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Abstract. Nd-doped CaWO4 (CWO) and NaGd(WO4)2 
(NGWO) single crystals with good optical quality have 
been grown by the Czochralski technique. The neodym- 
ium distribution coefficient in these matrices is about 0.4 
for CWO and close to unity for NGWO. Polarized ab- 
sorption and emission spectra have been recorded at 
room temperature and used to calculate the absorption 
and stimulated emission cross-sections. 

1 and 2% Nd:CWO and 1% Nd:NGWO laser rods 
have been tested in a cavity longitudinaly pumped by an 
1 W AIGaAs laser diode and compared to Nd : YAG and 
Nd:YVO4 rods in the same conditions. The 2% 
Nd:CWO rod exhibits the best performance with slope 
efficiencies of 64%, higher than in the case of YAG and 
equal to the YVO4 samples. The dependence of the laser 
output power versus the diode temperature has been 
measured for all these materials. The laser output of 
Nd :CWO was found to be nearly as stable as for 
Nd:YVO4 and much more stable than in the case of 
Nd: YAG. A CWO microchip has also been tested for the 
first time to our knowledge. 

PACS: 42.55 R; 42.70; 78 

Diode pumped solid state lasers based on neodymium- 
doped materials (Nd:YAG, Nd:YLF) are now reliable 
and efficient compact sources. However, typical Nd- 
doped single crystals exhibit narrow absorption band- 
widths in highly ordered structure (like YAG) and precise 
control of the diode wavelength (hence of the diode 
junction temperature) is required in order to efficiently 
pump such crystals. This diode temperature adjustment 
consumes a lot of energy and thus considerably reduces 
the wall plug efficiency of the diode pumped solid state 
laser. 

Disordered crystal structures usually present line 
broadening of both the absorption and emission bands 
which leads to a decrease in the stimulated emis- 
sion cross-section of the lanthanide ions and thus in the 

laser performance. A compromise is then necessary 
between broad absorption and emission bands like in 
Nd : LaMgAl11019(LMA) and narrower but more intense 
ones. Nd: YVO4, in having good laser performance weak- 
ly sensitive to the diode temperature, is a perfect example 
of such a compromise. Unfortunately, its crystal growth is 
very difficult and has so far prevented it from being de- 
veloped industrially. 

The search for Nd-doped laser materials that would 
exhibit the same optical and laser properties as Nd : YVO4 
but which are easier to grow, has lead us to the study 
of scheelite structure crystals: CaWO4 (CWO) and 
NaGd(WO4)z (NGWO) previously used for flashlamp 
pumped devices [1-3]. However, because of their low 
thermal conductivity they were not persued. 

1 Crystal structure and growth 

CaWO4 (CWO) and NaGd(WO4)2 (NGWO) crystallyse 
in the tetragonal system, space group 141/a. Unlike 
KGd(WO4)2 (KGWO) or KY(WO4)z (KYWO) [4, 53, 
they do not exhibit a polymorphic transformation (from 
the tetragonal I41/a space group to the monoclinic C2/c 
one) below their melting temperature and can thus be 
grown by the Czochralski technique. Their lattice para- 
meters and other physical properties are shown in Table 1. 

Large single crystals (up to 25 mm in diameter and 
more than 100 mm long) have been grown from the melt 
using the Czochralski technique. The growth conditions 
are described in Table 2. 

In Nd: CWO charge compensation has been provided 
by Na + doping, whereas no similar substitution is needed 
of the NGWO matrix, where trivalent neodymium ions 
substitute also trivalent gadolinium ions. The neodymium 
distribution coefficient has been measured to be close to 
unity for NGWO and around 0.4 in CWO. The melt 
compositions and the corresponding neodymium doping 
levels between the top and the bottom of the single crys- 
tals are then: 
- Cao.gsNao.01Ndo.olWO4 (1% Nd), Nd-doping level 

between 0.52 and 0.66. 1020 at/cm 3, 
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Table 1. Physical properties of CWO and NGWO 
C a W O  4 NaGd(WO4)2 

Lattice parameters (A) 
Density 
Hardness (mohs) 
Thermal conductivity 
(Wm-t K -1 ) 
Melting point (°C) 
Refractive Index 

a = 5.2429, c = 11.373 (6) a = 5.243, c = 11.368 (7) 
6.1 (6) 7.2 (7) 
4.5 (8) 

4 (8) 
1580 (8) 1400 (8) 
no = 1.92, no = 1.94 (8) ~ 1.9 

Table 2. Growth conditions of Nd doped CWO and NGWO 

CaWO4 NaGd(W04)2 

Growth rate (ram/h) 0.9 0.65 
Rotation rate (rpm) 10 10 
Atmosphere 02 02 
Crucible material Platinum Platinum 
Seed Platinum wire Platinum wire 
Nd concentration (at%) 1 and 2 1 
Measured distribution 
coefficient: kNa 0.4 1 

- C a o . 9 6 N a o . 0 2 N d o . 0 2 W O  4 (2% Nd), Nd-doping level 
between 1.0 and 1.3. 102° a t / cm 3, 

-NaGdo.99Ndo.ol (WO4)2 (1% Nd), Nd-doping level 
around 0.6, 102o a t / cm 3. 

All crystals are clear, free of cleavage, scattering and 
color centers and core effect. Some cracks were seen in the 
top of only one crystal: NGWO.  

2 Optical properties 

Room-temperature  polarized absorption spectra of Nd- 
doped CWO and N G W O  have been recorded on a CARY 
5 spectrophotometer. Polarized absorption cross-sections 
around 800 nm, the zone of interest for the A1GaAs diode 
pumping, have then been calculated (Fig. 1). 

Polarized emission spectra of the same compounds 
have also been recorded at room temperature using 
a Ti :sapphire  laser tuned to the maximum absorption 
wavelength 2a of the laser materials (Table 3). 

The absolute emission cross-sections around 1.06 gm 
have then been calculated (Fig. 2), using (1), which is based 
on the Fuchtbauer Ladenburg theory: 

ip( ) 
aPe - 87rcnZzr,a Zp (IV(2)~ 22) d 2 '  (1) 

where zraa is the radiative lifetime of the neodymium 4F3/2 
state, fl is the branching ratio corresponding to the 
t r a n s i t i o n  4F3/2 -*  4I t t / z ,  IP(2) is the fluorescence intensity 
in arbitrary units for the zr-polarization, n is the refractive 
index of the matrix, and 2 is the average emission 
wavelength. 

fl has been taken equal to 0.5, an average value for 
common neodymium-doped laser materials. Measured 
fluorescence lifetime ( ~  180 IlS) has been used instead of 
the radiative lifetime. Concentration quenching appears 
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Fig. la, b. Absorption bands of Nd : CWO (a) and Nd : NGWO (b) 

Table 3. Optical properties of Nd doped CWO and NGWO 

CaWO4 NaGd(WO4)2 YAG YV04 

2, (nm) 803.3 803.2 808.5 808.6 
A2 a (nm) 2.6 2.9 1.2 1.4 
0", (10 -2°  cm 2) 12.7 16.2 6.3 27 
2c (nm) 1057.8 1058 1064 1063.5 
A2e (nm) 4.0 12.9 0.8 0.9 
ao (10-19 cm 2) 1.8 0.94 3.8 6.5 

to be relatively weak in these Nd-doped tungstates since 
the fluorescence lifetimes have been measured, respective- 
ly, to 180, 159 and 162~ts in 1% N d : C W O ,  2% 
Nd : CWO and 1% Nd : N G W O .  

All the data for the absorption and emission bands are 
collected in Table 3 for the more intense re-polarization. 
The results for Nd-doped YAG and YVO4 are also given 
for comparison. 

The absorption bands of Nd-doped tungstates around 
800nm are twice as broad as for N d : Y A G  and 
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Fig. 2a, b. Emission bands of Nd : CWO (a) and Nd: NGWO (b) 

Nd: Y V O  4. The laser performance of the Nd-doped 
scheelites should therefore be less sensitive to the diode 
temperature fluctuations. 

For microchip applications [9], the length of the ac- 
tive laser material has to be reduced, generally to below 
2 mm. To keep relatively high absorbed pump power 
fractions and thus ensuring high laser performance, the 
absorption coefficient of the active material must be high. 
Nd : YVO4 is again well-suited to this application, where- 
as in the case of Nd:YAG, short samples exhibit poor 
laser performance. With their large absorption cross-sec- 
tions (intermediate between Nd:YAG and Nd: YVO4), 
Nd-doped tungstates are thus promising for microchip 
applications. 

3 Laser tests in diode pumping cavity 

1 and 2% Nd: CWO, and 1% Nd : NGWO single crystals 
have been tested in a longitudinally diode pumped cavity. 
For comparison, Nd-doped YAG and YVO4 rods have 
been tested under the same conditions. The pumping 
device and cavity are described in Fig. 3. A temperature 
adjusted 1 W SDL 2460 laser diode was used in this 
experiment. Neutral filters with variable optical densities 
were used to tune the pump power, thus avoiding the 
wavelength variations associated with the changes in the 
laser diode current. The highly divergent beam of the 
laser diode is collimated, shaped in an anamorphic prism 
beam expander and focused in the samples. The cavity is 
piano-concave with an output mirror radius Roc = 10 cm 
and is 5cm long. The waist of the laser cavity is 
COo = 130 pm. 

® ®® 

--I 

® ® O 

Laser cavity Pumping device 

Fig. 3. Experimental device of the diode pumped cavity (1) laser 
diode, (2) collimating lens, (3) anamorphic prism (G = X6), (4) fo- 
cusing lens, (5) input dichroic plane mirror, (6) laser crystal (dia- 
meter: 5ram, length: 2 or 5ram), (7)output  mirror with 
Roc = 10 cm, (8) filter, (9) silicon photodiode 

The samples were uncoated rods, 5 mm in diameter 
and 2 or 5 mm long, oriented along the (1 0 0) direction. 
They were rotated in the cavity to get the E//c (~) config- 
uration, corresponding to the maximum of absorption 
and emission cross-sections (except for the Nd: YAG iso- 
tropic rod). 

Using (2) and (3), the optical (Po) and slope (p) efficien- 
cies were calculated for each sample, for the incident or 

th absorbed pump power at threshold (PI~o or  Pabs) and the 
incident or absorbed pump power (Pi.o or P, bs) corres- 
ponding to the maximum infra-red emitted power (Pout), 
measured in the cavity: 

Pout  
Po p~. ,  (2) 

and 

Pout P(Pabs -- th = Pabs)- (3) 

Laser performance of all Nd-doped materials tested 
are presented in Table 4, for the 6.4% output coupler 
transmission. The corresponding efficiency curves are 
given in Fig. 4. 

Nd:YVO,  and Nd:YAG, which exhibit the highest 
emission cross sections also present the smallest threshold 
values. This is in good agreement with (4), the equation for 
the absorbed threshold power according to [10]: 

th hvp~(T + L)(CO2 P.b~ - + CO2), (4) 
4aztlv 

where h% is the pump photon energy, t/p is the quantum 
excitation efficiency, taken equal to 1, cos and COp are the 
cavity and pump beam waists, L is the value of the optical 
losses, and T is the output coupler transmission. 

In Nd:CWO, we were expecting lower threshold 
values (in absorbed power) for the 2 mm long laser rods 
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Table 4. Laser performance of Nd 
doped CWO, NGWO, YAG and 
YVO4 for the 6.4% output 
coupler transmission 

Crystal cq Pinc Pout Pth inc Pth abs p po 
(cm- ~) (mW) ( m W )  (mW) (mW) (%) (%) 

CWO: 1% Nd, 5 mm 4.9 633 217 116 94 55 33 
CWO: 1% Nd, 2mm 4.5 646 104 250 132 48 15 
CWO: 2% Nd, 5 mm 6.5 626 286 96 83 64 46 
CWO: 2% Nd, 2 mm 9 635 157 163 123 46 25 
NGWO: 1% Nd, 2mm 5.5 594 138 183 109 57 22 
YAG: 1.1% Nd, 5 mm 3.4 693 235 77 57 52 34 
YVO4: 1% Nd, 5 mm 11.5 725 390 32 28 64 54 
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Fig. 4. Laser efficiency curves 

than for the 5 mm long samples. The experiments, how- 
ever, showed the opposite behaviour. This result is prob- 
ably a consequence of the higher optical losses in the 
2 mm long rods. Indeed, FIZEAU interferograms have 
revealed lower double pass wavefront distortions and 
flatness values for the 2 mm long samples. They are there- 
fore supposed to be more sensitive than the 5 mm long 
samples to deformation during conditioning operations. 

The 5 m m  long, 2% N d : C W O  rod shows the best 
performance, with a relatively low threshold (83 mW ab- 
sorbed) and a high slope efficiency (64%, identical to 
YVO4). The maximum output power measured was near- 
ly 300 mW. The results for the 1% Nd or for the 2 mm 
long rods are not as good, probably due to weaker Nd- 
doping level and /or  to higher optical losses. A higher 
Nd-doping level (for example 3% Nd in the melt) may 
present better results. 

The performance of Nd : N G W O  are comparable with 
the 2 mm long Nd : CWO laser rods. Higher doping levels 
may again show better performance. 

The expression for the slope efficiency of a laser (10) is 
given in (5). 

hvL T 
P = tip hvp T + L '  (5) 

with t/p is the pumping efficiency, taken equal to 1, hve/hve 
is the fraction between the laser and the pumping photons 
energy, around 0.76 for our materials, T is the output 
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Fig. 5a, b. Evolution of the slope effÉciency vs the output coupler 
transmission: for Nd:YVO and YAG (a) and for Nd:CWO and 
NGWO (b) 

coupler transmission for the laser wavelength, and L is the 
optical losses in the cavity. 

The laser material delivers the maximum slope effi- 
ciency thus the maximum output power for the highest 
output coupler transmissions. Nd-doped YAG, YVO4 
and CWO follow this theory (see Fig. 5): their slope 
efficiency increases with the output coupler transmission. 
However, p decreases for the highest output coupler trans- 
missions in N d : N G W O .  This can be explained by the 
inhomogenous broadening of its emission bands (11). In- 
deed, the sodium and rare earth ions in N G W O  occupy 
the position of the calcium ions in CWO (3). The inhom- 
ogenous broadening of the absorption and emission 
bands is then due to the random filling of the site. 

N d : N G W O  thus seems to be less promising than 
N d : C W O  for high laser output power applications. On 
the other hand, the neodymium distribution coefficient is 
close to unity in double sodium gadolinium tungstate 
whereas it is about 0.4 in CWO. High doping levels, 
particularly interesting for microchips applications, can 
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Table 5. Characteristics of the microlasers mirrors 

Materials Nd doping Length Input mirror Output mirror 
(at %) (mm) 

Tstonm Tlo64nm Tslonm T1064nm 

YAG 1.1% 1.1 0.99 0.005 0.35 0.05 
YVO4 1% 2 0.94 0.002 0.85 0.047 
CWO 1% 2 0.94 0.002 0.85 0.047 

then be more easily reached using NGWO rather than 
CWO. 

The dependence of the laser output power versus the 
diode temperature has been compared in Fig. 6 for Nd- 
doped YAG, YVO4,  and the scheelites. As already men- 
tioned in the introduction, the Nd : YAG performance are 
very sensitive to diode temperature fluctuations. On the 
contrary, the dependence of the laser output power versus 
the diode temperature is much weaker for Nd:YVO4, 
CWO and NGWO. For Nd:YVO4 and CWO, the vari- 

ation in the laser output power is weaker than 20% for 
a 30 ° fluctuation on the diode temperature. Nd :CWO is 
thus of particular interest in diode pumping: it exhibits 
similar laser performance as Nd:YVO4 (high slope effi- 
ciency and low sensitivity to the diode temperature fluctu- 
ations) but is much easier to grow. 

A 2 mm long, 1% Nd : CWO microchip has also been 
tested and compared to Nd-doped YVO4 and YAG. The 
dielectric mirrors are deposited directly on the plane and 
parallel faces of the laser rods (Table 5). The same diode 
was used to pump these microchips as for the previous 
laser tests using an external cavity. The microchips perfor- 
mance, in incident power, are shown in Table 6. 

Because of its larger absorption cross-section, 
Nd: CWO performed well: with nearly 180 mW output 
power (275 mW for YVO4) and a quite good incident 
slope efficiency (43% versus 50% for YVO4). Neverthe- 
less, the threshold value (in incident power) is high for this 
first test. However, higher Nd-doped crystals would cer- 
tainly exhibit better performance. 

4 Conclusion 

The growth and the optical and laser characterisation of 
Nd-doped scheelites CWO and NGWO have been 
achieved. Although the samples were not optimized, laser 
performance were still very good for diode pumped solid 
state device emitting around 1.06 pm. In particular, the 
2% Nd:CWO exhibits the highest output power (more 
than 280roW) and slope efficiency (64%), similar to 
Nd : YAG or YVO4 results. Better performance should be 
obtained with higher doping levels and optimization of 
the growth and laser parameters. Moreover, the depend- 
ence of the output power vs the diode temperature for 
Nd : CWO is as weak as for Nd : Y V O 4  and much weaker 
than for Nd: YAG. Finally, Nd : CWO is an easier crystal 
to grow than both the former materials. It is thus, a very 
good substitute to the vanadates for diode pumping. 

The laser performance of Nd : NGWO are not as good. 
Nevertheless, better results could certainly be obtained for 
higher doping levels, which can easily be reached since the 
Nd distribution coefficient is close to unity in this material. 

A Nd:CWO microchip laser has been prepared and 
tested, for the first time to our knowledge. These prelimi- 
nary results are promising since the 2 mm long, 1% 
Nd:CWO microchip already delivers 180roW output 
power. More heavily doped samples would certainly pres- 
ent higher incident slope efficiency and output power. 

In conclusion, the Nd doped scheelites CWO and 
NGWO are very attractive materials: their optical and 
laser characteristics are intermediate between those of 
Nd : YAG and Nd : YVO4.  But their laser performance are 

T a b l e  6 .  Microlasers 
performance Materials Nd doping 

(at %) 
Length Threshold Output Incident slope 
(mm) (incident power) power (mW) efficiency (%) 

(row) 

YAG 1.1% 
YVO4 1% 
CWO 1% 

1.1 184 151 23 
2 77 275 50 
2 226 179 43 
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less sensitive to the diode temperature than those of 
Nd :  YAG. Moreover,  the tungstates are easier to grow than 
YVO4, large size single crystals can thus be obtained. 
Finally, their high absorption cross-section around 800 nm 
make  them attractive for microchip laser applications. 
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