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ABSTRACT One stage first Stokes amplification by a factor of
1600 was demonstrated in a barium nitrate Raman amplifier.
The amplified pulse energy was up to 63 mJ at pump energy of
208 mJ. M2 factor of Stokes signal radiation was 1.5 while for
amplified radiation 2.2.

PACS 42.65.Dr

1 Introduction

Frequency conversion of laser radiation with stim-
ulated Raman scattering (SRS) in solid-state media is of actual
interest [1–15]. SRS allows one to decrease or to increase the
laser radiation frequency by a discrete frequency of shift (Ra-
man shift) equal to the frequency of a molecular vibration.
This shift is fixed and provides stability of converted radiation
frequency. SRS does not require any crystal angle tuning or
strong temperature stabilization to stabilize the output radia-
tion frequency.

Solid-state Raman media possess high concentrations
(1022–1023 cm−3) of scattering centers and as a consequence
high Raman gain coefficients. Together with good mechan-
ical and thermal properties this allows one to use a small
length Raman crystal. A typical Raman crystal length is of
several centimeters; however, in some cases (Raman conver-
sion of femtosecond [6] and picosecond [7] pulses, intracavity
Raman conversion and self-frequency Raman conversion in
diode pumped mini- [8] and microchip [9] lasers) a crys-
tal of millimeter order length can be used. The Raman shift
(700–1000 cm−1) in widely used solid-state media [10, 11],
being smaller than one in gases, increases the number of
frequencies achievable by SRS. As a result, simple com-
pact efficient Raman converters on the base of solid-state
media for conversion of femtosecond [6], picosecond [12],
nanosecond [1–5] and continuous wave [13] radiation were
developed.

It is necessary in many applications (lidar, range-meters
and so on) for frequency converted pulses to have a high en-
ergy and low divergence (low M2 factor). Diffraction limited

� Fax: +375-17-284-16-65, E-mail: lisinetskii@gmail.com

Stokes radiation with pulse energy of 250 mJ was generated
with intracavity Raman conversion [3] (when Raman crystal
is inserted in the laser cavity). However, the intracavity Ra-
man conversion is unsuitable for conversion of commercial
laser radiation, where Raman converters with external pump-
ing are required.

Efficient conversion of high energy pulses of multi-
mode commercial lasers was demonstrated in Raman lasers
[5, 14, 15], when Raman medium is situated in external op-
tical cavity. As compared with a single-pass scheme, Raman
lasers possess a lower generation threshold, allow one to
control the high-order Stokes generation and provide high ef-
ficiency of conversion into Stokes radiation of desired order.
In [5] the generation of the first, second and third Stokes
pulses with energies up to 156 mJ and with quantum effi-
ciency up to 66% was demonstrated. However the M2 factor
of the converted radiation was about 20. The use of unstable
telescopic cavity for Raman laser [15] allows one to decrease
the M2 factor down to 16, but this value is also very high.

Raman amplification is the alternative approach for Ra-
man generation, which allows one to obtain high energy
pulses. In spite of Raman generation when only a pump beam
irradiates the Raman medium while Stokes radiation arises
from noise, in Raman amplification pump and Stokes radia-
tion are both incident on the Raman medium. The input Stokes
radiation (Stokes signal) can be generated separately in a spe-
cial Raman generator or an additional laser with the corres-
ponding wavelength. Raman amplification was well studied
before in gases [16–19]. It was shown, that when a low di-
vergent Stokes signal radiation is used the amplified Stokes
radiation also has a low divergence. The two stage amplifica-
tion of Stokes pulses by a factor of 20 000 (amplified Stokes
energy was about 0.6 J) was demonstrated [16]. The M2 factor
of amplified radiation was 1.1. In this work we demonstrate
that Raman amplification in solid-state Raman media also al-
lows one to generate high energy pulses with a low M2 factor.
A barium nitrate crystal was chosen as a Raman medium. This
crystal possesses a very high value of Raman gain coefficient
among crystals (10 cm/GW a 1064 nm wavelength [20]) and
is a good choice for Raman amplification.

2 Experimental setup

The experimental setup is shown in the Fig. 1.
We used a multimode commercial Nd:YAG laser (model
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FIGURE 1 Experimental setup: (1) Nd:YAG laser, (2) beam splitter, (3) fo-
cusing lens, (4) barium nitrate crystal, (5) neutral filters, (6) concave lens, (7)
convex lens, (8)–(11) selective mirrors, (12) half-wave plate, (13) polarizer,
(14) beam splitter, (15) energy meter, (16) 3 × telescope, (17) barium nitrate
crystals, (18) prism, (19) mirror

Spectraphysics DCR 3) (1) as a pump source. The laser oper-
ated in active Q-switch mode and generated pulsed radiation
with a repetition rate of 20 Hz and pulse duration of 10 ns. The
laser radiation wavelength was 1.064 µm, the spectral band-
width was less than 0.8 cm−1. The spectral width of pump
radiation was measured with a HP 70950B optical spectrum
analyzer with a HP 70004A display. The generated output
beam had a diameter of 10 mm and M2 factor of 3. The far-
field intensity distribution of pump beam is shown in Fig. 2.

The pump radiation was divided by a beam splitter (2) in
two parts. The first part with a small energy (about 2 mJ) was
directed to the Raman generator. The Raman generator con-
sisted of a focusing lens (3) and a barium nitrate crystal (4).
The focusing lens (3) had a focal length of 200 mm. It focused
pump radiation into the center of the barium nitrate crystal (4).
The length of the barium nitrate crystal was 7 cm. Its facets
were antireflection coated in the spectral region from 1.0 to
1.4 µm. The pump energy input to the Raman generator was
controlled with neutral filters (5). The output Stokes radiation
was collimated by a telescope consisting of a concave lens
(6) with a focal length of 100 mm and a convex lens (7) with
a focal length of 300 mm. A quite strong focusing of pump ra-
diation into the barium nitrate crystal provides a small value of
the Fresnel number for Raman generation. In this pump geom-
etry the generation of small divergent Stokes radiation was
achieved because of Raman beam clean-up [19]. This resulted
in a nearly diffraction limited beam (M2 factor was about 1.5)
of generated first Stokes radiation. The vertical and horizontal

FIGURE 2 Far-field distribution of pump beam

FIGURE 3 Horizontal and vertical profiles of Stokes signal and amplified
Stokes beams. Stokes signal energy is 8 µJ

profiles of this radiation are presented in Fig. 3a. The Raman
generator operated quite far from Raman threshold to provide
stability of parameters (energy, pulse duration) for the first
Stokes radiation, and the second Stokes generation was weak
enough to avoid instabilities of the first Stokes radiation re-
lated with this generation. We investigated two regimes for the
Raman generator. In the first one the energy of the Stokes sig-
nal pulses incident on the Raman amplifier was 8 µJ, while in
the second one this energy was 190 µJ.

The first Stokes radiation generated in the Raman genera-
tor was separated from depleted pump and the second Stokes
radiation with four selective mirrors (8)–(11). Mirrors (8) and
(9) had a high reflectivity at pump and the first Stokes wave-
lengths and low reflectivity at the second Stokes wavelength,
while mirrors (10) and (11) had a high reflectivity at the first
Stokes wavelength and a low reflectivity at pump wavelength.
The selective mirror (11) was used also to combine the first
Stokes radiation (Stokes signal) generated in the Raman gen-
erator with the second part of the pump beam reflected from
the beam splitter (2).

The energy of pulses for second part of pump was con-
trolled by the optical system consisting of a half-wave phase
plate (12) and polarizer (13). The beam splitter (14) dir-
ected a part of pump radiation to the Soliton ED-200 energy
meter (15) to measure the pump energy. The 3 × telescope
(16) was used to decrease the pump beam diameter.

A 7 cm long barium nitrate crystal (17) was used for Ra-
man amplification. The facets of the crystal were cut at Brew-
ster angle to avoid feedback and prevent a decrease of the
threshold for Raman generation in this crystal. The set of
three prisms was used to separate amplified first Stokes radia-
tion from the depleted pump radiation. The energies of Stokes
signal and amplified Stokes pulses were measured with the
Soliton ED-200 energy meter.

The optical path lengths for all radiations were chosen in
such a way that Stokes signal and pump pulses were properly
overlapped in time in the Raman amplifier. The oscilloscope
traces of the input pump and Stokes pulses are presented in
Fig. 4. The good overlap of pulses is evident. Figure 4 shows
also that the Stokes signal pulse duration is nearly equal to the
duration of the pump pulse. This indicates that the generation
in Raman generator was far above the Raman threshold. All
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FIGURE 4 Oscilloscope traces of pump and Stokes signal pulses input to
the Raman amplifier

of the oscilloscope traces in experiment were measured with
two channel digital real-time oscilloscope Tektronix TDS
680B connected with fast photodiodes for IR measurements.
The beams of Stokes signal and pump radiation were also
matched. The measurements of spatial properties of pump ra-
diation were performed with a silicon CCD camera (Polytec
DVC 10) with a pixel size of 8.5×9.9 µm, while the measure-
ments of first Stokes were performed with the use of InGaAs
CCD array (Hamamatsu G 9204-512D) with pixel width of
25 µm.

In our experiments, we used pump pulses with energy not
higher than 215 mJ. The threshold of direct Raman generation
from noise in the Raman amplifier was about 250 mJ. Thus in
our experiments only Raman amplification occurred.

3 Results and discussion

The dependencies of Stokes energy amplifications
(ratio of amplified Stokes energy to Stokes signal energy) on
pump energy for input Stokes pulses with energies of 8 µJ
and 190 µJ are shown in the Fig. 5a. It is seen that amplifi-
cation of Stokes pulses with energy of 8 µJ was up to 1600
at pump pulse energy of 215 mJ, while the amplification of
Stokes pulses with energy of 190 µJ was up to 330 at pump
pulse energy of 208 mJ. It is well known that the dependence
of Stokes intensity on pump intensity in linear regime (when
pump depletion is negligible) is exponential [21]:

IS = IS0 exp (IPgL) , (1)

where IS, IS0, IP – intensities of output Stokes, Stokes signal
and pump intensities, g – steady-state Raman gain coefficient,
L – Raman crystal length.

It follows from (1) that the natural logarithm of amplifica-
tion can be expressed as:

ln
(

IS

IS0

)
= G = IPgL , (2)

where G – steady-state power gain coefficient [22]. The Ra-
man crystal length and pump radiation parameters (duration
of 10 ns and beam diameter of 3 mm) used in experiments give
the value for G equal to 21 for pump energies of 208–215 mJ,
while the logarithm of Stokes energy amplification obtained
in experiments at this pump energy was sufficiently lower:

FIGURE 5 The dependencies of the first Stokes amplification (a), of am-
plified Stokes energy (b) and of conversion efficiency (c) on the pump pulse
energy

only 7.4 for energy of Stokes signal pulses of 8 µJ and 5.8
for energy of Stokes signal pulses of 190 µJ. This is because
pump and Stokes signal radiation used in experiments were
not continuous wave and plane wave radiations. They pos-
sessed temporal and spatial shapes and an averaging of the
steady-state power gain coefficient over space and time is
required.

We considered the case when both pump and Stokes radi-
ations possess a Gaussian shape in space and time:

IP,S0(r, t) = EP,S0

π
√

πtP,S0r2
P,S0

exp

(
−

(
r

rP,S0

)2

−
(

t

tP,S0

)2
)

,

(3)

where EP and ES0 – are energies of input pump and Stokes sig-
nal pulses, tP and tS0 – durations of these pulses, rP and rS0 –
radii of input pump and Stokes signal beams, correspondingly.
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The dependence of output Stokes intensity can be ex-
pressed as [21]:

IS (r, t) =(
ωS

ωP
IP(r, t)+ IS0(r, t)

)
exp

(
gL

(
ωP

ωS
IS0(r, t)+ IP(r, t)

))

ωS

ωP

IP(r, t)

IS0(r, t)
+ exp

(
gL

(
ωP

ωS
IS0(r, t)+ IP(r, t)

)) ,

(4)

where ωP and ωS – pump and Stokes frequencies. The satura-
tion of amplification due to pump depletion is included also in
this equation in contrast to (1). The equation is valid for a high
Fresnel number of the amplifier (so-called ray-optics limit),
where Fresnel number is [17]:

F = r2
P

λP L
, (5)

with λP – pump wavelength.
In experiment the Fresnel number was equal to 30 and (4)

is valid. The energy of amplified Stokes radiation can be ob-
tained by integration of output Stokes intensity in space and
time:

ES =
+∞∫

−∞

∞∫
0

IS(r, t)2πr dr dt . (6)

At parameters of the pump and Stokes signal radiation close to
experimental ones (diameter – 3 mm, pulse duration – 10 ns,
pump energy of 215 mJ for Stokes signal pulses with energy
of 8 µJ and 208 mJ for Stokes signal pulses with energy of
190 µJ) we obtained values of G equal to 7.4 (amplification
of 1650) for Stokes signal pulses with energy of 8 µJ and 5.4
(amplification of 222) for Stokes signal pulses with energy of
190 µJ. These values are in a good agreement with experimen-
tal ones.

The lower value of amplification for Stokes signal pulses
with higher energy (190 µJ) as compared with 8 µJ Stokes
signal pulses is related with saturation of Raman amplifi-
cation due to pump depletion. Indeed, in spite of smaller
amplification the energy of amplified pulses and conversion
efficiency for Stokes signal pulses with energy of 190 µJ
are five times higher than for Stokes signal pulses with en-
ergy of 8 µJ. Figures 5b and c show the dependencies of
amplified Stokes energies and conversion efficiencies on
pump energy. It is seen that for 190 µJ Stokes signal pulses
the amplified Stokes energy was 63 mJ at pump energy of
210 mJ, which corresponds to the conversion efficiency of
30% (quantum conversion efficiency is 34%). For 8 µJ Stokes
signal pulses the amplified Stokes energy was about 14 mJ,
which corresponds to the conversion efficiency of 6% (quan-
tum efficiency – 7%). Therefore high Stokes signal pulse
energies are preferable to low pulse energies with higher
amplification.

The efficient conversion of pump pulse energy into Stokes
pulse energy led to significant pump depletion. Figure 6 shows
oscilloscope traces of input and depleted pump pulses for am-
plification of Stokes signal pulses with energy of 8 µJ and for

FIGURE 6 Oscilloscope traces of depleted and input pump pulses for
Stokes signal pulses with energies of 8 µJ (a) and 190 µJ (b)

amplification of 190 µJ Stokes signal pulses. It is seen, that
in the first case the depletion is very small, because of low
conversion efficiency (only 6%), while in the second case this
depletion is significant, because of 30% conversion efficiency.
Figure 6 shows that depletion becomes apparent as slight de-
crease of the top of the pump pulse. This is because this figure
demonstrates the oscilloscope trace of pump power (not inten-
sity), where the nondepleted sides of pump beam are included.
We have performed calculations of depleted pump intensity
(IDepl) using the Manley–Rowe relation [21]:

IDepl(r, t) = IP(r, t)− (IS(r, t)− IS0(r, t))
ωP

ωS
. (7)

Figure 7a shows the dependencies of intensities for in-
put and depleted pump pulses in the middle of pump beam
on time, calculated for Stokes signal pulses with energy of
190 µJ. It is seen that depletion in middle of pump pulse is
strong. Figure 7b shows the calculated dependencies of pow-
ers for input and depleted pump pulses on time for these con-
ditions (the power of depleted pump radiation was calculated
by integration of depleted intensity in space). It is evident that
the dependence for depleted pump is similar to the one pre-
sented in Fig. 6b.

The amplified Stokes beam was quite smooth both in the
case of 8 µJ Stokes signal pulses and 190 µJ Stokes signal

FIGURE 7 Calculated dependencies of intensities (a) and powers (b) of
depleted and input pump pulses on time
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pulses. Figure 3 demonstrates the horizontal and vertical pro-
files of amplified Stokes radiation measured at maximal pump
energy. The M2 factor of amplified Stokes beam was about
2, which is lower than M2 factor of pump radiation. Thus the
improvement of beam quality occurred during the Raman am-
plification in barium nitrate crystal.

We have also estimated using (4) and (6) the possibility
of further amplification of the first Stokes radiation obtained
in our experiment. It is possible to amplify the Stokes pulses
with energy of 63 mJ up up to 350 mJ at pump pulse energy
of 500 mJ. The Stokes and pump beam diameters were taken
to be 5 mm, which allows one to avoid Raman generation in
amplifier.

4 Conclusion

The efficient amplification of low divergent first
Stokes radiation at multimode pumping was demonstrated.
The energy of amplified pulses was up to 63 mJ at pump en-
ergy of 208 mJ, which corresponds to a quantum efficiency of
34%. The maximal amplification was 1600. Our estimations
show that the second stage Raman amplification of ampli-
fied pulses up to 350 mJ is possible at pump pulse energy of
500 mJ. The improvement of beam quality in Raman amplifi-
cation was demonstrated. The M2 factor of amplified Stokes
radiation was 2, compared to an M2 factor of the pump radi-
ation of 3.
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