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1. Introduction

Recently, studies on laser crystals have accelerated the develop-
ments of novel laser devices and technologies. Yb**-doped crys-
tal lasers drew great attention in the 1 pm spectral region because
of the quasi-three-level scheme of Yb** ions!' ), which could
effectively avoid occurrence of up-conversion, excited-state
absorption, concentration quenching, and cross relaxation.
Besides, low quantum defects could increase laser efficiency
and reduce generation of thermal effects. In particular, the broad
absorption and emission bands of the Yb*>* -doped crystals make
it suitable for ultrafast and tunable laser operations. Many
researchers make great efforts on Yb-doped gain medium and
obtain lots of encouraging achievements. A 25.6 MW, high peak
power Yb:Y;AL;O;, (Yb:YAG) femtosecond laser was reported
by Saraceno et al'*). In 2017, Toci et al. reported growth of a
Yb:Gd;ALGa;0,, (Yb:GAGG) crystal, spectral properties,
and laser output characteristics'”'. Nevertheless, the main defect
of the Yb**-doped crystal is that the laser threshold is relatively
high. The large crystal field strength in oxy-orthosilicate crystals
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The anisotropy of thermal property in an Yb,Nd : Sc,Si0s crystal is investigated from the temperature of 293 to 573 K. Based
on the systematical study of thermal expansion, thermal diffusivity, and specific heat, the thermal conductivity in
Yb,Nd: Sc,Si05 crystals orientated at (100), (010), (001), and (406) is calculated to be 3.46, 2.60, 3.35, and 3.68 W/(m - K),
respectively. The laser output anisotropy of a continuous-wave (CW) and tunable laser is characterized, accordingly. A
maximum output power of 6.09 W is achieved in the Yb,Nd: Sc,Si05 crystal with (010) direction, corresponding to a slope
efficiency of 48.56%. The tuning wavelength range in the Yb,Nd: Sc,SiOs crystal orientated at (100), (010), and (001) is 68, 67,
and 65 nm, separately. The effects of thermal properties on CW laser performance are discussed.

Keywords: anisotropy; thermal property; tunable laser; Yb,Nd:Sc,Si0s crystal.

could increase the manifold splitting of energy states in Yb**
ions, which could partly overcome the shortage of high pump
power threshold®’. Due to the unique property of negative
thermo-optical coefficient dn/dT, the Sc,SiOs crystal is
regarded as a promising laser crystal for ultrafast and high-
power laser applications”™. The mode-locked Yb:Sc,SiOs
laser with a pulse width of 2.3 ps was first reported by
Li et al.'"). Wentsch et al. reported an Yb:Sc,SiO5 thin-disk
laser with a output power of 9.4 W in 2012!"", However,
the low emission cross section of the Yb:Sc,SiOs crystal limits
the power extraction. Benefiting from energy transfer
between Nd>* ions and Yb** ions, an (YbggsNdg 35¢.947),Si05
(Yb,Nd: Sc,SiOs) single crystal was grown in order to augment
the gain cross section of the Yb: Sc,SiOs crystal. Compared with
the Yb:Sc,SiOs crystal, the emission cross section of the
Yb,Nd:Sc,SiO5 crystal increases by 18.9%!"*). A 3 W continu-
ous-wave (CW) laser and a ultrafast laser with pulse width of
367 fs were achieved in a b-cut Yb,Nd:Sc,SiO5 crystal!’?). 1t
is noticed that the Yb,Nd:Sc,SiOs crystal possesses anisotropy
properties due to the characterization of the monoclinic crystal
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structure. It is of significance in understanding the anisotropy of
thermal and laser properties to design Yb,Nd:Sc,SiO5 laser
devices.

In this Letter, thermal anisotropy in the Yb,Nd:Sc,SiOs
crystal was investigated. The thermal properties including ther-
mal expansion, thermal diffusivity, and specific heat of the
Yb,Nd:Sc,SiOs5 crystal were systematically studied from the
temperature of 293 to 573 K. The thermal conductivity was
determined accordingly. The CW and tuning characteristics
of the Yb,Nd:Sc,SiOs crystal lasers along different principal
directions were investigated.

2. Experimental Setup

The buoyancy method was used to measure density of the
YDb,Nd: Sc,SiOs5 crystal at room temperature. The whole process
is carried out without the crystal touching the bottom of the
beaker. Specific heat of the Yb,Nd: Sc,SiO5 crystal was measured
by using a differential scanning calorimeter (DSC, Perkin-Elmer
Diamond model DSC-ZC). A laser pulse method was applied to
measure thermal diffusion coefficient of the Yb,Nd:Sc,SiO5
crystal (apparatus: Netzsch Nano-flash model LFA 447). A ther-
mal-mechanical analyzer (Diamond TMA, Perkin-Elmer Co.)
was employed to measure thermal expansion coefficient of
the Yb,Nd:Sc,SiOs crystal. The measuring temperature range
was from 299 to 772 K with a heating step of 5 K/min.

Figure 1 shows a schematic of the laser experiments. A 976 nm
laser diode was selected as a pump source with a maximum
pump power of 30 W. The pump light was delivered into the
Yb,Nd: Sc,SiOs crystal with an imaging system. The pump waist
in the Yb,Nd: Sc,SiO;5 crystal was about 200 pm. The uncoated
YDb,Nd: Sc,SiOs5 crystals cut along the principal axis (X, Y, and Z)
were employed as laser medium. All of the laser crystals were
wrapped by indium and mounted in a copper block in order
to efficiently reduce the influence of the thermal effect. The cool-
ing temperature for the copper block was maintained at 16°C.
Mirrors M;, M3, and M, were all processed with antireflection
(AR) coating around 976 nm and high-reflection coating (HR,
R > 99.9%) at 1030-1100 nm. The mirror radii of curvature
were r = 200, r = o0, and r = 200 mm, respectively. The output
mirrors M, and M; were both partial transmittance (T, = 1%,
3%, 10%, and 25%) coated at 1030-1100 nm. As shown in

M, M,
. '
M

Yb,Nd:Sc,SiOg

Coupling lens
(a)

My M;

Fig. 1. Experimental setup of Yb,Nd: Sc,SiOs lasers. (a) CW laser: (b] tunable
laser.
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Fig. 1(b), a quartz birefringent filter (BF) was employed in the
tunable laser experiment to achieve laser tuning operation.
The size of the BF was ®25X3mm. A laser power meter
(Fieldmax-II, Coherent) was employed to measure laser power.
The laser output spectra were measured by a spectrometer
(Avantes, AcaSpec-3468-NIR256-2.2).

3. Results and Discussion

The thermal expansion coefficient tensor of the monoclinic
Yb,Nd:Sc,SiO5 crystal in the conventional orientation can be
expressed by Eq. (1):

a0 a3
0 Qy)y 0 . (1)
a0 oz

As can be seen, a;1, @31 (=a;3), @2, and a3 are four indepen-
dent thermal components. Therefore, thermal expansion coeffi-
cients of four different crystal orientations are required to
determine a;;. In our experiment, four Yb,Nd:Sc,SiOs crystal
samples cut along (100), (010), (001), and (406) orientations
are prepared. By calculation, the four independent principal
thermal components in Eq. (1) could be diagonalized in Eq. (2):

1781 0 0
0 1184 0 |. )
0 0 16137

Density of the Yb,Nd: Sc,SiO;5 crystal could be calculated by
Eq. (3):

_ Po
p_(1+§—:)(1+§—f)(1+ﬁ—;)' ©

Here, p, is density at room temperature. Aa/a,, Ab/b,, and
Ac/cy denote the thermal expansion coefficients of the
Yb,Nd:Sc,SiO5 crystal along crystallographic axes of (100),
(010), and (001), respectively. Thermal conductivity k of the
Yb,Nd:Sc,SiO5 crystal was calculated through Eq. (4), where
4 Gy, and p denote the thermal diffusion coefficient, specific
heat, and density of the Yb,Nd: Sc,SiOs crystal, respectively:

k=2pC,. (4)

Figure 2(a) shows the relationship between specific heat and
temperature. The specific heat is enhanced linearly from 0.641 to
0.999] - g7! - K™! with temperature increasing from 293 to
573 K. The experimental data presents that the Yb,Nd: Sc,SiO;
crystal possesses the advantage of tolerating more thermal
energy. Figure 2(b) displays thermal diffusion coefficients of
the Yb,Nd:Sc,SiOs crystal along the (100), (010), (001), and
(406) directions at the temperatures ranging from 299 to
522 K. The achieved thermal diffusion coefficients were 1.486,
1.359, 1.336, and 1.553 mm? /s in Yb,Nd: Sc,SiO5 crystals along
crystallographic axes of (100), (010), (001), and (406) at room
temperature. Figure 2(c) displays the thermal expansion
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Fig. 2. Thermal properties of the Yb,Nd: Sc,Si0s crystal versus temperature.
(a) Specific heat; (b) thermal diffusion coefficient; (c) thermal expansion coef-
ficient; (d) density.

coefficient as a function of temperature. It can be observed that
the thermal expansion coefficient variation is almost linear over
the entire temperature range. Figure 2(d) presents density values
at different temperatures. Density of the Yb,Nd:Sc,SiO; crystal
is 3.51 g - cm™ at room temperature.

Figure 3 depicts the relationship between the thermal
conductivity and temperature. Thermal conductivity of the
Yb,Nd:Sc,SiOs crystal decreases with the increasing
temperature.

Thermal conductivity of the Yb,Nd: Sc,SiOs crystal at room
temperature is 3.46, 2.60, 3.35, and 3.68 W/(m-K) along the
(100), (010), (001), and (406) axes, respectively.
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Fig. 3. Calculated thermal conductivity in a single Yb,Nd: Sc,SiOs crystal.
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The monoclinic structure of the Yb,Nd:Sc,SiOs crystal
belongs to the crystal system of C,/, which indicates an
anisotropy performance of the laser output property. Thus,
the orientation of the principal axis was determined. The angles
between crystallographic axes (a, b, ¢) in the Yb,Nd:Sc,SiO;
crystal are 8, =, =90° and f,. = 103.8°. In the monoclinic
structure of the Yb,Nd:Sc,SiO; crystal, crystallographic axis b
is one of the principal axes that are collinear with the two-fold
axis. The other two principal axes locating in the (010) face are at
an angle to the crystallographic axes a and c, respectively. A b-
cut Yb,Nd: Sc,SiO5 crystal sample with thickness of 1 mm was
measured by an XPT-6-type polarized microscope to determine
the angle relationship. Figure 4 shows the relationship between
the principal axis and the crystallographic axis. The (010) face is
perpendicular to the crystallographic axis b. The angle between
crystallographic axis a and principal axis Z is measured to be
21.2°. Besides, that between crystallographic axis ¢ and principal
axis Y is 35°.

A linear laser cavity is designed to investigate anisotropy of
the CW laser output properties of the Yb,Nd: Sc,SiO5 crystals.
The CW output power versus absorbed pump power is shown in
Fig. 5. As can be seen, the effect of anisotropy on laser output
power was observed obviously. The maximum average output
power of 6.09 W is generated in the X-cut Yb,Nd:Sc,SiOs
crystal, corresponding to a slope efficiency of 48.56%. The
anisotropy of laser output power may be partly attributed to
the anisotropy of thermal properties. The expansion coefficients
and thermal conductivities along the a axis and ¢ axis are similar
to and higher than that of the b axis. In our experiment, the
maximum absorbed pump power is 15.3 W in the (b axis)
X-cut Yb,Nd:Sc,SiO5 crystal, which is higher than that of the
Y-cut and Z-cut Yb,Nd:Sc,SiO5 crystals. It clarifies that the
X-cut Yb,Nd: Sc,SiO5 crystal possesses relatively uniform ther-
mal expansion and better heat dissipation along the radial

T

b

Fig. & Relationship between the principal axis and crystallographic axis (a, b,
c) in the YbNd: Sc,Si05 crystal.
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= W= o direction. Meanwhile, it is worth noting that Fresnel reflection
z6q" Bt il ANEREEY loss in the uncoated Yb,Nd: Sc,SiO; crystal is above 10%, which
Es- " 301y o, increases the lasing threshold and limits the output power.
2.4] 251 N As shown in Fig. 1(b), a BF was inserted into the laser cavity at
E-s- 207 a Brewster angle to achieve laser tuning. Figures 6(a)-6(c) depict
g ] 151 21 the relationship between output power and absorbed pump
Y 107 1 power with the V-type cavity. Compared with the linear cavity,
2 051 output power achieved with V-type cavity was relatively lower
L @Xcut| 00y oY GYat ’ OZeu because of the polarization and insertion loss. Under an
e . absorbed pump power of 11.9 W, the maximum average output

power of 3.9 W was obtained with the X-cut Yb,Nd: Sc,SiO;
Fig. 5. Average output power versus absorbed pump power along different crystal, corresponding to a slope efficiency of 43.2%. Laser
principal axes in the Yb,Nd: Sc,Si0s crystal. polarization was measured by guiding the laser beam passing
through a half-waveplate and a polarizing beam splitter
(PBS). The polarization is parallel to the Y direction of the X-
cut crystal, to Z direction of the Y-cut crystal, and to X direction
of the Z-cut crystal. The laser wavelength could be flexibly tuned
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Fig. 6. Tunable characteristics of the Yb,Nd:Sc,Si0s crystals. (a), (d) X-cut Fig. 7. Multi-wavelength laser output spectra. (a) X-cut crystal; (b) Y-cut
crystal; (b), (e) Y-cut crystal; (c), (f) Z-cut crystal. crystal; (c) Z-cut crystal.

Table 1. Anisotropy of Output Parameters in an Yb,Nd:Sc,Si0s Crystal Laser.

cw Tunable
Crystal Orientation T, (%) P (W) n %) Py, (W) P (W) n (%) Tuning Coverage (nm)
X-cut (E|¥) 1 2.05 2978 182 0.12 1442 1040-1099 (59)
3 348 42.80 1.97 2.33 29.27 1037-1092 (55)
10 6.09 48.56 249 3.90 43.20 1031-1088 (57)
Y-cut (£)2) 1 144 19.60 2.05 0.63 11.98 1038-1098 (60)
3 2.82 35.52 2.06 2.04 21.64 1035-1096 (61)
10 3.60 40.56 2.62 3.06 32.83 1031-1088 (57)
Z-cut (]2 1 149 2196 210 102 1457 1040-1096 (56)
3 3.46 4181 2.23 2.35 2759 1032-1097 (65)
10 462 50.43 2.50 3.30 3918 1033-1088 (55)

Note: T, output coupler transmittance; Py,., pump threshold; P,,,, maximum output power; #, slope efficiency.
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in the emission band by carefully varying the BF. Figures 6(d)-
6(f) present the tuning wavelength versus the corresponding
output power at different transmittances. The CW tuning cover-
age is 68, 67, and 65 nm in X-, Y-, and Z-cut Yb,Nd: Sc,SiO5
crystals, corresponding to tuning ranges of 1031-1099, 1031-
1098, and 1032-1097 nm, respectively. The CW and tunable
laser parameters including laser threshold, output power, and
tuning coverage of Yb,Nd:Sc,SiO5 are listed in Table 1. The
multi-wavelength laser is achieved by adjusting the insertion
angle of the BF. The emergence of gain competition between
various wavelengths led to the occurrence of simultaneous
multi-wavelength oscillation. Figures 7(a)-7(c) record the
multi-wavelength spectra of the Yb,Nd:Sc,SiO5 crystal
with T, = 1%.

4. Conclusions

In conclusion, the anisotropy of the thermal and laser output
properties in the Yb,Nd:Sc,SiOs crystal was fully studied.
The room temperature thermal conductivity is 3.46, 2.60,
3.35, and 3.68 W/(m- K) along crystallographic axes of (100),
(010), (001), and (406), respectively. Due to relatively uniform
thermal expansion along the radial direction and better heat
conduction along the X direction of the Yb,Nd: Sc,SiOj crystal,
the maximum output power of 6.09 W was generated in the X-
cut Yb,Nd:Sc,SiOs crystal. The tuning ranges of the
Yb,Nd: Sc,SiO5 tunable laser are 68 nm, 67 nm, and 65 nm
for X-, Y-, and Z-cut crystals, respectively.
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