 nm). Each axial laser mode in
this range can be selected individually. The axial mode separa-
tion of 0.47 GHz corresponds to wavelength steps of 1.7 pm at
1030 nm.

PACS 42.55.Xi; 42.60.Fc; 42.60.Lh

1 Introduction

The range of applications of laser based diag-
nostics is steadily growing and covers a huge field of sci-
entific and industrial interests, e.g., measurement of mate-
rial properties, process diagnostics or combustion research.
Among the vast variety of special methods such as particle
image velocimetry (PIV), Raman-scattering, MIE-scattering
and laser induced incandescence (LII), laser induced fluo-
rescence (LIF) plays an important role [1]. For this method
narrow-band, continuously tunable light sources with a broad
tuning range are essential. The process diagnostics require
compact and efficient laser sources, especially in experimen-
tal conditions such as microgravity [2]. Moreover, a high rep-
etition rate is highly desirable, since it enables tracking pro-
cesses of turbulence or ignition over a much shorter time scale
than with conventional lasers, such as excimer or dye lasers.
The ideal laser sources concerning efficiency, ease of use
and compactness are pulsed diode pumped solid state lasers
(DPSSL). However, to date commercial DPSSLs cannot sim-
ultaneously deliver high repetition rates (kHz range), tunable,
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narrow-band operation and high pulse energies (several tens
of mJ). Thus, a novel DPSSL for laser diagnostics was de-
veloped based on a thin disk laser. This promising novel laser
architecture delivers high output power combined with high
beam quality as well as high pulse energies [3,4]. In combi-
nation with Yb:YAG as active laser material, excellent beam
profile, efficiency and tunability could be demonstrated [5, 6].
All the above requirements can be facilitated with a two stage
Yb:YAG master oscillator power amplifier laser system. The
first stage supplies narrow-band tunable laser emission, used
as seed radiation in a pulsed operating regenerative amplifier
system. The output pulses of that second stage are frequency
converted to the UV spectral range for selective excitation of
combustion products [7, 8]. To obtain spectrally well defined
seed radiation in the first stage, laser operation of only one
axial mode is required (single frequency regime). Moreover,
each single axial laser mode inside the broad tuning range
(from 1020 nm to 1055 nm) should be selectable for continu-
ous tunability. Narrow band excimer lasers, for example, usu-
ally employ a diffraction grating, often in combination with
etalons, to reach this aim. In our case, however, the compara-
ble low gain coefficient of Yb:YAG prohibits this approach.
The large losses of the grating would prevent the laser from
emitting. Consequently, we investigated alternatives that min-
imise losses. The most preferable approach, in our opinion,
is the intracavity combination of birefringent filters and an
etalon as wavelength selective elements. This solution, which
is also ideal for automation, is studied in detail in this paper.

2 Setup and operation

The Yb: YAG thin disk laser head features the pump
optic, focusing the pump radiation of a laser diode stack
(InGaAs at 940 nm) onto a 200 pm thick Yb:YAG disk. The
rear side of the disk, which is mounted on a heat sink, is
coated for high reflectivity. Together with a partially reflect-
ing, curved output coupler (3 m radius), it constitutes the laser
cavity [9]. The spatial mode structure of the disk laser is nearly
diffraction limited. This is also valid for high pump power
values due to the well defined pump spot on the surface of the
disk and the efficient, quasi one-dimensional cooling mech-
anism. The length of the resonator determines the formation
of axial modes and their separation (0.47 GHz for 320 mm
resonator length). Since in this configuration different modes
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FIGURE 1 Schematic of the seed laser including wavelength selective

elements for spectral narrowing and setup of instrumentation, power supply
and motion control for automated wavelength tuning

compete, frequency selective elements have to be inserted into
the resonator to suppress unwanted modes. Figure 1 shows
a schematic of the experimental arrangement. It anticipates
the finalised setup for tuning the wavelength via a computer
and characterising the output parameters of the laser. The
power meter and the wavelength measuring devices (wave
meter, scanning etalon and laser spectrometer) provide feed-
back to control the orientation of the spectrally selective elem-
ents (birefringent filter, etalon) as well as the pump power via
a LabVIEW program. The wavelength is measured by a spec-
trometer (frequency range 11 THz) to survey the whole tuning
range of 9.75 THz at once, a scanning etalon (free spectral
range 7.5 GHz), which provides sufficient resolution to sep-
arate axial laser modes, and a wave meter (Michelson inter-
ferometer, spectral resolution 0.28 GHz), which enables data
transfer to the computer. Since the tuning algorithm receives
input only from the wave meter, the other devices can be omit-
ted for a properly adjusted laser.

We investigate a combination of birefringent filters and
an etalon as wavelength selectors. In the birefringent filter
(crystalline quartz) incident light is split in two perpendicu-
lar directions of polarisation. The ordinary and extraordinary
rays propagate with different velocities through the material.
The refractive index in the extraordinary direction varies de-
pending on the angle of incidence relative to the optical axis
of the crystal. Therefore, a variable phase difference between
both rays is introduced, which depends on the orientation
of the birefringent filter (rotation relative to the optical axis)
and the wavelength [10, 11]. In order to dictate a domin-
ant direction of polarisation, and therefore select or suppress
different axial modes according to the introduced phase dif-
ference, the birefringent filter is placed at Brewster’s angle
within the cavity. The reflection of light, polarised parallel to
the plane of incidence, is zero. Thus, light with this direction
of polarisation suffers substantially lower losses. Therefore,
the resonator internal transmittance of parallel polarised light
through the element is a function of the filter’s angle of ro-
tation. The transmittance is maximal for the particular wave-
length when only parallel polarised light passes the crystal. To
illustrate this behaviour, the calculated transmittance of par-
allel polarised light through a 2 mm thick birefringent filter is
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FIGURE 2  Transmittance of a 2 mm thick quartz birefringent filter in de-
pendence of wavelength and angle of rotation (crystal cut with its optical axis
parallel to surface)
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FIGURE 3 Transmittance curves of two birefringent filters (dashed line:
8 mm thickness, doted line: 2 mm thickness, solid line: transmittance prod-
uct)
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shown in Fig. 2. The regions of maximum transmittance form
several hyperbolic structures. These relate the wavelengths,
which suffer the lowest losses, to the appropriate angle of
rotation of the element. The highest wavelength selectivity
can be found in the regions between the non wavelength-
selective positions at 0°, 180° and the turning points of the
hyperbola, where the incident light propagates as either an
ordinary or an extraordinary ray. In the case that the crys-
tal is cut with its optical axis oriented parallel to its surface,
these points occur at 90°. The optimum angle of rotation is,
in this case, near 45°. The linear tuning dependence in this
region simplifies the automated tuning procedure. In Fig. 3
transmittance curves of two birefringent filters at fixed orien-
tation (angle of rotation) are shown. Their thickness is 8 mm
and 2 mm, respectively. We note that the thickness directly
relates to the number as well as to the full width at half max-
imum (FWHM) of the transmittance bands. The birefringent
filter of 2 mm thickness suppresses wavelengths that are more
distant from the selected wavelength but still within the gain
region of Yb:YAG (1020—1060 nm). When the desired wave-
length is near the minimum gain of Yb:YAG at 1040 nm, it



BAUMet al. Axial mode tuning of a single frequency Yb:YAG thin disk laser

1093

Transmittance
o
©
(8] )
Fi s

bt
w
]

0.854
1030.4
~05

1030~ ¢
1 0% " Angle of Tilt /°

Wavelength / nm &l
10296 -1.5

FIGURE 4 Transmittance of a 4 mm thick etalon in dependence of wave-
length and angle of tilt

1 T

o

©

5]
:

Transmittance

o
©

0.85
1029.6

1030 1030.2
Wavelength / nm

FIGURE 5 Transmittance curve of an etalon (4 mm thickness)
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inserts losses of about 30% for wavelength at £10 nm dis-
tance. This is sufficient to suppress laser operation at the
maximum gain around 1030 nm. However, wavelengths very
close to the maximum transmittance cannot be suppressed ef-
ficiently. In contrast, a birefringent filter of 8 mm thickness
provides a four times smaller FWHM, causing much higher
losses for adjacent wavelengths. However, it also allows op-
eration of wavelengths other than the selected one. For this
reason, it is necessary to combine these two elements, result-
ing in a new transmittance curve, which is the product of the
transmittance curves of both components (solid line in Fig. 3).
This yields a reduced spectral width of the transmittance max-
imum, neighboured by different, strongly suppressed, distant
wavelengths. For automated wavelength selection it is advan-
tageous to mount both filters with a small air gap together in
afixed position. This reduces the number of moveable compo-
nents. Therefore, it is essential that the thickness ratio of the
different elements takes an integer value to match the trans-
mittance maxima and to minimise the intracavity losses [13].
In addition to the birefringent filter, a second element is re-
quired to ensure single axial mode operation. Since the trans-
mission bands of the birefringent filter are broad, the laser
may switch between several axial modes. Therefore, an un-
coated etalon was chosen to suppress other axial modes than
the desired. The etalon uses multiple reflection interference

inside a fused silica plate for wavelength selection [12]. The
refractive index of the material, the angle of incidence and the
actual thickness of the element determine several resonant fre-
quencies. These regions of maximum transmittance are sym-
metrically grouped, with respect to 0° angle of tilt and are
separated by the free spectral range (FSR) of the element as il-
lustrated in Fig. 4. The introduced change in resonator length
by tilting the etalon is negligible (e.g., 4 mm thick etalon
tilted by 2° causes 0.18 pum change in resonator length, cor-
responding to a shift of 216 Hz (4.6 x 107%) in axial mode
spacing). However, a spatial displacement of the beam occurs
(47 pm for 2° tilted, 4 mm thick etalon) causing additional
losses if not compensated. The transmission curve of a 4 mm
thick etalon for perpendicular incidence is shown in Fig. 5.
Although the etalon of 4 mm thickness introduces only very
small losses for adjacent axial modes (3.57 x 1072% loss at
a corresponding frequency difference of 0.47 GHz), a sup-
pression of these frequencies is demonstrated experimentally
when used together with the birefringent filters. This takes
advantage of the effect of spatial hole burning in the active
medium of the thin disc laser, which is explained in the follow-
ing section.

3 Results and discussion

Figure 6 shows the spectrum of the Yb:YAG laser,
operated far above laser threshold and without any wave-
length restriction. Four different wavelengths are amplified
(1029.5nm, 1030.5 nm, 1031.25 nm and 1031.75 nm), which
are located within the region of maximal gain of the active
medium. Obviously, these are not adjacent axial modes. In-
side an ideally homogeneously broadened laser medium only
one wavelength, which experiences the highest gain, may os-
cillate. However, due to the effect of spatial hole-burning
several axial modes may coexist, which are able to benefit
from different spatial regions of inversion. When the laser
medium is placed in the middle of the resonator, adjacent axial
modes are able to utilise the inversion since they form mutu-
ally inverse spatial structures. In contrast, in the thin disk laser
the active medium is located at one totally reflecting mirror.
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FIGURE 8 Intensity distribution of the laser emission with application of
the two-stage birefringent filter and the 4 mm thick etalon; restriction to
a single axial mode

Here, the electromagnetic fields of adjacent axial modes are
almost similar and prevent their coexistence [14]. Thus, sepa-
rated wavelengths oscillate and benefit from high gain such as
present in Fig. 6.

The effect of the insertion of the two stage birefringent fil-
ter into the resonator is shown in Fig. 7 with two spectra for
different angles of rotation of the element. The two stage bire-
fringent filter suppresses unwanted wavelengths and limits the
emission bandwidth to below 7 THz (25 pm at 1030 nm; reso-
lution of laser spectrometer). Nevertheless, it is not sufficient
for stable single axial mode operation and hopping between
adjacent modes could be observed with a scanning etalon.
Fixation of the laser emission to one axial mode could be ac-
complished by the addition of a 4 mm thick etalon. Although
the introduced losses for adjacent modes are very small, the
same effect of spatial hole burning as seen in the spectrum
without wavelength selective elements ( Fig. 6) helps to pre-
vent laser oscillation at other modes than the selected. In
contrast to the performance of the two-stage birefringent filter
alone, where several modes in the selected region were per-
manently competing, stable single frequency operation was

output coupler

obtained using the etalon. Figure 8 depicts the restriction of
the laser emission to one exclusive axial mode, measured with
a scanning etalon. The device displays repeatedly multiples of
its measured free spectral range of 7.5 GHz. The measurement
of the laser threshold, which increased only marginally (0.1 W
at 1030 nm), showed that only very low overall losses were
added by the material of the selective elements. However, the
slope efficiency decreased (from 26.3% to 18.4% at 1030 nm)
due to restricted spectral components of the laser emission,
and therefore the output power of the system declined. Since
the gain of the active medium varies with wavelength, the re-
flectivity of the output coupler was optimised for wavelengths
with low gain around 1040 nm. In Fig. 9 tuning curves using
different values of reflectivity of the output coupler are pre-
sented. As expected, the external output power attains much
higher values for lower reflectivity but a higher reflectivity en-
hances the region of lower gain and gives a more uniformly
shaped laser emission. Thus, the highest available reflectivity
0f 99.5% is used in order to achieve a tuning range as wide and
steady as possible. A wavelength range from 1020 to 1055 nm
is covered.

A problem was thermal strain produced inside the thick
birefringent filter by absorption of radiation. The intrinsic
absorption of infrared light in quartz is very low (approxi-
mately 5 x 107¢ cm~! in anhydrous fused quartz) and usually
negligible, but due to the very high circulating power inside
the resonator (approximately 400 W for an output coupler
reflectivity of 99.5% and an output power of 1 W) there is
an observable effect. When the temperature of the birefrin-
gent filter increases slightly, the wavelength shifts and the
power decreases (370 pm wavelength shift, 2.4 W power de-
crease (40% of power) observed after 35 minutes operation at
maximum pump power). In order to induce this wavelength
displacement by a thermal change of refractive index and
thickness of the quartz plate, a temperature shift of more than
30 K would be necessary. Further investigations to elucidate
this effect showed, that neither a measurable thermal lens was
formed (M? remains near unity and beam waist location con-
stant) nor did the angle of incidence differ from Brewster’s
angle (reflected power constant). The effect cannot be caused
by a displacement of the two elements of the double-stage
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birefringent filter against each other since a single element of
equal thickness showed the same behaviour. However, it was
observed that the drift could be compensated by realignment.
This suggests a small spatial or angular displacement of the
beam, caused by the highly asymmetrical heat flow inside the
birefringent filter, positioned at Brewster’s angle. Thus, we as-
sume that the quartz plate might form a prism and astigmatism
might occur.

In order to decrease this thermal strain, it is necessary to
limit and adjust the pump power so that the resonator internal
power may be maintained at a constant level. Thus, the meas-
ured mean output power was limited to a maximum of 1 W,
which is sufficient for the application as a seed laser. Figure 10
illustrates the reached output power stabilisation opposed to
the output power for two constant pump power values. The
automated tuning procedure accomplishes the wavelength se-
lection by adjustment of the appropriate pump power, the
rotation of the birefringent filter, according to a beforehand
acquired calibration curve and the fine tuning by tilting the
etalon. In order to reach each single axial mode within the tun-
ing range, it is essential to align the position of the birefringent
filter according to the position of the etalon.

In Fig. 11 the tuning behaviour during the tilting of the
etalon is presented. Starting from the position in which the

FIGURE 12 Wavelength and laser output power versus etalon angle of tilt.
Birefringent filter and output coupler were readjusted during tuning

etalon is oriented parallel to the output coupler, the tuning
works only towards shorter wavelengths, since the absolute
value of the angle of tilt defines the selected mode. Accord-
ing to theory it is possible to tune the wavelength up to one
FSR of the etalon (91 pm for 4 mm thick etalon) if the bire-
fringent filter is retained at a constant position. Then the loss
for the current axial mode exceeds the loss for the adjacent
mode. This causes the laser emission to hop to the next mode
frequency, indicated by a shift in wavelength and higher out-
put power. However, the previously mentioned losses due to
resonator misalignment due to beam displacement cause an
earlier hopping. In Fig. 12 the improved tuning process is
simulated. The positions of the birefringent filter as well as
the output coupler were corrected just before the next mode
begins to oscillate. This enlarges the tuning range and demon-
strates tuning over more than one FSR of the etalon.

4 Conclusion

The Yb:YAG thin disk laser provides a Gaussian
spatial mode structure even at high laser power. The existing
axial modes next to the central wavelength are separated by
a relatively large gap (hundreds of picometers) due to the ef-
fect of spatial hole burning combined with the geometry of the
thin disk laser resonator. This justifies the performance of the
chosen wavelength selection system, which consists of two
mechanically bonded birefringent filters for coarse selection
and an etalon for fine tuning. This approach requires the ad-
justment of only two separate units during the tuning proced-
ure, which is an important advantage for automated tuning.
Thanks to this combination, the laser emission is narrowed
to a spectral range of less than 0.28 GHz (1 pm at 1030 nm).
Other axial modes are suppressed effectively. Due to the sim-
ultaneous adjustment, the high requirements for the tuning
step width are met and the application as seed laser is enabled.
It is possible to tune the frequency range of 9.75 THz (1020 to
1055 nm) in 0.47 GHz steps (1.7 pm at 1030 nm). This com-
plies with the selection of one single axial mode. A limitation
of output power is introduced to reduce the effects upon the
filters due to thermally induced refractive index profiles. This
does not represent any drawback for this application since an
output power of 1 W is sufficient. Furthermore, the reflectiv-
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ity of the output coupler is optimised to improve the tuning
characteristics and the range of the wavelength tunability.
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