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Abstract: We study cryogenic laser operation of an Yb-doped KLu(WQ.), crystal pumped
with a volume Bragg grating (VBG) stabilized diode laser at 981 nm. In the continuous wave
laser regime, a maximum output power of 4.31 W is achieved at 80 K with a slope efficiency
of 44.0% with respect to the incident pump power. Using a 85% initial transmission Cr:YAG
crystal for passive Q-switching, an average output power of 2.11 W is achieved at 100 K for a
repetition rate of 19 kHz. The pulse energy, pulse duration and peak power amount to 111 pJ,
231 ns and 0.48 kW, respectively.
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1. Introduction

In a quasi-three level solid-state laser system at room temperature (RT), the Stark levels of the
ground state are partially populated including the lower laser level. An important example of
such a quasi-three level laser system is the one based on the trivalent ytterbium (Yb3*) ion.
The simple energy level structure of Yb® consisting of only two electronic states prevents
excited state absorption (ESA) or up-conversion (UC) losses. The very small Stokes shift
(quantum defect) is a consequence of this simple structure and offers attractive power scaling
capabilities. Nevertheless, the above-mentioned thermal population of the lower laser level is
inevitable in the case of small quantum defects and leads to reabsorption losses limiting the
overall efficiency of the laser and mitigating the power scaling capabilities [1].

Many laser materials suffer from low transition cross-sections, such as the widely known
Yb:YAG laser. The strategy to cool the active medium down to cryogenic temperatures
partially overcomes the above issues related to reabsorption and low cross-sections. The cross
sections increase at low temperatures. In addition, at cryogenic temperatures the thermo-
optical properties are enhanced. The thermal conductivity increases while the thermal
expansion as well as the thermal dependence of the refractive index (dn/dt) decrease notably.
All these factors affect directly the reduction of the thermal lens effect occurring in the active
medium. The improvement of the thermo-optical properties results in higher laser
efficiencies, in particular the optical-to-optical efficiency in relation to the reduced laser
threshold, and also facilitates scaling of the average output power [2—6].

To date, many Yb®* doped laser hosts have been studied at cryogenic temperatures [7-10]
while little attention has been paid to the Yb—doped KLuU(WO,), crystal (hereafter KLUW).
KLuW belongs to the family of monoclinic potassium double tungstates, having chemical
formula KRE(WO4),, (RE =Y, Gd, Lu). It exhibits favorable polarized spectroscopic
properties when doped with rare earth ions (e.g. Yb%*, Tm*, Ho*") [11,12] due to the strong
anisotropy. It is characterized by higher absorption and stimulated-emission cross-sections
(compared to YAG) and can accommodate highest density of dopant ions without
concentration quenching giving the possibility to reduce the thickness of the active medium
while keeping a reasonable absorption. Furthermore, KLUW exhibits a strong stimulated
Raman scattering effect. It acts as self-Raman laser material with potential of generating
additional wavelengths beside the fundamental laser wavelength [13]. Moderate output power
levels have been demonstrated with Yb**, Tm3* or Ho®* dopings at RT using different cavity
configurations [11,14]. However, KLuW suffers from relatively poor thermo-optical
properties at RT, especially moderate thermal conductivity and high thermal expansion
coefficient [15]. The thermal conductivity of undoped KLUW (~3 W/m/K) is about four times
lower than that of YAG (~14 W/m/K). As a consequence, the laser beam quality is affected
during power scaling due to thermal distortions in the gain medium and polarization
switching can occur due to the enhancement of the thermal lens [14,16]. The situation can be
greatly improved employing the athermal cut concept, where the impact of the negative dn/dt
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of KLUW compensates the positive thermal expansion providing a near-zero and a slightly
positive temperature-induced change of the optical path. For this purpose the propagation
direction has to be along the Ny principal optical direction in the dielectric frame of KLuW
and KRE(WOu); in general [17].

In order to reduce the negative impact of the thermal effects at RT and take advantage of
the above mentioned spectroscopic and thermo-optical properties, in this work we study the
performance of the Yb:KLuW laser at cryogenic temperatures. The laser is pumped by a
Volume Bragg Grating (VBG) stabilized laser diode emitting at 981 nm. In addition, passive
Q-switching of the laser using different initial transmission of the Cr:YAG crystals employed
as saturable absorbers (SA) is also studied.

2. Experimental setup

The laser setup for the cryogenic laser experiments is formed by an L-shaped cavity as shown
in Fig. 1. It consists of a high reflection (HR) coated for 1030 nm concave mirror (M1)
having radius of curvature —300 mm, a plane dichroic bending mirror (M2), HR (s-
polarization) coated for the 1020 — 1200 nm range on the front side and anti-reflection (AR)
coated for the 900 — 980 nm range on the rear side, a plano convex lens AR coated for 1030
nm (L3) having focal length of 150 mm and a series of plane output couplers (M3) with
transmission Toc = 2, 5, 10, 20, 30 and 50% in the 1020 — 1070 nm spectral range. The fiber-
coupled laser diode stabilized at 981 nm by a VBG, (BWT Beijing LTD), delivered a
maximum output power of 27 W with a 0.2 nm spectral bandwidth. The fiber core had a
diameter of 105 pm with a numerical aperture, NA = 0.22. The unpolarized output from the
fiber was imaged using AR coated achromatic lenses L1 and L2, with a 1:2 magnification
ratio resulting in a pump beam diameter of 210 um in the crystal.

M1

. an Yb: KLuwW
981 nm (NA=0.22; 105um core) CrYAG M3

N0 |
TN l

e L1 L3 Output
] Cryo chamber

Fig. 1. Laser setup: L1, L2 achromatic lenses (150 and 300 mm focal lengths), M1 — concave
mirror (radius of curvature = =300 mm), M2 - dichroic mirror, L3 — plano convex lens (150
mm focal length), M3 — plane output coupler.

An uncoated Ng-cut 5 at.% Yb:KLuW crystal, with a thickness of 1.85 mm and an
aperture of 5 x 5 mm? was employed as an active medium. Passive Q-switching was realized
using AR coated Cr:YAG SAs exhibiting three different initial transmissions, To = 85%, 90%
and 95%. The thickness of the 5-mm diameter plates was 1.60, 1.55 and 1.45 mm,
respectively.

The Yb:KLuW crystal was mounted in a brass holder at normal incidence with the un-
polarized pump light propagating along the Ng principal optical direction. Efficient cooling of
the sample was provided by placing the brass holder in a cryogenic vacuum chamber
connected to a cryostat (Cryodyne, model no: 22C) that contains a two-stage closed cycle
helium gas circuit. The heat load of the cryostat was 8 W at 100 K. To stabilize and monitor
the temperature precisely, a temperature controller (Lakeshore, model no: 335) was used. It
included a 50-Ohm resistor for heating and two silicon diode sensors (model no: DT 670)
connected to the sample and the cold finger.

To characterize the passively Q-switched pulses, a fast photodiode (Alphalas, model:
UPD-500-UP) and an oscilloscope (Tektronix, model: DPO 5204 B) were used providing a
temporal resolution of 500 ps. The emission from the diode laser and the optical density
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(absorption) of Yb:KLuW at different temperatures illuminating the sample by a white light
source were measured by a high resolution spectrophotometer (Horiba Jobin Yvon, model no:
1250M) which included a diffraction grating of 600 grooves/mm blazed at 1 um and a
photomultiplier tube (Hamamatsu, model no: H10330A-25), sensitive in the 950 — 1200 nm
spectral range.

The cavity was optimized for maximum output power by adjusting the separations
between the optical elements. The measured optimum total cavity length was 754.8 mm,
which includes 300 mm from M1 to the pump side of the sample, 153 mm from the other side
of the sample to L3, and 300 mm from L3 to M3. The SA was placed at 200 mm from L3 for
the Q-switching experiments. Using ABCD-matrix formalism, the estimated mode size was
~220 um in the crystal.

3. Results and discussion
3.1 Cryogenic continuous-wave Yb:KLuW laser

The input-output characteristics of the continuous-wave (CW) cryogenic Yb:KLuW laser
were studied in two ways. At first the laser performance (output power, laser threshold and
slope efficiency) was characterized at fixed temperature for different transmission of the
output coupler. In the second series of measurements, the temperature was varied at a fixed
output coupler transmission (Toc = 20%).

In the first experiments, we fixed the temperature of the sample to 100 K and varied the
transmittance of output coupler Toc = 2%, 5%, 10%, 20%, 30% and 50%. Figure 2(a) shows
the CW input-output characteristics of the Yb:KLuW laser. The output power linearly
increases without any thermal effect up to the highest available pump power. The laser
threshold increases with the increase in transmission of the output coupler, which is usual
when the cavity losses increase. The highest slope efficiency and output power are 39.7% and
3.87 W, respectively, achieved at an incident power of 10.93 W for Toc = 20%. The rest of
the output couplers showed inferior slope efficiency and output power. In our experiments,
the pump power was limited to 10.93 W, where the sample temperature starts fluctuating by
~20 K due to the limited heat load of the cryostat used.

To study the effect of temperature on the laser performance, we chose the output coupler
with the best results, Toc = 20%. The temperature was varied from 80 to 300 K with steps of
20 K. Figure 2(b) shows the input-output characteristics of the Yb:KLuW laser at various
temperatures. For clarity, only the data series in steps of 40 K are plotted. The output power
linearly increases with the incident pump power and the slope efficiency increases with the
decrease of the sample temperature. A maximum output power of 4.31 W with a slope
efficiency of 44.0% was achieved for 80 K. The output was always linearly polarized with
E//Nm, in agreement with the polarization dependence of the gain cross section [11].

We attribute the better laser performance at cryogenic temperature with respect to RT to a
significant reduction of the reabsorption at the laser wavelength. However, a further decrease
of the reabsorption shall be possible since the concentration of Yb in the crystal is rather high,
i.e. 5 at.%. Samples with lower doping could greatly improve the laser performance.
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Fig. 2. Input-output power characteristics of the CW cryo-cooled Yb:KLuW laser (a) at 100 K
for different output coupler transmission and (b) for Toc = 20% varying the sample
temperature.

The thermal dependence of laser threshold and the slope efficiency of the cryogenic
Yh:KLuW laser for Toc = 20% is shown in Fig. 3(a). From Fig. 3(a), it becomes evident that
the laser threshold decreases and the slope efficiency increases more than four times when the
sample is cooled down from RT to 80 K. Figure 3(b) shows the temperature dependence of
the laser wavelength. The laser wavelength shifted from 1030 to 1024 nm when the
Yh:KLuW crystal was cooled down from 260 K to 80 K. This is a clear evidence of a
reduction of the reabsorption losses. We measured an excellent Gaussian beam profile at 100
K, depicted as an inset in Fig. 3(b). Thus, it can be concluded that the significant temperature
dependence of the CW laser performance is due both to a transition to a four-level system at
low temperatures and to an improvement of the thermo-mechanical and thermo-optic
properties of KLUW although it is impossible to separate and quantify the contributions of
these effects from such experiments.

5 50
Yb:KLuW 80K
= T —— 160K
g = 200K
g 308 3
a S =
£ & =
a o 2
- L 1 1]
8 28 2
@ n
[
£ F10 l-. b)
—e— Threshold power a) Y
0 —*— Slope efficiency 0
40 80 120 160 200 240 280 320 1015 1022 1029 1036
Crystal temperature [K] Wavelength [nm]

Fig. 3. (a) Dependence of laser threshold and slope efficiency versus temperature of the
cryogenic Yb:KLuW laser (Toc = 20%) and (b) Laser emission wavelength at various
temperatures (Toc = 20%); inset: beam profile recorded at 100 K.

3.2 Effect of the crystal absorption on the Yb:KLuW laser performance

To assess the effect of the pump absorption in the crystal, it was measured in non-lasing
conditions versus incident pump power for different crystal temperatures as shown in Fig.
4(a).



Research Article Vol. 25, No. 21 | 16 Oct 2017 | OPTICS EXPRESS 25891

Optics EXPRESS

100 3 v T v r T v 3
Yb: KLuwW Diode current Yb:KLUW sample
= temperature
& —2A — 300K | >
§ —4A 200K | 3
- 22 — 120K |2%
£ E N
c o >
275 s >
=% = =
13 h=l ‘w
g h=l c
e} - 7]
< Q14 F12
5 8
E -1
S o
-4
50

0 2 4 6 8 10 12 977 978 979 980 981 982 983 984 985
Incident pump power [W] Wavelength [nm]

Fig. 4. (a) Yb:KLuW pump absorption versus incident power for diferent crystal temperatures
and (b) VBG stabilized 981 nm diode laser emission for various current levels, left and
Yb:KLuW optical density at different crystal temperatures, right.

From Fig. 4(a) it can be seen that the pump absorption in the crystal is lower at low
incident pump power for temperatures below 120 K. To verify the reason for this lower
absorption, we measured the emission wavelength of the pump diode at different current
levels and for different crystal temperatures as shown in Fig. 4(b). The peak wavelength of
the diode shifted from 980.55 to 980.65 nm with the increase of the diode current whereas the
peak absorption wavelength of the Yb:KLuW crystal was centered at 981.2 nm with a full
width at half maximum (FWHM) of 1.5 nm at 120 K. As can be seen from Fig. 4(b), the
absorption peak is red shifted with the decrease in temperature. This leads to a mismatch
between the diode laser pump emission and the absorption band of Yb:KLuW (the dominant
part of which is for polarization E//Nnm). For temperatures below 120 K, the diode emission is
at the edge of the absorption band of Yb:KLuW which leads to a drop in absorption for lower
temperatures. This observation emphasizes the crucial importance of pump source linewidth
and peak wavelength at cryogenic temperatures.

3.3 Passive Q-switching of the cryogenic Yh:KLuW laser with Cr:YAG as a saturable
absorber

Passive Q-switching of the cryogenic Yb:KLuW laser was realized using AR coated Cr:YAG
as a SA with different initial transmissions To = 85%, 90% and 95%. The temperature of the
sample and transmission of output coupling was fixed at 100 K and 20% respectively for the
first experiments.

The average output power, the pulse width and the repetition rate of the passively Q-
switched Yh:KLuW laser at 100 K are shown in Fig. 5(a) versus incident pump power. As
anticipated, the average output power increases with the SA transmission. The maximum
achieved average output power amounts to ~2.8 W for To = 95%. In Fig. 5(b), the pulse width
remains almost constant for incident powers greater than 6 W with a minimum pulse width of
231 ns for the To = 85% SA. The shortest pulse duration corresponds to the absorber with the
highest modulation depth. The repetition rate increases with the incident power. It is higher
for higher transmission of the SA, which can be attributed to its faster bleaching.
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Fig. 5. Cryogenic Yb:KLuW laser, passively Q-switched by Cr:YAG saturable absorbers with
different initial transmissions: (a) Average output power versus incident pump power; (b)
Repetition rate and pulse width (FWHM) versus incident pump power.

The calculated pulse energy and peak power resulting from Figs. 5(a) and 5(b) are
depicted in Fig. 6(a) for different Ty, indicating a maximum pulse energy exceeding 0.1 mJ.
The pulse train and a single pulse trace for the To = 85% SA at an incident pump power of
10.9 W are shown in Fig. 6(b). For the passively Q-switched regime, the laser emission
wavelength was always 1025 nm and the laser polarization remained E//Nn. Details of the
pulsed laser characteristics are summarized in Table 1. Further shortening of the pulses is
anticipated by lowering the initial transmission of the Cr:YAG (75 or 70%) or by shortening
the cavity length using a modular setup [18]. This will simultaneously reduce the repetition
rate and increase the single pulse energy and the peak power.
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Fig. 6. (a) Calculated pulse energy and peak power versus incident pump power of the the
cryogenic Yb:KLuW laser with different T, of the Cr:YAG. (b) Single pulse with temporal
width of 231 ns and an oscilloscope trace of the pulse train at an incident pump power of 10.94
W using the To = 85% SA.

Table 1. Output characteristics of the passively Q-switched cryogenic Yb:KLuW laser
with different initial transmission of the Cr:YAG saturable absorber

Initial Average Slope Pulse Repetition Energy Peak
transmission output efficiency width rate power
SA [%] power [W] [9%6] [ns] [kHz] [wJ] [kW]
85 211 26.0 231 19.0 111 0.48
90 244 29.0 347 36.2 67 0.19

95 2.78 31.5 456 55.7 50 0.11
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4. Conclusion

In conclusion, as a proof of principle we demonstrated substantial improvement of the laser
operation characteristics of Yb-doped KLu(WQ,), at cryogenic temperatures using a VBG
stabilized laser diode emitting at 981 nm as a pump source. In the CW laser regime a
maximum output power of 4.31 W with a slope efficiency of 44.0% was achieved at 80 K. In
passively Q-switched operation at 100 K, an average output power of 2.11 W at a repetition
rate of 19 kHz was achieved using a 85% initial transmission Cr:YAG saturable absorber.
The maximum pulse energy, shortest pulse width and maximum peak power obtained were
111 wJ, 231 ns and 0.48 kW respectively. Future work will focus on the optimization of the
active medium to operate at cryogenic temperatures in terms of doping level and thickness, as
well as, on the optimization of the SA characteristics. We anticipate, AR coated Ybh:KLuW
samples and a higher heat load cryostat will enable substantial power and energy scaling
beyond the state-of-the-art of existing Yb:KREW lasers demonstrated so far at RT,
maintaining the excellent beam quality.
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