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Abstract.  The spectra of multifrequency parametric stimulated 
Raman scattering in a barium nitrate single crystal is investigated. 
When this single crystal is excited by ultrashort (80 ps) YAG : Nd3+ 
laser pulses with a wavelength of 1064 nm, a frequency comb of eight 
anti-Stokes components is observed in the visible spectral range. 
The Raman satellites are due to the totally symmetric vibrational 
modes of barium nitrate single crystal. The frequencies of the cor-
responding Raman Stokes components in the IR range (from 1193 
to 9662 nm) are calculated. The results of the study open the way to 
form an array of laser frequencies from the IR to green spectral 
range with a period of 1047 cm–1. 

Keywords: barium nitrate, stimulated Raman scattering, parametric 
process, opalescence, crystal, spontaneous Raman scattering, group 
theory.

1. Introduction 

Stimulated Raman scattering (SRS) is an efficient method of 
nonlinear optical conversion of laser frequency. The results 
of studying this phenomenon were analysed in reviews [1, 2]. 
It is known [3] that an increase in the excitation radiation 
intensity leads also to manifestation of four-wave parametric 
processes in the spectra of SRS-active media. As a result, multi-
frequency parametric SRS occurs, whose spectrum exhibits 
numerous Stokes and anti-Stokes satellites. A theoretical 
analysis of four-wave parametric processes and results of cal-
culating the wave-matching conditions were reported in [4 – 6]. 
Axial generation of anti-Stokes waves under multifrequency 
SRS was also observed in [7]. It was explained within the 
model with spatially limited phase locking for parametrically 
coupled waves. 

Currently, multifrequency parametric SRS is used to 
make laser frequency red- or blue-shifted. This approach 
stimulates the search for new solid-state Raman-active mate-
rials and study of their optical properties in order to design 
compact, reliable, and efficient laser frequency converters. 
Barium nitrate crystals are one of the most promising solid-
state Raman-active materials [8] to this end. 

Physical, chemical, and optical properties of Ba(NO3)2 
crystals were thoroughly studied in [9]. The Raman gain of 
barium nitrate single crystal is 11 cm GW–1 under pumping 
by 1064-nm laser radiation; this value is record for the arti
ficial crystals known to date. At the excitation wavelength of 
532 nm, this coefficient is 47 cm GW–1. The maximum SRS 
conversion coefficient in Ba(NO3)2 crystal is 40 % for the first 
Stokes component and 25 % for the second component under 
single-pass pumping. Barium nitrate single crystal has a high 
fracture threshold; it is very soft and plastic and has a low 
thermal conductivity [9 – 14]. Solid-state SRS media are often 
applied for frequency conversion of Nd laser radiation into 
the eye-safe spectral region [15 – 18]. Barium nitrate single 
crystals are one of the best materials that are applied for laser 
frequency shift using the SRS effect, including femtosecond 
excitation [19]. It was established in [9] that the Ba(NO3)2 
crystal has a positive real part of nonlinear susceptibility, 
which leads to self-focusing when irradiating this crystal by 
picosecond (35±5 ps) pulses of YAG : Nd3+ laser ( l = 1064 nm) 
with a repetition frequency of 10 Hz. The use of lasers in dif-
ferent SRS excitation regimes showed that the SRS quantum 
conversion efficiency in Ba(NO3)2 crystals can be raised to 
80 % [20]. 

Eichler et al. [21] observed four anti-Stokes components 
upon SRS excitation in barium nitrate crystals by a YAG : Nd3+ 
laser, using biharmonic pumping at l1 = 1064 nm and l2 = 
532 nm, with pulse durations of 120 and 80 ps, respectively. 
The angular distribution of Stokes – anti-Stokes rings on an 
opaque screen during four-wave mixing upon excitation of 
secondary radiation by the second harmonic of the YAG : Nd3+ 
laser with l = 532 nm was reported in [22]. Parametric SRS 
with the formation of many Raman satellites was also observed 
upon picosecond SRS excitation in other crystals (BaF2 [23], 
CaCO3 [24], LuVO4 [25] ) and in Ca(NO3)2 : KNO3 glasses 
[26]. Intense multifrequency scattering was revealed under 
resonance-excitation conditions in sodium nitrite crystals using 
a pulsed nitrogen laser ( l = 337 nm) [27]. 

The crystalline structure of barium nitrate is a subject 
of  numerous studies [28 – 33], the main purpose of which 
was to prove or disprove the presence of centre of symmetry 
in this crystal. A simulation of the barium nitrate crystal 
structure and theoretical calculation of the frequencies of 
IR- and Raman-active spectral components were performed 
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using the exchange-correlation functional in [30]. Ba(NO3)2 
crystals have been repeatedly investigated by IR spectroscopy 
[9, 15, 30, 34, 35] and spontaneous Raman scattering (RS) and 
SRS [9, 21, 35 – 38]. 

The purpose of this study was to gain more detailed infor-
mation about the spontaneous Raman scattering spectra of 
barium nitrate single crystals and the characteristics of multi-
frequency parametric SRS in this crystal upon picosecond IR 
excitation by YAG : Nd3+ laser radiation with l = 1064 nm. 
The conditions for generating a maximally possible number 
of Raman satellites at parametric SRS in a Ba(NO3)2 single 
crystal were investigated.

2. Theoretical part 

It was found in [2] that the parametric coupling of SRS com-
ponents in liquid benzene leads to self-supporting conical 
generation of anti-Stokes waves. We interpreted this finding 
proceeding from the degenerate four-wave mixing between 
the laser (wave vector kP), Stokes (wave vector kS), and 
anti‑Stokes (wave vector kA) waves, provided that the vector 
matching condition is satisfied: 2kP = kS + kA. The four-wave 
mixing involves two laser pumping photons with identical 
frequencies, one photon of the first Stokes component, and 
one photon of the first anti-Stokes component. The energy 
conservation law for this four-wave mixing has the form 
2 P S A' ' 'w w w= + . According to [39], simultaneous genera-
tion of multiple anti-Stokes satellites and only one Stokes 
component may occur: k k k k( ) ( ) ( )

P A S A
n n1 1

+ = +
-  (n = 2, ...). At 

higher laser pumping intensities, when SRS leads to genera-
tion of not only the first but also higher (n > 1) Stokes SRS 
components, the matching condition was determined in [4] for 
nondegenerate four-wave mixing: k(n) + k(n + 1) = k(n  – 1) + k(n + 2). 
Other Raman processes of generation of higher Stokes – 
anti‑Stokes satellites may also occur, for example, 2 P'w = 

( ) ( )
S A
n n

' 'w w+ . 
The model describing the collinear (along the z axis) 

multifrequency parametric SRS with partially degenerate four-
wave coupling is based on the system of equations for slowly 
varying complex amplitudes of the Stokes (ES) and anti-Stokes 
(EA) waves and the laser pump wave (EP) [4, 6]: 
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E g E E E E kzS
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Here, gS, gA, and gP are the gains of the corresponding waves 
at SRS; Dk = 2kP – kS – kA is the wave mismatch of four-
wave mixing; and kS, kA, and kP are the wave numbers of the 
corresponding waves. The Stokes – anti-Stokes parametric 
coupling is described by the last terms of the first and second 
equations of system (1). The other terms in (1) describe the 
wave amplification at SRS conversion from the previous 
component (positive terms) and the wave depletion at SRS 
conversion into the next component (negative terms). Equa
tions (1) allow one to estimate in the first approximation 
the relationship between the magnitudes of electric fields of 
laser pumping and the Stokes and anti-Stokes components 
of parametric SRS. 

The Ba(NO3)2 crystal has a cubic point symmetry group. 
The unit-cell parameter is a = 8.11 Å, and the number of 
structural units per primitive cell is four [9]. The density of 
crystalline barium nitrate is 3.24 g cm–3, and its melting 
temperature is 592 °C. The solubility of Ba(NO3)2 is fairly 
low: 8.7 g in 100 mL water at room temperature. The iso-
baric specific heat Cp at 298 °C is 151.6 J mol–1. The thermal 
conductivity of barium nitrate single crystals varies from 
3.1 W m–1 K–1 at 100 °C to 1.17 W m–1 K–1 at 25 °C and 
0.92 W m–1 K–1 at temperatures above 100 °C. Barium nitrate 
crystals are transparent in a wide spectral range, including 
visible and near-IR (from 350 to 1800 nm) [9]. The refractive 
index of barium nitrate is set by the relation n( l2) = 2.4069 + 
0.01992/( l2 – 0.03773) – 0.006166 l2 [40], where l is the light 
wavelength in mm. 

Nitrate ions in barium nitrate crystals occupy the site with 
a symmetry C3. Barium cations occupy the site S6 for the Th

6 
group and the site with a symmetry C3 for the T4 group. Since 
the primitive cell contains eight nitrate ions, each mode of 
nitrate ions can be coupled in eight different ways. Cation 
pairs are coupled in four different ways [22 – 25]. The unper-
turbed negative nitrate ion NO3

– (D3h symmetry) generates 
the following internal vibrations: n1(A'1) (Raman-active mode 
with an energy of 1047 cm–1), n2(A'2' ) (IR-active mode with 
an energy of ~820 cm–1), and n3(E' ) и n4(E'' ) (Raman- and 
IR-active vibrations with energies of 1400 and 730 cm–1, 
respectively) [9]. 

To analyse in more detail the vibrational spectrum of 
Ba(NO3)2 single crystal, we performed a group-theoretical 
analysis of its modes by the site-symmetry method [41]. The 
results of the analysis for the centrosymmetric (group Th

6 ) 
and noncentrosymmetric (group T 4) structures are listed in 
Tables 1 and 2, respectively. 

The representation Topt contains the full spectrum of 
optical vibrations of barium nitrate crystal, which can be 
decomposed into components: Topt = Ttr + Tlib + Tin, where 
Ttr corresponds to translational lattice modes (translational 
vibrations of the Ba atom), Tlib corresponds to librations 

Table  1.  Results of group-theoretical analysis of the barium nitrate 
crystal belonging to the symmetry space group Th

6.

Representa- 
tion

Classification of vibrations
Number of 
Raman-active 
modes

Topt
4Ag(RS) + 4Eg(RS) + 12Fg(RS) + 
5Au + 5Eu + 14Fu(IR)

20

Ttr
Ag(RS) + Eg(RS) + 3Fg(RS) + 
2Au + 2Eu + 5Fu(IR)

5

Tlib
Ag(RS) + Eg(RS) + 3Fg(RS) + 
Au + Eu + 3Fu(IR)

5

Tin
2Ag(RS) + 2Eg(RS) + 6Fg(RS) + 
2Au + 2Eu + 6Fu(IR)

10

Table  2.  Results of group-theoretical analysis of the barium nitrate 
crystal belonging to the symmetry space group T 4.

Representa- 
tion

Classification of vibrations
Number of 
Raman-active 
modes

Topt 9A(RS) + 9E(RS) + 26F(IR, RS) 44

Ttr 3A(RS) + 3E(RS) + 8F(IR, RS) 14

Tlib 2A(RS) + 2E(RS) + 6F(IR, RS) 10

Tin 4A(RS) + 4E(RS) + 12F(IR, RS) 20
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(rockings) of the NO3
– group, and Tin corresponds to the intra-

molecular (internal) vibrations of the NO3
– group. According 

to the selection rules [41], the IR absorption is allowed for 
the triply degenerate vibration V = Fu (for the Th

6  group) or 
V = F (for the T 4 group) and Raman scattering is allowed 
for the symmetric vibrations [V ]2 = Ag + Eg + Fg (for the Th

6 
group) or [V ]2 = A + E + F (for the T4 group). The activity of 
modes (IR or Raman) is indicated in parentheses in Tables 1 
and 2. Thus, the Raman spectrum should contain 10 lines for 
the Th

6  group (Table 1) or 24 lines for the T 4 group (Table 2), 
corresponding to the lattice modes lying in low-frequency 
spectral region. High-frequency vibrations, corresponding to 
the internal vibrations of the nitrate group, should manifest 
themselves in the form of 10 or 20 bands (for the Th

6 and T 4 
groups, respectively). 

3. Experimental

Spontaneous Raman scattering spectra were excited and 
recorded on an experimental setup (see schematic in Fig. 1). 
The excitation source was a laser ( 1 ) with a wavelength 
l = 785 nm and power of 200 mW. The laser beam was intro-
duced into the first optical fibre ( 2 ) and a probe ( 3 ). A lens 
( 5 ) focused the beam onto a sample ( 6 ). The Raman signal 
formed in the sample entered the second optical fibre ( 8 ), 
was filtered in a focusing system ( 9 ) using a photonic crystal 
( 11 ), and arrived at the input of a mini-spectrometer ( 13 ) 
with a multielement detector. A computer ( 14 ) performed 
digital processing and storage of Raman spectra. The spectral 
resolution was 1 cm–1. 

The excitation source for multifrequency parametric SRS 
was a YAG : Nd3+ laser with a wavelength l = 1.064 mm, 
which generated 80-ps pulses with a repetition rate of 20 Hz. 
The maximum energy and power per pulse reached 20 mJ and 
0.3 GW, respectively. When focusing the laser beam in the 
insulators under study, its maximum intensity was ~1 TW cm–2. 
The sample of barium nitrate single crystal was a rectangular 
parallelepiped 100 mm long. 

Figure 2 shows a schematic of the experimental setup for 
observing multifrequency parametric SRS. Radiation from a 
source ( 1 ), having passed through a semitransparent plate 
( 2 ) and a quartz lens ( 3 ), arrived at a sample ( 6 ) (barium 
nitrate single crystal). The scattered radiation from crystal, 
transmitted through the focusing lens ( 3 ) and optical fibre 
( 7 ), arrived to a FSD-8 spectrometer ( 4 ), connected to a 
computer ( 5 ). To detect multifrequency SRS radiation in the 
‘backward’ direction after the semitransparent plate ( 2 ), an 
additional quartz lens ( 3 ), a fibre ( 7 ), a spectrometer ( 4 ), 
and a computer ( 5 ) were applied. The FSD-8 spectrometer, 
equipped with a multielement detector, made it possible to 
record spectra in a wide range (200 – 1000 nm), with exposures 
from 100 ms to 32 s. The spectral resolution was ~1 nm.

Figure 3 shows a schematic of the setup for recording the 
angular distribution of anti-Stokes rings on an opaque screen. 
The distance between the barium nitrate crystal and screen is 
30 cm. 

4. Experimental results and discussion 

Figure 4 shows spontaneous Raman scattering spectra of 
barium nitrate crystal, recorded upon excitation by a laser 
beam with l = 785 nm. The spectra in Figs 4a and 4b were 
obtained with exposures t = 200 and 400 s, respectively.

The spontaneous Raman scattering spectra of barium 
nitrate single crystal consist of a small number of very narrow 
lines. At a short exposure, one can observe a doublet in the 
range of 130 – 145 cm–1. At a longer exposure, splitting of 
low‑frequency lines is absent, but an additional weak peak 
arises near n = 1638 cm–1. Table 3 contains Raman shifts of 
the lines presented in Fig. 4, with their assignment according 
to their symmetry types for different space groups. 

Using the values of frequency shifts (Table 3) and the 
results of [9, 33, 34], the Raman satellites were assigned to 
the vibration modes allowed in Raman scattering according 
to the selection rules. The low-frequency satellites correspond 
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Figure 1.  Schematic of the experimental setup for observing spontaneous 
Raman scattering: 	
( 1 ) laser; ( 2, 8 ) first and second optical fibres; ( 3 ) probe; ( 4 ) housing; 
( 5, 10, 12 ) lenses; ( 6 ) single crystal; ( 7 ) substrate; ( 9 ) focuser; ( 11 ) pho-
tonic crystal for suppressing excitation radiation; ( 13 ) minispectro
meter; ( 14 ) computer. 
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Figure 2.  Schematic of the experimental setup for observing anti-Stokes 
SRS: 	
( 1 ) YAG : Nd3+ laser; ( 2 ) semitransparent plate; ( 3 ) focusing lens; 
( 4 ) spectrometers; ( 5 ) computers; ( 6 ) sample; ( 7 ) fibre.
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Figure 3.  Schematic of the experimental setup for observing anti-Stokes 
SRS on an opaque screen: 	
( 1 ) YAG : Nd3+ laser; ( 2 ) focusing lens; ( 3 ) sample; ( 4 ) opaque screen.
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to the lattice vibrations of barium nitrate crystal. The low-
frequency spectral components and the line at n = 1047 cm–1 
have the highest intensity in the scattered radiation spectrum. 
The narrow high-frequency bands are due to the internal 
vibrations of the nitrate group. The half-width of the strongest 
line (at n = 1047 cm–1) in the spontaneous Raman scattering 
spectrum was 2.5 cm–1. 

Figure 5 shows the spectra of anti-Stokes multifrequency 
parametric SRS in barium nitrate single crystal, obtained upon 
excitation by YAG : Nd3+ laser radiation with l = 1064 nm. 

The spectrum contains many Raman satellites (Fig. 5), 
located in a wide (near-IR and visible) range. The corresponding 
wavelengths, frequencies, and spectral distances between Raman 
satellites in the SRS spectra are listed in Table 4. 

According to Fig. 5 and the data of Table 4, the multi
frequency parametric SRS spectrum of a barium nitrate 
crystal, recorded under pulsed-periodic picosecond pumping 
by a YAG : Nd3+ laser, contains eight anti-Stokes (AS) com-
ponents, shifted with respect to each other by n = 1047 cm–1 

Table  3.  Vibration frequencies and their assignment according to 
symmetry types in a room-temperature Raman spectrum of barium 
nitrate.

Raman shift/
cm–1

Vibration symmetry 
type Th

6
Vibration symmetry 
type T 4

Vibration 
type

80 Fg F

Lattice132 Fg F

141 Eg E

732 Eg, Fg F

Internal

1047 Ag A, F

1388 Fg E

1405 Fg E

1634
Ag, Fg A, F

1638

Table  4.  Parameters of observed anti-Stokes (AS) and calculated Stokes 
(S) SRS components. The error in measuring frequencies with allowance 
for the spectrometer resolution is 50 cm–1.

Wavelength/nm Frequency/cm–1 Frequency shift/cm–1 Line

532 18797 1036 2n0
563 17761 1039 AS8

598 16722 1097 AS7

640 15625 1069 AS6

687 14556 988 AS5

737 13568 1021 AS4

797 12547 1066 AS3

871 11481 1064 AS2

960 10417 1019 AS1
1064 9398 – n0
1193 8379 1019 S1

1367 7315 1064 S2

1600 6249 1066 S3

1913 5228 1021 S4

2358 4240 988 S5

3154 3171 1069 S6

4822 2074 1097 S7

9662 1035 1039 S8
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Figure 4.  Spontaneous Raman scattering spectra of a barium nitrate 
crystal, recorded with exposures of (a) 200 and (b) 400 s. 
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Figure 5.  Spectra of anti-Stokes parametric SRS in a barium nitrate 
crystal in dependence on (a) wavelength l and (b) frequency n. The 
dashed curves are the spectra recorded with a shorter exposure.
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(with allowance for the measurement error of ±50 cm–1). 
According to [9, 22, 35 – 38], the observed frequency shift is 
consistent with the spontaneous Raman scattering data and 
the the SRS spectral data for the crystal under consideration. 
This frequency shift corresponds to totally symmetric internal 
vibrations of NO3

– nitrate ions. 
When studying the multifrequency parametric SRS spectra, 

one would expect each anti-Stokes component (see Fig. 5) to 
correspond to the Stokes (S) satellite in the IR spectral region, 
which cannot be recorded by the spectrometer in use. Table 4 
contains calculated (in correspondence with the shifts of anti-
Stokes components) frequencies and wavelengths of the cor-
responding Stokes components. The barium nitrate crystal is 
characterised by strong absorption of mid-IR radiation with 
wavelengths above 1.8 mm [22]. Thus, the fourth- and higher 
order Stokes components arising in the spectrum should be 
significantly weakened. As a whole, upon excitation of multi-
frequency SRS in a barium nitrate crystal by radiation with 
l = 1064 nm, the SRS spectrum consists of eight anti-Stokes 
components and several Stokes satellites, which lie in the 
crystal transparency window. 

Note also that, as can be seen in Fig. 5, there is a weak line 
at the wavelength of second optical harmonic ( l = 532 nm) 
of excitation radiation. This line cannot be interpreted as the 
ninth anti-Stokes component, because its frequency is n = 
n0 + 9 ́  1047 = 18821 cm–1, which exceeds the laser overtone 
frequency 2n0 = 18796 cm–1. Thus, the narrow line observed 
at the second-harmonic frequency indicates the absence of 
centre of symmetry in the barium nitrate crystal. Hence, this 
crystal is characterised by noncentrosymmetric symmetry 
space group, i.e., T 4.

Figure 3 shows schematically the observed angular inten-
sity distribution for the anti-Stokes components of multifre-
quency parametric SRS in a barium nitrate single crystal. One 
can see that anti-Stokes components are present in the form 
of rings. The largest deviation angle of coloured ring from the 
axis of barium nitrate single crystal is ~1°, a value corre-
sponding to the red anti-Stokes component. 

5. Conclusions

We recorded detailed spontaneous Raman scattering spectra 
of barium nitrate crystal using a laser with l = 785 nm as an 
excitation source. Multifrequency parametric light scattering 
was observed when exciting SRS in a Ba(NO3)2 crystal by a 
picosecond pulsed-periodic YAG : Nd3+ laser with l = 1064 nm. 
Eight anti-Stokes satellites, which are due to totally symmetric 
modes with a frequency shift of 1047 cm–1, were recorded in 
the spectrum. The position of possible Stokes satellite in the 
IR region was calculated for each anti-Stokes component. 
Thus, there arises a possibility of forming a laser frequency 
array in a wide spectral range: from IR to green. SRS anti-
Stokes satellites were characterised by angular distribution in 
the form of rings, corresponding to different components. The 
results of the study are interesting for developing the theory 
of SRS parametric processes in crystals under conditions of 
strong photon – phonon interaction; they have also applied 
importance for designing efficient laser sources operating in 
different spectral ranges. 
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