
Laser Phys. Lett. 6, No. 11, 821–832 (2009) / DOI 10.1002/lapl.200910078 821

Abstract: We report new laser and nonlinear-laser properties
of Nd3+-ion doped and undoped orthorhombic calcium nio-
bate. In particular, we show that: Nd3+:Ca(NbO3)2 is a promis-
ing gain medium for LD-pumped microchip lasers and undoped
Ca(NbO3)2 can give rise to high-order lasing covering more than
two-octave Stokes and anti-Stokes frequency comb in the visible
and near-IR region. We measured also the main spectroscopic in-
tensity characteristics related to the observed laser performance
and identified their physical nature. 0.5 1.0 1.5 2.0
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1. Introduction

In modern laser physics and nonlinear optics, niobium
containing crystals, in spite of the limitedness of their
present arsenal, play an important role (see, e.g. [1–5].
The structural diversity of these niobates provides a wide

variety of physical properties which have attractive prac-
tical aspects. Among them are stimulated emission (SE)
for different lasing modes with trivalent lanthnides (Ln3+)
and transition metal lasants, second harmonic genera-
tion (SHG), stimulated Raman scattering (SRS), numerous
parametric processes, etc. (see Table 1). Due to their strong
χ(2)- and χ(3)- nonlinear activity they make possible the
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Crystal Space Ln3+ lasant a) Nonlinear SRS-active Observed Ref. c)

group property mode, cm−1 nonlinear-laser effects b)

LiNbO3 C6
3v Nd3+, Dy3+, χ(2)+χ(3) 490 – 628, SHG, SRS, OPO, [6]

Ho3+, Er3+, (polar) 212 – 248, self-FD (Nd3+, Yb3+),
Tm3+, Yb3+ ≈ 152 d) self-SFG (Nd3+)

LiNbO3:MgO e) C6
3v Nd3+, Er3+, χ(2)+χ(3) – self-FD (Nd3+, Yb3+) f), –

Yb3+ (polar) self-pump OPO (Nd3+, Yb3+)
LiNbGeO5 D16

2h Cr g) χ(3) ≈ 786, ≈ 754, SRS [7]
≈ 699

K3Nb3O6(BO3)2 C2
2v – χ(2)+χ(3) ≈ 648, ≈ 324 SHG, SRS [8]

(polar)
Ca(NbO3)2 D14

2h Pr3+, Nd3+, χ(3) ≈ 904, ≈ 538 SRS this
Ho3+, Er3+, work
Tm3+ h)

Ca0.25Ba0.75(NbO3)2 D14
2h Nd3+ χ(3) – – –

{Ca3}[Nb,Ga]2(Ga3)O12 O10
h Nd3+, Er3+ χ(3) ≈ 500 SRS [9]

Sr0.4Ba0.6(NbO3)2 C4
2v Nd3+ χ(2)+χ(3) – SHG, self-FD (Nd3+) i) –

(polar)
Ba2NaNb5O15 C11

2v Nd3+ χ(2)+χ(3) ≈ 650 SHG, SRS, [6,10]
(polar) self-FD (Nd3+)

La3Ga5.5Nb0.5O14 D2
3 Nd3+, Cr3+ χ(2)+χ(3) – SHG, self-FD (Nd3+, Cr3+) j) –

LaNbO4 C6
2h Nd3+, Ho3+ χ(3) – – –

a) More detail data on SE of lasant activator ions is available from [11].
b) Here we used the following abbreviations:

• SHG – second harmonic generation;
• OPO – optical parametric oscillation;
• self-FD (Ln3+) - self-frequency doubling, i.e. SHG from arising SE in Ln3+-ion doped crystals under external non-laser and/or laser pumping;
• self-pump OPO (Nd3+) - optical parametric oscillation arising from SE of Nd3+ lasants, which is as an internal one-micron pumping radiation;
• self-SFG is the self-sum-frequency mixing, i.e. cascaded summing parametric generation (up-conversion process) of arising secondary laser emissions
(e.g., SE, Stokes and anti-Stokes lasing, as well as pumping radiation).

c) In this table and below we used articles only in refereed journals.
d) Including polariton modes.
e) The Mg2+(MgO) co-doped LiNbO3:Nd3+ laser crystals for the first time were used in [12]. Other “co-activators” ZnO, Sc2O3, and ZrO2 are also known.
f) Self-FD effect under quasi-phase-matched condition was also observed in LiNbO3:MgO:Yb3+ crystal with the periodically domain-inverted structure [13].
g) Assumed as Cr4+ ions.
h) All known laser channels documented in Table 2.
i) Diffuse self-FD phenomenon was observed in the crystals with randomly distributed quasi-cylindrical ferroelectric domains [14]. The theory of this phenomenon

was described in [15].
j) Non-phase-matched SHG [16].

Table 1 Known nonlinear-laser niobate single crystals

availability of efficient conversion of visible and near-IR
laser emission into different specific wavelengths. There-
fore, it is of current interest to search and study the laser
and nonlinear-laser properties of new and known undoped
and Ln3+-ion doped niobates.

Our present research is concerned with the detailed in-
vestigation of undoped and Nd3+-ion doped orthorhom-
bic Ca(NbO3)2 crystals. Here we present results about
CW one-micron Nd3+:Ca(NbO3)2 microchip laser per-
formance with laser-diode (LD) pumping and a study of
picosecond SRS in undoped Ca(NbO3)2 crystal. This in-
vestigation is a continuation of our previous spectroscopic

and SE generation studies of Ln3+ lasants in title crys-
tals, which are partly described in Table 2 (in addition, see
also [4]). It should be noted here that Ca(NbO3)2 was the
seventh laser host-crystal (after CaF2, SrF2, BaF2, LaF3,
CaWO4, and SrMoO4) for Ln3+ lasants [26].

2. Crystals for investigations

Both undoped and neodymium activated Ca(NbO3)2 (or
CaNb2O6) crystals were grown by the usual Czochral-
ski technique. Good optical quality calcium niobate sin-
gle crystals doped with ≈ 2% Nd3+ lasants by weight in
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Pr3+ Nd3+ Ho3+ Er3+ Tm3+

1D2 → 3F4
a) 4F3/2 → 4I11/2

b) 5I7 → 5I8 4S3/2 → 4I9/2
3H4 → 3H6

300 K, Xe 300 K, Xe, LD c) ≈ 90 K, Xe ≈ 110 K, Xe 77 K, Xe
1.0664 μm [17] 1.0615 μm [18] ≈ 2.047 μm [19] 1.7410 μm [20] ≈ 1.91 μm [19]

77 K, Xe ≈ 650 K, Xe
1.0662 μm [17] 1.0625 μm [21]

77 K, Xe
1.0612 μm [18,22]

3P0 → 3H6
4F3/2 → 4I13/2

4I11/2 → 4I13/2

≈ 110 K, Xe 300 K, Xe 1.3380 ≈ 110 K, Xe
0.6105 μm [20] and 1.3425 μm [23] 2.7175 μm [20]

77 K, Xe 1.3370
and 1.3415 μm [23]

77 K, Xe
≈ 1.61 μm [17] d)

a) Excited under Xe-flashlamp pumping pulsed SE at ≈ 1.04 μm wavelength of Pr3+ ions at 77 K was wrongly assigned to the 4F3/2 → 4I9/2 channel [19].
A subsequent correct identification made in [24] showed that this SE related to the 1D2 → 3F4 channel.

b) Recorded room-temperature pulsed SE at 1.060 μm wavelength of Nd3+ ions was wrongly assigned to the 4F3/2 → 4I9/2 channel [19].
c) In the SE spectrum of a crystal Ca(NbO3)2:Nd3+ grown without charge compensators besides the generation line at 1.0612 μm wavelength of the “main”

activator center, several lines related to the N-type satellite Nd3+ lasing centers are also manifested (at 1.0614 μm for the N1 center, at 1.0626 μm – N2

center, and 1.0588 μm – N3 center). All these SE wavelengths (see Fig. 7 in [22]) were recorded by the use of combined active media [25] on the base of
Ca(NbO3)2:Nd3+ + BaF2 - LaF3:Nd3+ or Ca(NbO3)2:Nd3++Nd-glass.

d) Pulsed SE of Er3+ ions was recorded at 77 K with Xe-flashlamp pumping at ≈ 1.61 μm wavelength without identification of the laser channel.

Table 2 Known SE channels of the orthorhombic Ca(NbO3)2 single crystals doped with Ln3+ lasants (Ln3+ = Pr3+, Nd3+, Ho3+,
Er3+, and Tm3+)

From LD
 = 0.808 μmλp

 = 1.0615 μmλSE

OCS

Ca(NbO3)2:Nd3+

OC
2 mm

Figure 1 (online color at www.lphys.org) Schematic diagram
of the 0.808-μm LD-pumped Nd3+:Ca(NbO3)2 microchip CW
laser (see also text)

the melt were obtained with the stoichiometric amounts
of Ti4+ charge compensators. All calcium niobates were
pulled (rate ≈ 6 mm/h and rotation ≈ 30 min−1) in air
using an Ir crucible. These crystals were used to fabri-
cate polished samples for laser, nonlinear-laser, and spec-
troscopic measurements. The crystallographic and some
physical properties of the niobates studied are listed in Ta-
ble 3.

3. CW lasing of Nd3+:Ca(NbO3)2 single
crystal with LD pumping

The schematic diagram of our microchip laser is shown
in Fig. 1. One surface of the Ca(NbO3)2:Nd3+ gain ele-
ment in the form of crystal plate is anti-reflection-coated
at 0.808 μm and highly reflecting at 1.064 μm wavelength
to act as a cavity mirror of the laser. The other surface
of the Ca(NbO3)2:Nd3+ crystal plate is anti-reflection-
coated to reduce the cavity loss at SE wavelength. Four
plane-parallel mirrors were used as output couplers (OC)
with different transmissions of 5%, 10%, 15%, and 20% at
1.0615 μm. The overall cavity length was about 2 mm.
A 7-W fiber-coupled 0.808 μm LD with a core diame-
ter of 100 μm and numerical aperture of 0.2 was used
as the pump source. Two lenses of 8-mm focal length
were used to focus the pump beam on the crystal rear sur-
face and to produce a pump light footprint in the crys-
tal of about 100 μm in diameter. About 95% of the total
pumping power is incident on the Ca(NbO3)2:Nd3+ crys-
tal plate after the optical coupling system (OCS). Unfor-
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Figure 2 (online color at www.lphys.org) Spectroscopic map explaining the 4F3/2 → 4I9/2−15/2 luminescence of Nd3+ ions in a
orthorhombic Ca(NbO3)2 crystal with 808-μm LD-excitation (see also text)

tunately, in the used excitation condition, as will be seen
from Fig. 2, CW LD-emission at λp = 0.808 μm wave-
length is not fully matched with the maximum of the peak
of pumping band-area which related to intermanifold ab-
sorption 4F3/2 → 4F5/2+2H(2)9/2 transition. The devel-
oped microchip laser was operated at room temperature
without active cooling of the crystal element.

The CW input-output dependences of microchip
Ca(NbO3)2:Nd3+ laser as a function of the absorbed pump
power for different OC are shown in Fig. 3a. The excita-
tion threshold was approximately the same of ≈ 180 mW
when the transmissions of the OC are 5%, 10%, and 15%.
At TOC = 20% it was about 250 mW. As seen, the output
power increases linearly with the absorbed pump power
for different transmissions of the OC. The maximum out-
put power of ≈ 1.4 W was achieved with TOC = 10% when
the absorbed pump power was 4.55 W, in this case the
optical-to-optical efficiency is as high as 31%. The mea-
sured CW lasing efficiencies for other transmission of OC
are given in Fig. 3a.

The Ca(NbO3)2:Nd3+ microchip SE was analyzed by
using an ANDO AQ6317 optical spectrum analyzer. As
may be seen from Fig. 3b, the laser spectra of our laser
indicate that several longitudinal modes oscillate simulta-
neously for different OC. For TOC = 5%, three longitudi-
nal modes oscillate at 1.0615 μm when the pump power is
just above threshold, the number of the longitudinal modes

increase with the absorbed pump power, for example,
five longitudinal modes oscillate when the pump power is
≈ 3 W. The generation wavelength shifts to longer wave-
length with absorbed pump power, which is related to the
SE spectral shift to longer wavelength with increasing tem-
perature of the lasing crystal. This effect related to the
electron-phonon interaction active in a Ca(NbO3)2:Nd3+

crystal was investigated in detail many years ago us-
ing special laser measurements conducted over a wide
temperature range (from 77 K to 630 K) [22]. It should
be noted here that the same behaviour was observed in
Y3Al5O12:Nd3+ microchip laser as reported in [37]. Sim-
ilar cavity mode behaviours in our Ca(NbO3)2:Nd3+ mi-
crochip laser were found with different transmissions of
OC, as indicated in Fig. 3b. The separation of each longi-
tudinal mode under different pump power was measured
to be Δλ≈ 1.35 Å. In agreement with [38] this value
should be estimate by the simple relation Δλ = λ2

SE /2Lc,
where Lc is the optical length of the laser cavity with re-
gards to the refractive index of the crystal. For 2-mm thick
Ca(NbO3)2:Nd3+ planar-parallel gain crystal studied here,
Δλ was calculated to be ≈ 1.38 Å, with the SE wave-
length of λSE = 1.0615 μm, which was in good agreement
with the experimental value. Finally, Fig. 4 explains the
nature of SE studied by showing the 4F3/2 → 4I11/2 lu-
minescence spectrum and the corresponding crystal-field
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Property
Space group D14

2h − Pcam (Pbcn), No. 60
Unit cell Pcam Pbcn
parameters, Å setting [27] setting [28] a,b)

a = 5.757 a = 14.926
b = 14.97 b = 5.752
c = 5.225 c = 5.204

Number of formula Z = 4
per unit cell
Density, g cm−3 ≈ 4.72
Melting temperature, ◦C c) ≈ 1560
Site symmetry Nb5+ – C1, CN = 6
and coordination Ca2+ – C2, CN = 8
numbers (CN) of cations
Method of growth Czochralski from the melt

[17–23], LHPG technique
[29] d), flux [30]

Thermal conductivity, κa ≈ 6.08; κb ≈ 5.71;
W/m/K e) [31] κc ≈ 8.24
Known Ln3+ lasants for Pr3+, Nd3+, Ho3+, Er3+,
Ca(NbO3)2 host-crystals and Tm3+ [17–23]
Possible charge compen- Na+ and Ti4+
sators at the Ln3+-doping
Linear optical character Biaxial, positive
Optical transparency ≈ 0.3 –≈ 5.5
range, μm f)

Refractive index Varies from 2.07 to 2.20 [19]
Hardness (Mohs scale) 4.5 – 5.5
SE effective peak-cross- σp

e = 12±5 g)

section, 10−20 cm2

Extension of phonon ≈ 950 h)

spectrum, cm−1

Frequency of SRS-promo- ωSRS1 ≈ 904 and
ting vibration modes, cm−1 ωSRS2 ≈ 538
Linewidth (FWHM) of ΔνR1 ≈ 2.2 and
SRS-related peaks ΔνR2 ≈ 6.5
in spontaneous Raman
scattering spectra, cm−1

First Stokes steady-state gSt1
ssR ≈ 2.8 i)

Raman gain coefficient,
cm/GW
Possible applications Lasers, SRS laser converters,

Stokes and anti-Stokes lasing
combs, as well as holography
[32] and lamp phosphors (Eu3+)
[33]

a) According to a quite recent refinement [34]: a = 14.96976; b = 5.74724;
c = 5.22202 Å.

b) For Ca(NbO3)2:Pr3+(CP r ≈ 0.5 at.%) crystal these parameters are:
a = 14.961; b = 5.740; c = 5.2174 Å [35].

c) In the binary system CaO-Nb2O5 probably three compounds are formed:
the congruently melting orthorhombic methaniobate Ca(NbO3)2 (at
≈ 1560◦C with a ratio 1:1) and monoclinic pyroniobate Ca2Nb2O7 (at
≈ 1576◦C with a ratio 2:1), and the incongruently melting orthoniobate
Ca3(NbO4)2 (at ≈ 1535◦C with the ratio 3:1) [36].

d) LHPG – laser heated pedestal growth.
e) For Ca(NbO3)2:Nd3+ single crystal (CNd = 0.894×1020 cm−3).
f) For ≈ 1-mm thick plate.
g) For 4F3/2 → 4I11/2 luminescence transitions at 1.0615 μm wavelength

related to SE generation line.
h) From spontaneous Raman scattering spectra.
i) For the first Stokes SRS line at 1.1741 cm−1 wavelength related to

ωSRS1 ≈ 904 cm−1.

Table 3 Some known room-temperature physical properties of
the orthorhombic Ca(NbO3)2 and Nd3+:Ca(NbO3)2 single crys-
tals
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Figure 3 (online color at www.lphys.org) Characteristics of
the LD-pumped Nd3+:Ca(NbO3)2 microchip laser: (a) – output
power as a function of 808-μm pump power for different trans-
missions of the output coupler and (b) – mode-structure of CW
lasing spectra for TOC ≈ 10% with indication of pump power
(see also text)

splitting scheme with the identification its inter-Stark laser
transitions.

4. Raman induced χ(3)-nonlinear Stokes and
anti-Stokes lasing

In the conducted room-temperature SRS experiments we
used an undoped Ca(NbO3)2 sample in the form of ≈ 25-
mm long rectangular bar (with cross-section 5×5.5 mm2)
whose polished plane-parallel faces were cut perpendic-
ular to the crystallographic c, a, and b axes. Its Raman
induced Stokes and anti-Stokes generation in the visible
and near-IR spectral regions was excited in the “cavity-
free” single-pass pumping geometry by the picosecond ra-
diation of a homemade one micron Nd3+:Y3Al5O12 laser
and double-pass amplifier. Fig. 5 shows only a functional
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Excitation condition Stokes and anti-Stokes generation SRS-active vib-
ration mode, cm−1

λf , μm Pumping geometry a) Wavelength, Line c) SRS- and RFWM-line ωSRS1 ωSRS2

μm b) attribution
0.53207 c(bb)c 0.4650 ASt3−1 ωf2+3ωSRS1 ≈ 904

(see Fig. 6a) 0.4854 ASt2−1 ωf2+2ωSRS1 ≈ 904
0.5077 ASt1−1 ωf2 + ωSRS1 ≈ 904
0.53207 λf2 ωf2 – –
0.5590 St1−1 ωf2 − ωSRS1 ≈ 904
0.5887 St2−1 ωf2−2ωSRS1 ≈ 904
0.6218 St3−1 ωf2−3ωSRS1 ≈ 904
0.6588 St4−1 ωf2−4ωSRS1 ≈ 904
0.7006 St5−1 ωf2−5ωSRS1 ≈ 904

1.06415 c(bb)c 0.5703 ASt9−1 ωf1+9ωSRS1 ≈ 904
(see Fig. 6a, Fig. 6c) 0.6014 ASt8−1 ωf1+8ωSRS1 ≈ 904

0.6359 ASt7−1 ωf1+7ωSRS1 ≈ 904
0.6747 ASt6−1 ωf1+6ωSRS1 ≈ 904
0.7185 ASt5−1 ωf1+5ωSRS1 ≈ 904
0.7685 ASt4−1 ωf1+4ωSRS1 ≈ 904
0.8258 ASt3−1 ωf1+3ωSRS1 ≈ 904
0.8925 ASt2−1 ωf1+2ωSRS1 ≈ 904
0.9708 ASt1−1 ωf1 + ωSRS1 ≈ 904
1.06415 λf1 ωf1 – –
1.1774 St1−1 ωf1 − ωSRS1 ≈ 904
1.3177 St2−1 ωf1−2ωSRS1 ≈ 904
1.4959 St3−1 ωf1−3ωSRS1 ≈ 904
1.7298 St4−1 ωf1−4ωSRS1 ≈ 904

1.06415 c(aa)c 0.7185 ASt5−1 ωf1+5ωSRS1 ≈ 904
(see Fig. 7) 0.7685 ASt4−1 ωf1+4ωSRS1 ≈ 904

0.7921 ASt6−2 ωf1+6ωSRS2 ≈ 538
0.8030 ASt4−2ASt1−1 ωf1 + ωSRS1+4ωSRS2 ≈ 904 ≈ 538
0.8143 ASt2−2ASt2−1 ωf1+2ωSRS1+2ωSRS2 ≈ 904 ≈ 538
0.8258 d) ASt3−1 ωf1+3ωSRS1 ≈ 904
0.8273 d) ASt5−2 ωf1+5ωSRS2 ≈ 538
0.8393 ASt3−2ASt1−1 ωf1 + ωSRS1+3ωSRS2 ≈ 904 ≈ 538
0.8516 ASt1−2ASt2−1 ωf1+2ωSRS1 + ωSRS2 ≈ 904 ≈ 538
0.8659 ASt4−2 ωf1+4ωSRS2 ≈ 538
0.8828 ASt2−2ASt1−1 ωf1 + ωSRS1+2ωSRS2 ≈ 904 ≈ 538
0.8925 ASt2−1 ωf1+2ωSRS1 ≈ 904
0.9082 ASt3−2 ωf1+3ωSRS2 ≈ 538
0.9226 ASt1−2ASt1−1 ωf1 + ωSRS1 + ωSRS2 ≈ 904 ≈ 538
0.9375 St1−2ASt2−1 ωf1+2ωSRS1 − ωSRS2 ≈ 904 ≈ 538
0.9548 ASt2−2 ωf1+2ωSRS2 ≈ 535
0.9708 ASt1−1 ωf1 + ωSRS1 ≈ 904
0.9873 St2−2ASt2−1 ωf1+2ωSRS1−2ωSRS2 ≈ 904 ≈ 538
1.0065 ASt1−2 ωf1 + ωSRS2 ≈ 538
1.0243 St1−2ASt1−1 ωf1 + ωSRS1 − ωSRS2 ≈ 904 ≈ 538
1.06415 λf1 ωf1 – –
1.1073 ASt1−2St1−1 ωf1 − ωSRS1 + ωSRS2 ≈ 904 ≈ 538
1.1288 St1−2 ωf1 − ωSRS2 ≈ 538
1.1774 St1−1 ωf1 − ωSRS1 ≈ 904
1.2018 St2−2 ωf1−2ωSRS2 ≈ 538

a) Notation is used by analogy to [40].The letters between the parentheses are (from left to right) the polarization of the pumping and nonlinear-laser scattering
emission, respectively, while the ones to the left and to the right of the parentheses are the pump and scattered emission detections, respectively. We used
crystallographic setting of Pbcn, where a‖x, b‖y, and c‖ z.

b) Measurement accuracy is ±0.0003 μm.
c) For example, the conditional notation St1−2ASt2−1 if defined as the first Stokes lasing with the second promoted vibration mode ωSRS2 from the second

anti-Stokes emission with the first promoting vibration mode ωSRS2.
d) Due to limited resolution of recording monochromator these lines in the spectrum of Fig. 6 are partly overlapped.

Table 4 Room-temperature SRS-promoting modes and spectral composition of Stokes and anti-Stokes generation in undoped
orthorhombic Ca(NbO3)2 single crystal under picosecond Nd3+:Y3Al5O12-laser pumping at two fundamental wavelengths
λf1 = 1.06415 μm and λf2 = 0.53207 μm (SHG)
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Symmetry Overall Acoustic Translatory Libratory Activity
degree modes lattice modes lattice + internal
of freedom modes of Nb2O

2−
6

N T T ′(Ca2+) T ′(Nb5+) L + i Raman IR
Ag 13 – 1 3 9 xx, yy, zz –
Au 13 – 1 3 9 – –
B1g 14 – 2 3 9 xy –
B1u 14 1 2 3 8 – z

B2g 13 – 1 3 9 xz –
B2u 13 1 1 3 8 – y

B3g 14 – 2 3 9 xz –
B3u 14 1 2 3 8 – x

Σ 108 3 12 24 69

Table 5 Factor-group analysis of the unit-cell vibration modes for Ca(NbO3)2 single crystal

fragment of the used SRS setup whose detailed descrip-
tion presented in our earlier papers (see, e.g. [39]). The
Nd3+:Y3Al5O12 amplifier is operated at high pump ener-
gies to achieve high pulse stability (τf1 ≈ 110 ps), there-
fore the pulse energy variation on the Ca(NbO3)2 crys-
tal is realized by an attenuator consisting of a half-wave
plate along with a Glan-laser polarizer (P). A spherical,
plane-convex lens (L1) with a focal length of 25 cm is
used to focus the nearly Gaussian pump beam onto the
calcium niobate sample, resulting in a beam waist diam-
eter of about 160 μm. The fundamental pumping wave-
length of λf1 = 1.06415 μm can be converted by SHG in a
KTiOPO4 doubler with ≈ 25% efficiency. This results in a
pump wavelength of λf2 = 0.53207 μm and reduced pulse
duration of (τf2 ≈ 80 ps). A Schott BG39 glass filter with
a transmission of 0.015% at 1.064 μm wavelength can be
inserted behind the doubler to suppress the fundamental
pump radiation of λf1 = 1.06415 μm. Excitation geome-
try can be adjusted by a sample stage with three transla-
tional and three rotational degrees of freedom. This allows
alignment of the Ca(NbO3)2 sample at any angle with re-
spect to the pump beam direction and polarization. Due to
the conical emission characteristics of the Raman induced
four-wave mixing (RFWM) in the crystal studied, it is nec-
essary to exploit the complete acceptance angle of the grat-
ing spectrometer-monochromator in the Czerny-Turner ar-
rangement (McPherson Model 270, 6.8 Å/pixel dispersion
with a grating of 150 lines/mm) used for signal detection.
A spherical, bi-convex fused silica lens (L2) with ≈ 50 mm
diameter and 100 mm focal length, followed by a cylin-
drical plano-convex fused silica lens (L3) with a size of
50×50 mm2 and same focal length of 100-mm, images the
scattered radiation onto the variable spectrometer entrance
slit. For the detection of scattering components emitted at
very large angles an additional lens can be inserted behind
the sample. This collection geometry is chosen to achieve
high sensitivity for different scattering conditions due to
different sample properties like size, dispersion and Ra-

man shift, varying positions of the focal plane along the
sample length and shifts of the image caused by sample
rotation. The spectral components of the collected light are
then recorded by a line camera to obtain single shot spec-
tra of wavelengths intervals of up to 0.75 μm width de-
pending on the sensor chip size and the used grating order.
For measurements in the UV and visible spectral region a
Si-CCD sensor (Hamamatsu S3923-1024Q with 1024 pix-
els) was used, with peak sensitivity at ≈ 0.6 μm, reduced
to almost zero around 1.1 μm wavelength. However for
near-IR spectra between 0.9 and 1.7 μm an InGaAs sen-
sor had to be employed (Hamamatsu G9204-512D with
512 Pixels). These sensors provide good enough sensitiv-
ity in a very wide spectral range (see, inserted frame in
Fig. 6). Some obtained χ(3)-nonlinear lasing spectra of or-
thorhombic Ca(NbO3)2 crystal with results of their corre-
sponding analysis are listed in Table 4 and illustrated in
Fig. 7 and Fig. 8.

It can be seen from the presented data (see Fig. 6b,
Fig. 6c) that in the experimental geometry c(bb)c un-
der one-micron piscosecond pumping in orthorhombic
Ca(NbO3)2 single crystal, a comb of 14 wavelength
(4 Stokes and 9 anti-Stokes, and pumping emission)
with strictly equally separated lines (by one of SRS-
promoting vibration mode ωSRS1 ≈ 904 cm−1), spanning
from the visible (λASt1−1 = 0.5703 μm) to the mid-IR re-
gion (λSt4−1 = 1.7298 μm), was excited by direct SRS
and by parametric RFWM processes. The comb covers
a frequency interval of 11754 cm−1, which corresponds
to more than two octaves. In the other excitation geom-
etry c(aa)c, as will be seen from Fig. 7, the Ca(NbO3)2
crystal manifests very active χ(3)-nonlinear lasing with
two SRS-promoting vibration modes ωSRS1 ≈ 904 cm−1

and ωSRS2 ≈ 538 cm−1. Moreover, between Stokes and
anti-Stokes coherent lasing components that are related
to these modes, parametric interactions arise under in-
creasing pumping energy; this gives rise to strong cascade
χ(3) ↔χ(3) generation. As a result, the “conglomeration”
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Figure 4 (online color at www.lphys.org) Room-temperature lu-
minescence spectrum (4F3/2 → 4I11/2 channel) and crystal-field
splitting scheme of the 4F3/2 and 4I11/2 manifolds of Nd3+

ions in orthorhombic Ca(NbO3)2 crystal. Energies of Stark lev-
els are given in cm−1, and transitions between them are shown
in μm. Here, the thick arrow shows the laser transition. Lines
in the spectrum and inter-Stark transitions in the energy scheme
are denoted by corresponding numbers to facilitate their com-
parison. The square brackets in the spectrum show the splitting
(ΔE(4F3/2) = 46 cm−1) of the initial laser 4F3/2 state

Excitation geometry a) Assignment b)

Ag z(xx)z Ag z(yy)z Ag y(zz)y
950 vw 950 vw 950 vw
904 vs 904 vs 904 vs ν1 ν(NbOt)

846 w 846 vw
657 vw 657 vw ν2 ν(NbOb)

538 s 538 m 538 w ν3 ν(NbOb)+ν(CaO)
480 w 480m 480 w ν4 ν(NbOc)

425 w 425 vw
380 s 380 w ν5 δ(ONbO)+ν(NbOc)

287 m 287 m ν6 δ(ONbO)+ν(NbOc)
282 m 282 m ν7 δ(ONbO)+ν(CaO)

257 w 257 w
236 m 236 s 236 m ν8 δ(ONbO)+ν(CaO)
220 m 220 vw 220 vw ν9 T ′(Ca2+)+δ(ONbO)
190 m 190 m ν10 δ(ONbO)+T ′(Ca2+)

160 vw
134 m 134 m 134 vw ν11 T ′(Nb5+)

ν12 T ′(Nb5+)
60 w 60 w ν13 T ′(Nb5+)

a) Here a‖x, b‖y, and c‖z.
b) Ot – terminal oxygen, Ob – bridging oxygen, and Oc – chain oxygen.

Table 6 Raman wavenumbers of Ca(NbO3)2 single crystals

of interconnected Stokes and anti-Stokes lasing lines be-
comes more condensed. The physical nature of this in-
teresting nonlinear-laser phenomenon necessitates a spe-
cial examination, as analogous effects were already ob-
served in several inorganic and organic crystals with differ-
ent structures, offering more than one SRS-promoting vi-
brational modes (see, for example, β′-Gd2(MoO4)3 [41],
α-KY(WO4)2 and α-KGd(WO4)2 [42], C13H10O [43],
Li2B4O7 [44], (NH3CH2CH2NH3){(+)-C4H4O6} [45],
GdVO4 [46], YPO4 [47], LaBO2MoO4 [48], etc.).

For the undoped Ca(NbO3)2 crystal we can
also roughly estimate the steady-state (SS) Raman
gain coefficient for its first Stokes lasing component
λSt1−1 = 1.1774 μm, which related to the SRS-promoting
vibration mode ωSRS1 ≈ 904 cm−1. The used pumping
conditions allowed to perform this evaluation because
τf1 �T2 = (πΔνR1)≈ 4.8 ps (here T2 is the dephas-
ing time of vibration mode and ΔνR1 ≈ 2.2 cm−1

is the linewidth of its Raman shifted line in sponta-
neous Raman scattering spectrum (see, Fig. 8c). This
was done indirectly by the sufficiently tested method
based on the well known ratio gSt1−1

ssR Ithr
p lSRS ≈ 30

(see, e.g. [49]) and a comparison of the “threshold”
pump intensity (Ithr

p ) of the confidently measurable
lasing signal at λSt1−1 = 1.1774 μm wavelength for the
studied calcium niobate and reference crystal PbWO4

with the same SRS-active length (lSRS ≈ 25 mm)
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Figure 5 (online color at www.lphys.org) Schematic fragment of SRS laser setup (see also text)

and known value gSt1
ssR = 3.1±0.8 cm/GW [50] for its

λSt1−1 = 1.1770 μm component. We found that the
required first-Stokes “threshold” intensity of Ca(NbO3)2
crystal was about 10% larger than for the reference lead
tungstate. This result allows us conclude that the desired
value of gSt1−1

ssR coefficient for the first Stokes lasing at
λSt1−1 = 1.1774 μm wavelength of orthorhombic calcium
niobate is not less than 2.8 cm/GW.

5. Symmetry based vibrational
characteristics of the crystal, SRS-promoting
modes

The structure of the Ca(NbO3)2 is described as mentioned
above by the D14

2h orthorhombic space group with Z = 4.
The unit cell consists of 8 Nb, 4 Ca, and 24 oxygen atoms.
Eight niobium atoms occupy the 8d positions with C1

symmetry (see, also Table 3), each of them coordinated to
the six oxygen atoms. The NbO6 units form chains of oc-
tahedra joined together at their edges along the c-axis (see
Fig. 1 in [32]). Two chains are linked together by their cor-
ners but the double chains are coupled through the calcium
cations. Four calcium atoms occupy the 4e positions with
C2 symmetry. Each Ca2+ ion is surrounded by 8 oxygen
atoms giving two sets of equivalent Ca-O bonds in an ir-
regular cuboid. All three non-equivalent oxygen atoms of
the unit cell occupy the 8d position with C1 symmetry.

The D14
2h orthorhombic unit cell of the Ca(NbO3)2

crystal comprises 36 atoms that have 108 zone-center (at
k = 0) degrees of freedom described by the irreducible re-
presentations Γ108=13Ag+13Au+14B1g+14B1u+13B2g+
13B2u+14B3g+14B3u of to following origin:

Γ (Ca2+): Ag+Au+2B1g+2B1u+B2g+B2u+2B3g+2B3u;
Γ (Nb5+): 3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+3B3u;
Γ (O2−

t ): 3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+3B3u;
Γ (O2−

b ): 3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+3B3u;
Γ (O2−

c ): 3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+B3u.

Three of the unit cell phonons, ΓT = B1u+B2u+B3u, de-
scribe the acoustic modes and the remaining,
Γo=13Ag+13Au+14B1g+13B1u+13B2g+12B2u+14B3g+13B3u

correspond to the optical modes. The optical phonons can
be further subdivided into:

– translational lattice phonons of Ca2+ ions:
ΓT ′ (Ca2+)=Ag+Au+2B1g+2B1u+B2g+B2u+2B3g+2B3u;

– translational lattice phonons of Nb5+ ions:
ΓT ′ (Nb5+)=3Ag+3Au+3B1g+3B1u+3B2g+3B2u+3B3g+3B3u;

– internal (stretching and bending) and librational lattice
phonons of the NbO6 octahedral units:
Γi+L=9Ag+9Au+9B1g+8B1u+9B2g+8B2u+9B3g+8B3u.

Table 5 presents the results of the factor-group analysis
for the unit-cell phonons of the crystal studied and their IR
and Raman activities. The coupling of the librational and
bending modes of the NbO6 units should be taken into ac-
count in the factor-group approach because they form rib-
bon of octahedrs joined together at their edges. Therefore
the librational motions are frozen and strongly mixed with
bending phonons.

The structure of orthorhombic Ca(NbO3)2 has been
studied in a few papers (see, e.g. [51,52]). However, a full
analysis of the polarized spectra of this crystal based on the
factor-group analysis has not been performed yet. The Ag

spontaneous Raman scattering spectra for the Ca(NbO3)2
are shown in Fig. 8. The wavenubers of the Raman shifted
lines are listed in Table 6 together with their tentative as-
signment to the respective normal modes. The description
of the modes has been related to the nomenclature intro-
duced from the normal coordinate analysis in [52]. A few
main conclusions can be drawn from the analysis of the
Ag-spectra of the orthorhombic Ca(NbO3)2 crystal:

– nine Ag stretching modes as well as bending modes
coupled with the librational motions are observed at
following wavenumbers: ν1 = 904, ν2 = 657, ν3 = 538,
ν4 = 480, ν5 = 380, ν6 = 287, ν7 = 282, ν8 = 236, and
ν10 = 190 cm−1. The assignment of these modes to re-
spective motions of the niobate chain is presented in
Table 6. It is based on the main contribution of these
internal coordinates into the normal mode;

– the lattice bands of the Ca(NbO3)2 crystal appear be-
low 236 cm−1. They correspond to the Ca2+ ion trans-
lation: ν9 = 220 cm−1 – T ′(Ca2+) and Nb5+ ion trans-
lation ν11 = 134 cm−1 – T ′(Nb5+). Two other transla-
tional phonons of the Nb5+ ions: ν12 and ν13 lie below
≈ 60 cm−1, i.e. in a region not measurable with the
used Bruker FT 100/s spectrometer;

– among the modes observed in the fully symmetric Ag-
Raman spectra the strogest line appears at 904 cm−1

corresponding to the symmetric ν(NbOt) mode that is
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Figure 6 (online color at www.lphys.org) Room-temperature χ(3)-Raman-induced SRS and RFWM lasing spectra of orthorhombic
Ca(NbO3)2 single crystal recorded in excitation geometry c(bb)c with picosecond pumping at λf1 = 1.06415 μm (see (b) and (c)
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the SRS-promoting vibration (ωSRS1). The nature of
the second SRS-promoting mode (ωSRS2 ≈538 cm−1)
is related to the complex stretching and bonding vibra-
tion ν(NbOb) + ν(CaO).

6. Conclusion

From the results of this research it can be concluded that
undoped orthorhombic Ca(NbO3)2 crystal is a promising
χ(3)-active material for Raman laser converters in the vis-
ible and near-IR regions, as well as for picosecond gen-
eration of high-order Stokes and anti-Stokes comb cov-
ering more than two octaves lasing wavelengths. This
crystal offering two SRS-promoting vibration modes is
also an attractive candidate to investigate the cross-
cascade (χ(3) ↔χ(3))-nonlinear parametric interactions
which “closely interlink” these modes. The experiments
carried out with the Nd3+:Ca(NbO3)2 crystal have con-
firmed earlier laser results that this SE-active material is
suitable to develope different type solid-state lasers, in par-
ticular we achieved on its base an efficient CW microchip.
Due to the rather high measured main SE and SRS lasing
characteristics of the crystals studied (effective peak-cross

section σp
e = (12±5)×10−20 cm2 for the SE transition at

λSE = 1.0615 μm wavelength of the 4F3/2 → 4I11/2 lasing
channel of Nd3+ ions and steady-state first-Stokes Raman
gain coefficient gSti1−1

ssR ≈ 2.8 cm/GW for χ(3)-lasing at
λSt1−1 = 1.1774 μm wavelength related to SRS-promoting
vibration mode ωSRS1 ≈ 904 cm−1 of Ca(NbO3)2 crystal)
we could develop a nanosecond Nd3+:Ca(NbO3)2 self-
Raman laser with LD pumping. These results will be re-
ported in a following paper.
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[45] A.A. Kaminskii, L. Bohatý, P. Becker, H.J. Eichler, H. Rhee,
M. Maczka, and J. Hanuza, Laser Phys. Lett. 4, 291 (2007).

[46] A.A. Kaminskii, H.J. Eichler, and H. Rhee, Cryst. Res.
Technol. 43, 1117 (2008).

[47] A.A. Kaminskii, M. Bettinelli, A. Speghini, H. Rhee, H.J.
Eichler, and G. Mariotto, Laser. Phys. Lett. 5, 367 (2008).
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