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Measurement of Raman gain for various crystals by a cavity method
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A cavity method has been developed to provide a simple measurement of the Raman gain for various crystals.
Formulas for processing experimental results are theoretically justified taking into account the pump pulse duration
and the Gaussian beam profile. Under the action of a nanosecond laser with a wavelength of 1064 nm, the Raman
gain was measured for a number of crystals: StMoQOs, Sr(MoO4)o.8(WO4)o.2, Sro.s6Bao.1aMoOs4, Sro.oBag1MoO4
and LiNasMogOsg. For the well-known SrMoO4 Raman crystal, the result obtained is consistent with the literature
data (5.6 cm/GW). For SrMoOs-based solid solutions, a decrease in the Raman gain compared to that for StMoO4
correlates with an increase in the width of the vibrational mode line. For the first time, stimulated Raman scattering
was obtained in Sro gsBag.14M00Q4, Sro9Bag1MoO4 and LiNasMoyO3 crystals with the comparable Raman gain of
2.4—2.5cm/GW under pumping with a wavelength of 1064 nm.
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1. Introduction

The stimulated Raman scattering (SRS) in crystals is
a simple and easy way of laser radiation frequency
transformation that doesn’t need any sustaining of phase
synchronism [1]. By selecting the SRS-crystals of various
combination frequencies allows finding the appropriate shift
of the laser radiation frequency for a specific purpose, e.g.,
for the fluorescent microscopy of live tissues [2]. Another
important characteristic that determines the successful use
of a SRS-crystal is the Raman gain, but any available
measurement data for various crystals obtained by different
methods are limited or have a high error. For example,
the direct measurement method — the single-pass amplifier
method [3,4] — is technically the most complex, requiring
consideration of spatial, temporal and spectral overlap of
pump radiation and Stokes SRS-radiation, so it is rarely
used in practice. In most cases the measurements are
made by a technically more simple method — method of a
generator [5-10]. Here, in order to obtain SRS-generation
in one pass of a SRS-crystal, the pumping intensity has
to be greatly increased, and in order to prevent radiation
breakdown of the SRS-crystal, it is necessary to shorten the
pulses of exciting laser radiation using picosecond pumping
lasers. However, in this case, the SRS regime in crystals
with picosecond phase relaxation times becomes transient,
which leads to the need to use complex indirect estimates,
leading to a high error in measuring the steady-state Raman
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gain [9,10]. In [11], an original express-method was used
to measure the Raman gain of CaCOs crystal — a cavity
method. The cavity method consists in placing the SRS
crystal in the cavity, which lowered the threshold of SRS
generation compared to the SRS-crystal threshold radiation
breakdown under the action of nanosecond pumping pulses.
The present work is devoted to the development of the
cavity method to provide a more accurate measurement of
Raman gain of various crystals. The formulae for processing
experimental results take into account the duration of the
pump pulse and the Gaussian beam profile. The Raman gain
was measured for both, the known SRS-crystal of STMo0O4,
and for the new SRS-crystals of Sr(MoQ4)os(WO4)o.2,
SI‘(),géBa().14MOO4, SI‘(),gBa(),lMOO4 and LiNa5M09O30.

2. Theoretical underpinning of the cavity
method

As it was noted in the review by N. Blombergen [12], the
gain of SRS-laser, like any other laser, at the generation
threshold should be equal to the cavity losses, which
underlies the cavity method for measuring the Raman
gain. However, in this way, only relative values of
Raman gain were previously obtained as a function of the
pump wavelength for a diamond crystal [13]. Absolute
measurements require taking into account the duration of
the pumping pulse, since in SRS-lasers, unlike lasers with
population inversion, the amplification stops at the end of
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the pumping pulse. At the same time, it is advisable to use
the easy-to-implement pump radiation nanosecond pulses
which ensure a steady-state of SRS regime in crystals and
are longer than the SRS laser cavity round trip time with a
cavity length below 10 cm.

The cavity method for measuring the Raman gain, which
takes into account the duration of the pumping pulse,
proposed in [11], is based on the plane-wave model of SRS
in the cavity described in [14]. There is also a more accurate
model using the focused Gaussian beam approximation [15],
which justifies the determination of the effective pumping
intensity.

To theoretically underpin this cavity method, we present
here the formula derived for determining the Raman gain in
the approximation of a collimated Gaussian beam sufficient
to describe the SRS in a cavity. Here we are based on a
well-known model of steady-state SRS amplification [16]:

% = grlp(z. T)ls(z, 1) — Ksls(z. 1),
W = _gRi_le(Z’ Mls(z, r) —kplp(z,1), (1)

where gr — the determined Raman gain of the SRS-laser
active medium; 1,(z,r) and lg(z,r) — intensities of the
pumping radiation and stokes SRS-radiation depending on
the longitudinal (z) and transverse (r) coordinates; k, and
ks — pumping radiation and SRS-radiation loss coefficients,
Ap and As — wavelengths of pumping radiation and SRS-
radiation.

In the approximation of a collimated Gaussian beam, the
pump radiation and SRS-radiation beams have a Gaussian
profile with a constant beam radius, and the dependence
of the pumping radiation intensity on the longitudinal
coordinate at SRS-threshold can be neglected:

2 r2
Is(z,r):Ps(Z)ﬂ > exp _2r_2 ,

‘'s S

2 ( r2)
exp| —2= |, (2)
7Ty r3

where Pps = [ Ips2zrdr — power of pumping radiation
0

Ip(z, 1) = Pp

and SRS-radiation; rp s — radius of the pumping radiation
and SRS-radiation beams 1/€.
By integrating the first equation of the system of equa-

tions (1) along the transverse coordinate ( Ik 2JTI’dI’)) ,
0

taking into account the expressions (2) we obtain the SRS-
radiation power equation:

dps(Z) 2
— grPpPs(z)————
dz IR S(Z)nr%+nr§

— ksPs(Z). (3)

To describe a multi-pass SRS in an external (relative to
the pumping laser) double-mirror cavity, we proceed to a

kinetic analysis that can be used when the pumping pulse
time is many times longer than the cavity round trip time:

nR Ps(t) _ 2
uc dt 9rPpPs()

% _kePs(t), (4
nr%+nré sPs(t) “)

where p = nglr/Lc; — coefficient of laser filling with an
active medium (ratio of optical length of active medium to
the optical length of cavity) [17], nr — refractive index of
SRS-laser active medium, Lgr — length of SRS-laser active
medium, L =Ly — Lr + Lrnr — optical length of SRS-
laser cavity, Ly — geometrical length of SRS-laser cavity,
¢ — light velocity in vacuum,

ks = —In—— (5)

SRR

— SRS-laser cavity loss coefficient, TR — SRS-laser trans-
mission coefficient per one pass at SRS-radiation wave-
length, RS" " — reflectance of input (in) and output (out)
mirror of SRS-laser cavity at SRS-radiation wavelength. The
radiation power of pumping inside the active medium of
a SRS-laser with an external double-mirror cavity can be
defined as

Pp= 21— R [(RYRE)™ (R (R3]
i=1

(6)

where E, — pumping radiation pulse energy at SRS-

laser input, 7, — duration of the pumping radiation pulse,
Rip“’ ot reflectance of the input (in) and output (out)
mirrors of the cavity of SRS-laser at the pump wavelength,
N ~ 7p/7c — number of cavity round trips during pumping,
7c = 2L¢/C — cavity round trip time. Under Rip” ~0
formula (6) is simplified to Py~ (1 + RY")Ep/7p, as in
paper [15].

Solution of equation (4) at the end of pumping pulse
duration can be written as

Ps(7p) = Ps(0)e®, (7)

where increment of exponential Raman gain is defined as

1 c

G=|grlplg —In——o | =P, (8)
/TR%RgRgut Lc

Here Ip=Pp/S — ceffective pumping intensity,

S= (arg+ars?)/2 — effective beam section. ~ We
obtain the expression for the effective pumping intensity
lp=2Pp/(aar3 + arg).

The SRS threshold condition can be defined
as [18]G =25, then, equating the expression (8) by
this value, we obtain the desired formula for the Raman
gain

g 1 251 in 1 (9)
R - h R 9
Ltp Lr TpC /TF\%R?RgUT
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Figure 1. Experimental optical setup: / — pumping laser; 2 —
Faradey isolator; 3 — half-wave plate; 4 — polarizer; 5 — focusing
system; 6 — SRS-crystal; 7 — cavity input mirror; 8 — cavity
output mirror; 9 — mirror filter; /0 — recorder.

Which coincides with that obtained in the plane-wave
approximation [11]. Here, the threshold value of the
effective pumping intensity inside the SRS medium is
determined by the formula

th Eth in & in out imyi—1 out i
7= S0 RO D[RR+ (R (R
i=1
(10)
where E}Jh — measured threshold of pumping radiation

pulse energy at SRS-laser input. In the case of a very long
pumping pulse, the first term in parentheses of (9) can be
ignored, then we come to the original formula from the
review of N.Blombergen [12], valid in case of continuous
pumping [15].

3. Taking measurements

Experimental optical setup is shown in Fig. 1. Radiation
of the pumping laser / passed through Faraday insulator 2
for isolation between the pumping laser and SRS-laser.
Next, a half-wave plate 3 and a polarizer 4 were installed
to smoothly regulate the energy of the pumping radiation
pulse E, at the input of SRS laser when the half-wave
plate 3 is rotated. Further, the focusing system 5 is
installed based on a pair of lenses, in the focus of which
the SRS crystal 6 under study is placed. The SRS-laser
consisted of SRS-crystal 6 placed in the optical cavity based
on plane mirrors 7 and 8, with the distance between
them of Ly = 9.5cm. The input mirror 7 had reflectance
Rioss = 3.5%, Ri175 = 99.8% and Rjigz3 = 99.9% at the
wavelengths of 1064, 1175 and 1183 nm respectively, and
the output mirror 8 — Ryges = 83.7%, R;175 = 80.2% and
Ri183 = 79.6%. At the output of SRS-laser a mirror filter 9
is installed, reflecting the pumping radiation of (1064 nm)
and passing the SRS-radiation of (1175—1183nm). The
SRS radiation passed through the filter 9 was sent to the
recorder /0, which was used as a visible-range spectrometer
with a frequency doubler, or as a radiation energy meter.

Measurements were performed for the SRS-crystals
SI‘MOO4 (LR =57 cm, NR = 1.9), Sr(MOO4)(),g(WO4)0,2
(LR =17.0 cm, N = 19), Srg g6Bag.14M00O4 (LR =44 cm,
NR = 19), Srg 9Bag.1MoOy4 (LR =6.5 cm, Nr = 19) and
LiNasMoyO3 (LR =57cm, ngr= 18) The crystal
SrtMoOy is a well-known and efficient SRS-medium [19-
22], crystal Sr(MoO4)o.s(WO4).2 was used only once for
SRS earlier [23], and the remaining three crystals —
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Sr0_86B30.14MOO4, Sr0.9B30.1M004 and LiNa5M09030 —
are the new SRS-media where SRS in this study was
obtained for the first time. The first three crystals had
anti-reflective coatings on the plane-parallel ends, the last
two — had no such coatings. All crystals were cut along
the crystallooptic axis Y.

According to the polarized Raman spectroscopy
performed, the solid solutions Sr(MoO4)o.s(WO4)o.2,
Sr0_86B30.14MOO4 and Sro_gBa0_1M004, as well as the
original crystal SrMoOy4 [21], should have been pumped
in Y(ZZ)Y configuration which is distinguished by a higher
intensity of the symmetrical stretch vibrations mode of the
anion group compared to Y(XX)Y. It should be noted that
in the anion solid solution Sr(MoQOy4).8(WO4)¢.2 this mode
(vr = 887cm™!) have a spectral width of Avg = 4.3cm™!,
which is 1.7 times higher than in SrMoO4. In the cation
solid solutions Sr0_86B30.14MOO4 and Sr0.9B30.1M004 the
broadening of this mode (vg = 888 cm™!) is even higher —
up to Avg = 6.5cm ™! (in 2.6 times) which is explained by
a combination of stretch vibrations with the closely spaced
frequencies in StMoO,; (vr = 887cm™!) and BaMoO,
(vr = 892cm™1) [24]. The last crystal — LiNasMogO3p —
in contrast, should be pumped in Y(XX)Y configuration,
for which the intensity of the symmetrical stretch vibrations
mode of the anion group vg = 947 cm™! is higher than for
Y(Z2)Y.

A single-mode YAG:Nd3* laser was used as a pumping
laser with electro-optical Q-switching generating radiation
pulses with a duration of 15ns with a pulse energy of
130mJ at a wavelength of 1064nm. With the help of a
focusing system, the radius of the pump radiation beam
in the SRS-crystal was set as large as possible, equal to
rp=1.9mm at the level of 1/€?, limited by the aperture
of SRS-crystal, so that it could be considered unchanged
over the entire length of the SRS-crystal and to minimize
diffraction losses on the flat mirrors of the SRS-laser cavity
(the Rayleigh length of the pumping beam in air zgr &~ I m
was by an order of magnitude longer than the length of
SRS-laser cavity). In this paper, we implemented an express
method in which we used flat cavity mirrors so that the
radius of the SRS-beam was the largest and closest to
the radius of the pumping beam (r, ~ rg), then, we may
assume S~ ﬂr%, as in the plane-wave approximation [11].
In fact, the measured value rs was only 9% less than r
(within the measurement error).

First, using the pumping laser for each of the SRS-crystals
their transmission value Tr was measured after removal
of mirrors 7 and 8 from the setup in Fig. 1. It was
Tr =093, 92, 95, 77 and 79% for the crystals STMoOa4,
SI‘(MOO4)0,8(WO4)(),2, SI‘(),géBa(),14MOO4, Sr0,9Ba0,1MOO4
and LiNasMogOsp respectively. The low transmission of
the last two crystals is due to the absence of anti-reflective
coatings on them. Further, the mirrors 7 and § were installed
and aligned. Upon receiving the SRS-generation, the ends
of each SRS crystal were slightly misaligned so that they did
not contribute to the generation.



50 Ya.A. Kochukov, P.D. Kharitonova, D.N. Seleznev, K.A. Gubina, D.P. Tereshchenko N.A. Khokhlov...

0.8 0
Z L Vg =947 cm
S 061 g
B I vp = 888 cm!
~ 04 B g
02
0 I ! | ! | ! | !
1040 1080 1120 1160 1200
A, nm
Figure 2. Spectra of pumping radiation (curve 7) and SRS-

radiation for the new SRS-crystals Sro gsBag.14M0O4 (curve 2) and
LiNasMogOj3¢ (curve 3).
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Figure 3. SRS-radiation pulse energy versus pumping pulse
energy for crystals SrMoO4 (curve 1), Sr(MoOa4)o.s(WO4)o.2
(curve 2), Sro.g6Bag.14MoOy (curve 3), SrooBag1MoO4 (curve 4)
and LiNasMooOj3p (curve J).

Results of measuring the characteristics of SRS-crystals: vg —
frequency of the stretch vibrations mode for anion group, Avg —
its spectral width, gr — Raman gain at 1, = 1064 nm

1

SRS-crystal VR, CM ™~ Avg, cm ™! Or,cm/GW
SrMoOg4 887 25 56£0.2
Sr(Mo00O4)0.8(WO4)o.2 887 43 29+0.1
Sro.86Bag.14M0O4 888 6.5 2.5+0.1
Srg.9Bag.1MoO4 888 6.5 24+0.1
LiNasMoyO3 947 4.0 24+0.1

Fig. 2 illustrates the measured spectra of pumping
radiation (curve /) and SRS-radiation for new SRS-crystals
Sro.36Bag.14Mo00O4 (curve 2) and LiNasMogOj3 (curve 3).
The SRS-radiation wavelengths were As= 1175 and
1183 nm for crystals Sro_géBao_14MOO4 and LiNa5M09030,
respectively. For the remaining crystals (SrMoOs,

SI'(MOO4)0.8(WO4)0.2 and Sr().gBao_lMOO4) the spectra and
wavelengths of SRS-radiation were equivalent to those
presented for SrpgeBap14MoOy4, ie. they had approx-
imately the same frequency shift vg = 887—888cm™!,
characteristic for the symmetric stretching of tetrahedral
anion complex MoOy of the original StMoO, crystal [9].
Crystal LiNasMoygO3p provided a high frequency shift
VR = 947 cm™!, corresponding to the symmetric stretching
of octahedral anion complex MoQOg of this crystal [25].

Figure 3 shows the experimental dependences of SRS-
radiation pulse energy on the pumping pulse energy for
all studied crystals. Linear approximation of the mea-
surement results at the intersection with X-axis gave the
desired pumping energy thresholds EH‘: 29 £ 1mlJ for
StMoQOy4, 49 +2mJ for Sr(MoO4)o.s(WO4)o2, 76 +3m]
for Sro_géBao.14MOO4, 74 +£3ml] for Sr0.9B30.1M004,
77 +3m] for LiNasMogOs3p. When substituting these
values into formulae (9) and (10) the values of Raman gain
are obtained for all studied crystals, which are listed in the
table.

From the table we may see that the obtained value
(gr = 5.6 £ 0.2cm/GW) for the known crystal StMoO4
is consistent with the previous measurement made by
generator method (gr = 5.6cm/GW) [9]. In the an-
ion solid solution of Sr(MoO4)og(WO4)o, the Ra-
man gain (gr = 2.9+ 0.1cm/GW) turned out to be
1.9 times lower, while in the cation solid solu-
tions of SrggeBag14aM0oO4 (gr = 2.5+ 0.1cm/GW) and
Srg9Bag1MoOs (gr =2.4+0.1cm/GW) — about 2.3
times less than for StMo0Qy. This correlates with an increase
in the spectral width of the vibrational mode (Avg) in solid
solutions compared to SrMoQO4, which is described above
(see also the table). Due to a relatively narrow line of
the vibrational mode (Avg =4cm™!) the Raman gain in
the new SRS-crystal LiNasMogOs3g turned out to be quite
high (gr =2.4£0.1cm/GW) and comparable with that
for the represented solid solutions based on SrMoOg. It
should be stressed that the obtained values gr relate to
the pumping wavelength of 1064nm. As the pumping
wavelength increases the Raman gain goes down [3,4,13].

4. Conclusion

Thus, a cavity method was developed to provide a
universal measurement of Raman gain for various crystals.
The formulae for processing experimental findings allowed
for the pumping pulse duration and the Gaussian beam
profile. The Raman gain was measured for a number
of SRS-crystals when pumped with a nanosecond laser
with a wavelength of 1064nm. For the known crystal
SrMoO, the obtained data are in good agreement with
literature data (5.6 cm/GW). For solid solutions based on
SrMoQOy, a decrease in Raman gain compared with that
for SrtMoOy correlates with an increase in the spectral
width of the vibrational mode. For the first time, the SRS
was obtained in Crystals Srg.g6Bag.14M00y4, Srg.9Bag 1 MoOy4

Optics and Spectroscopy, 2025, Vol. 133, No. 1



Measurement of Raman gain for various crystals...

51

and LiNasMogOsg with comparable coefficient for their
Raman gain 2.4—2.5 cm/GW when pumped with a 1064 nm
wavelength pulse.
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