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A high-efficiency eye-safe Raman laser was demonstrated by use of the third Stokes radiation in a Ba(NOs3)2
crystal pumped by a 1064-nm Nd:YAG laser. The output wavelength of the Raman laser was 1598.5 nm
with a full-width at half-maximum (FWHM) of 1.5 nm. With an incident pump energy of 140 mJ, a
maximum of 18-mJ Raman output energy was generated at a repetition rate of 30 Hz, corresponding to
an optical-to-optical conversion efficiency of 12.9%. The Raman pulse duration was shortened to 2.9 ns
compared with that of the pump pulse of 19.3 ns. The eye-safe solid-state Raman laser is expected to have
wide applications in range-finding, telemetry, laser radar, and other aspects.
OCIS codes: 140.3550, 140.3580, 290.5910, 320.5520, 160.4330.

In recent years, stimulated Raman scattering (SRS)
in solid-state materials has become a promising
method to efficiently generate laser radiations at new
wavelengths['=3].  Among various solid-state Raman
conversion media, barium nitrate (Ba(NOgz)s) crystal
has attracted much attention because of its highest Ra-
man gain of any known crystals and strong mechanical
propertiesd. However, most of the recent research on
Ba(NOg3)s lasers has focused on the radiations in the
visible and near-infrared regions®~ 7). Few reports are
available for the eye-safe Raman lasers with a spectrum
near 1.5—1.6 ym. Laser operating in the eye-safe region
has found increasing demand in range-finding, telemetry,
laser radar applications!®!.,

More recently, Murray et al. have reported an eye-safe
Ba(NOs3)2 Raman laser operating at the first Stokes ra-
diation (1.535—1.556 pm) pumped by a 1.3-um Nd:YAG
laser®). However, eye-safe Ba(NOg3)2 Raman lasers oper-
ating at the third Stokes radiation (1.598 pym) have not
been reported to our knowledge.

In this letter, we present a high efficient, 1598-nm
third Stokes Ba(NO3)2 Raman laser pumped by a 1064-
nm Nd:YAG laser. At an incident pump energy of 140
mJ, a maximum of 18 mJ Raman output energy at a
repetition rate of 30 Hz is obtained, corresponding to an
overall optical-to-optical conversion efficiency of 12.9%.

The Ba(NOj)2 Raman crystal is grown by ourselves
through the aqua-solution cooling method™®). Tt is cut
along the {110} crystallographic axis with the length of
48 mm and the aperture of 10 x 10 (mm). The trans-
mission spectrum of Ba(NOjs)2 crystal, as shown in Fig.
1, shows the wide transparent spectral region from 0.34
to 1.8 pm. It is very suitable for the Raman conversion
pumped by 1064-nm Nd:YAG lasers.

The experimental configuration for the third Stokes
Raman laser is a simple end-pumped Raman resonator
with the Ba(NOg3)y crystal as depicted in Fig. 2. The
stable resonator is composed of two flat mirrors. They
have a special dichroic coating for efficient conversion
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at the third Stokes component in a resonator Raman
configuration.  The input mirror (M1) has an an-
tireflection coating at 1064 nm on the entrance sur-
face (T' > 90%) and a high-reflection (HR) coating at
the first, second, and third Stokes wavelengths (1197,
1369, and 1598 nm, respectively) on the other sur-
face (R > 99.5%). The output mirror (M2) has a
high-reflection coating at 1064, 1197, and 1369 nm
(R > 98%) and a partial-reflection (PR) coating at
1598 nm (R = 25%). Note that the output mirror’s
reflectivity is not optimized and it is limited in avail-
ability. With a standard He-Ne laser collimator, the two
resonator mirrors are perfectly paralleled.
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Fig. 1. Transmission spectrum of Ba(NO3)2 crystal.
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Fig. 2. Schematic of a 1598-nm third Stokes Raman laser
based on Ba(NOs)2 crystal. F: filter.
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The pump source was a 1064-nm Nd:YAG laser, with
a repetition frequency of 30 Hz, a maximum pulse en-
ergy of 433 mJ, and a divergence angle of 2 mrad. The
average radius of the pump beam was ~ 7.5 mm with
a super-Gaussian pattern in the near-field. A telescope
system (T') composed of two lenses (50- and 10-mm focal
lengths, respectively) was used to provide a collimated
pump beam with the radius of 1.5 mm at the input
mirror. The variable attenuator (A) was used for fine
adjustment of the pump pulses energy, which was moni-
tored by a calibrated energy detector (E). Both sides of
the crystal were polished to reduce the Fresnel losses on
the crystal surfaces. The overall length of the Raman
resonator was approximately 7 cm, with the crystal in
the middle of the resonator.

First we studied the single-pass SRS of Ba(NO3)2 crys-
tal without the Raman resonator. The strong Stokes Ra-
man radiations were generated, which had spatial cone
structures by Raman four-wave mixing (FWM). The
spectrum on the single-pass SRS output was measured
by an optical spectrum analyzer (MS9710C), which is a
diffraction-grating spectrum analyzer with a resolution
of 0.05 nm. Figure 3 depicts the optical spectrum for
the single-pass SRS of Ba(NO3)s pumped by the 1064-
nm Nd:YAG laser. It can be seen that the frequency
shift between Stokes and pump laser lines agrees very
well with the “breathing” vibration modes of the nitrate
moiety (1047 cm™1).

When the Raman resonator was used, the pump, first
and second Stokes radiations were successfully filtered
and restrained. Figure 4 displays the experimental
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Fig. 3. Spectrum for SRS of Ba(NOg3)2 crystal in single-pass
experiment pumped by 1064-nm laser.
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Fig. 4. Spectrum for the third Stokes Raman laser in the
Raman resonator.
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Fig. 5. Output energy of the third Stokes Raman laser with
respect to the incident pump energy.

results for the optical spectrum of the Raman laser in
the resonator. The output wavelength of the third Stokes
Raman laser was 1598.5 nm, with a narrow full-width at
half-maximum (FWHM) of 1.5 nm. Figure 5 shows the
output energy for the third Stokes Raman laser as a func-
tion of the incident pump energy at a pulse repetition
rate of 30 Hz. The pump threshold for the third Stokes
Raman laser was approximately 40 mJ. With an incident
pump energy of 140 mJ, the maximum output energy
was up to 18 mJ, corresponding to an overall optical-to-
optical (1064—1598 nm) conversion efficiency of 12.9%.
Moreover, the saturation phenomenon of Raman gain
was not observed at the present pump energy levels thus
far, so higher efficiencies are anticipated for higher pump
energies. On the other hand, the highest allowable pump
energy was limited by the optical damage threshold of
Ba(NOj)y crystal, which was measured as 10 J/cm? at
the center of the pump-beam patterns in our previous
experiment. Apparently, for even higher efficiency of
SRS conversion, reduction of losses is required, e.g. plac-
ing the Ba(NOs)s crystal in a moisture-free box with
Brewster windows. The ultimate conversion efficiency
is quantum limited for the 1064 — 1598 nm frequency
conversion to 66.5%.

The pulse’s temporal behaviors were recorded by a dig-
ital oscilloscope (LeCroy 9362, 10 Gsamples/s, 1.5 GHz
bandwidth) with a fast photodiode (DET210, 1 GHz
bandwidth). The typical time shapes for the pump and
Raman pulses are shown in Fig. 6. When the maximum
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Fig. 6. Typical oscilloscope traces for the pump and the third
Stokes Raman pulses.
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Raman output was achieved, the Raman output pulse
duration was reduced to ~ 2.9 ns (FWHM) compared
with the pump pulse of 19.3 ns. As a consequence, the
peak power was higher than 6.2 MW.

In summary, a high efficiency eye-safe Raman laser has
been obtained by use of the third Stokes radiation in a
Ba(NOg3)2 crystal pumped by a 1064-nm Nd:YAG laser.
The wavelength of Raman laser was 1598.5 nm with a
FWHM of 1.5 nm. The Raman pulse duration was short-
ened to 2.9 ns compared with the pump pulse of 19.3 ns.
When the pump laser operated at energy of 140-mJ, a
maximum of 18-mJ Raman output energy was generated
at a repetition rate of 30 Hz, corresponding to an over-
all optical-to-optical conversion efficiency of 12.9%. The
compact size and high efficiency of the present Raman
laser make it be an attractive source for practical appli-
cations.
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