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Abstract In order to enhance the efficiency and the out-
put average power of the synchronously pumped stimulated
Raman scattering (SRS) system, we studied a picosecond
pulse-train synchronously pumped SRS system experimen-
tally. A compact KGd(WO,), (KGW) Raman cavity was
synchronously pumped by high average power picosec-
ond pulse-train laser. 1.22 W including eight-order Stokes
Raman components were obtained and the maximum
Raman conversion efficiency was 35.4% which was the
highest efficiency for all-solid-state picosecond synchro-
nously pumped SRS system to our best knowledge. And the
“parasitical SRS process” under SRS process in synchro-
nously pumping condition was observed for the first time.

1 Introduction

High order Stokes laser generation by stimulated Raman
scattering attracts increasing attention for developing
multi-wavelength laser involved applications such as color
holography and laser display. Generally, in order to pro-
duce orders of Stokes laser as much as possible, improving
the pump energy was the most effective method. Usually
this method will introduce thermal lens effect or even dam-
age to the laser material (crystal and coating) especially for
ultrashort pulse pump condition. In order to improve the
high average power picosecond pumped SRS performance,
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we studied a compact KGW crystal SRS system which was
synchronously pumped by a high average power picosec-
ond laser experimentally.

A 50 mm long KGd(WO,), crystal was synchronously
pumped by the pump laser via extra-cavity pump tech-
nique. Finally, we got up to average power of 1.22 W laser
including eight-order Stokes Raman components. The
output was also coaxial which was different from former
research [1-3] and the maximum Raman conversion effi-
ciency was 35.4%. Furthermore, we have also observed
the up-conversion phenomenon. We owe this phenomenon
to the combination of high average power pump and small
quantity of Er’* jon adoption in the Raman crystal. The
cascaded SRS phenomenon (“parasitical SRS process”) by
the laser (“parasitical light”) resulted from the up-conver-
sion process was also observed and analyzed.

Generally, stimulated Raman scattering is a power-
ful tool to expand the variety of the laser wavelength both
in continuous wave [4, 5] generation and ultrashort laser
source formation [6] based on the convenient commer-
cial laser devices. Recently, the system which can pro-
vide multi-wavelengths at the same time is highly needed
for improving system compatibility in order to employ
to much more applications, such as coherent anti-Stokes
Raman scattering (2D-CARS) thermometry system [7].
In order to get broader range of wavelengths covered, we
have to increase the average power of the input, which
leads to thermal loading [8] problems due to impurity of
the Raman medium. Furthermore, the impure Raman crys-
tal which has trace of adoption not only absorbs the pump
laser which result in thermal effect, but also can absorbs the
Stokes laser and radiates laser which generally in form of
up-conversion [9, 10]. Due to high power pump, parasitical
light via up-conversion can stimulate the Raman crystal to
generate other Stokes components. This process (parasitical

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-017-6710-2&domain=pdf

133 Page2of 5

X. Gao, M. Chen

SRS process) parasitizes under the SRS process while no
report has been published to describe it in detail.

In this paper, we reported a high average power eight-
order Stokes Raman laser experimentally in experiment
section and the parasitical SRS process has also been dis-
cussed in detail in discussion part.

2 Experiment setup

Figure 1 illustrates the setup for pulse-train picosecond
laser pumped Raman system, which comprises pulse-train
pump laser [11], polarization modulation elements, KGW
crystal Raman cavity, and the analysis devices.

The pump laser has pulse-train profile with repetition
frequency of 1 kHz and ~30 ps pulse width (FWHM) for
every pulse in the “train,” and every train has 6 pulses sep-
arated by 800 ps delay time. The input mirror was coated
high transparency (R < 0.5%) for 532 nm and high reflective
(R > 99.8%) for longer wavelength (up to 1000 nm) with a
—200 mm radius of curvature. The output coupler was con-
figured as a concave lens (r = —500 mm) with transmission
rate of 5% for the wavelength from 500 to 800 nm.

As excellent crystalline Raman medium, KGW crystal
has much more advantages compared with other Raman
crystals especially for picosecond pump condition [12]. The
high gain (3.3 cm/GW for 901 cm™!) of Raman makes it
suitable for high power Raman laser generation and the wide
transmission range (0.35-5.5 um) indicates the widely usage
for producing broad-band laser, what is more, the short
dephase time (45 ps) [13] appeals ultrashort Raman laser
researches. Furthermore, when doped with lanthanide ions,
the crystal becomes excellent laser medium cite [14, 15].

In our experiment, we utilized a b-cut
7 mm x 7 mm x 50 mm KGW crystal (provided by
EKSMA) as Raman medium which coated high transpar-
ency (T > 99.8%) for the range of 500900 nm for both ends
of the crystal. In order to maintain the crystal thermal load-
ing ability, we packaged it into an aluminum sink which was
cooled continuously with water at a temperature of 23 °C.

At the beginning of the experiment, the pump laser was
attuned by a tunable attenuator, which comprises thin film
polarizer (TFP) and half-wave plate (HWP), and then prop-
agated through a quarter-wave plate (QWP). The QWP pre-
cisely modulated the pump polarization in order to make
the pump perfectly match the Raman mode of the KGW
crystal. Generally, the pump was focused into Raman crys-
tal to get high Raman gain [16], while in our experiment,
the pump was collimated into the Raman cavity with-
out focusing for the following reasons: the parallel light
decreases the possibility of four-wave-mixing (FWM) pro-
cess which will degenerate orientation consistency of the
output laser for avoiding introducing the angle for phase
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Fig. 1 Setup for pulse-train synchronously pumped Raman experi-
ment (HWP half-wave-plate, QWP quarter-wave-plate, TFP thin film
polarizer, IM input mirror, OC output coupler)

matching in FWM process. Furthermore, the collimated
input laser will make it convenient to design a simple struc-
tured Raman cavity for without considering the resonant
mode changes induced by focused input laser, and the most
important advantage is that the parallel light decreases the
risk of the damage for both crystal and cavity mirror espe-
cially for high average power pump system which was the
first consideration for commercial use both in intra-cavity
or extra-cavity configuration SRS system.

After propagating through the Raman cavity, the output
laser power characteristics was measured by power meter
(Ophir) and the spectroscopy was observed by fiber cou-
pled spectrometer (ocean optics USB2000+) and analyzed
by computer software (Spectrasuit, ocean optics), the beam
profile was recorded by color camera and near infrared
(NIR) camera.

3 Results and discussion

The output laser contains Stokes components without any
anti-Stokes which means that the process was pure cas-
caded stimulated Raman scattering (SRS) without four-
wave-mixing (FWM) process which generally was the
only way to generate anti-Stokes components. The first-
Stokes laser threshold is 300 mW and is almost the other
higher order Stokes components’ thresholds except the
eighth Stokes. The threshold for 8th order Stokes laser is
about 1.06 W higher than threshold of the other higher
order Stokes components for crystal coating transmittance
(<20%) limitation. Figure 2 plots the output spectroscopy
when the pump power was 1.4 W. The amplitude of the
spectra expresses the real strength of the Raman compo-
nents for without inserting any attenuator between spec-
trometer and the reflected laser.

It is notable that the amplitudes of 532 nm, first-
Stokes, second-Stokes, third-Stokes, and fourth-Stokes
are almost the same level which indicates effective
Raman conversion from fundamental to Stokes. The vis-
ible output laser components are shown by Fig. 3a; the
radius of the laser beam for different color were not the



Study on stimulated Raman scattering and up-conversion phenomenon in impure KGd(WO,), crystal

Page3of5 133

532nm 559nm 621nm

588nm
658nm

‘ ‘ 699nm

800nm

\ {
863nm

746nm ‘

| |

ot

T T T T T T T T T T T T T T T 1
500 550 600 650 700 750 800 850 900

Stokes wavelength (nm)

| |
Ao

Fig. 2 Output spectroscopy of Raman cavity pumped by average
power of 1.4 W

same due to dispersion existing in the Raman crystal. In
order to observe much more wavelengths, the laser beam
was split by a grating and the diffracted components
were recorded by NIR camera which was capable to cap-
ture both visible and NIR band light as grayscale image
(Fig. 3b).

When increasing the pump power, the higher order
Stokes light has not been observed due to the crystal
coating high reflective rate (>90%).

The output power versus input power was illustrated
by Fig. 4:

Table 1 shows the individual output power for each
Stokes line:

Finally, we got up to 1.02 W eight Stokes light with
Raman conversion of 35.4%, overall efficiency of
42.4% and with slope efficiency of 36.3%. When the
pump was higher than 3.6 W, the ninth Stokes laser and
the first anti-Stokes laser existed, and up-conversion

Fig. 3 Beam profile of the
output, a beam profile of the A
visible part, b beam profiles
after split by a grating
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Fig. 4 Output power under different pump

phenomenon accompanied with the parasitical SRS pro-
cess was observed through spectrometer (Fig. 5a). Fig-
ure 5b illustrates the relative strength of the Stokes light
and the parasitical Stokes light.

The first anti-Stokes laser indicates that the FWM pro-
cess appeared in the crystal. The phase matching condition
was provided from lens-like effect (or thermal lens effect)
of the crystal due to absorption of the pump. The phenom-
enon mentioned above certified the existence of adoption
in Raman crystal. Under high average power pump condi-
tion, the adoption ion in the Raman crystal can absorb the
pump laser and Raman components which depends on the
absorption characteristics of the type of the adoption.

In our experiment, the parasitical light components
contain: 527, 554, 584, 617, 652, 660, 696, 743, 798, and
860 nm, the light components correspond to 527 nm and
its SRS Stokes spectroscopy at 901 cm~! Raman mode.
We owe the parasitical Stokes light of 527 nm to the
impurity of the Raman crystal KGW, which are resulted

@ Springer



133 Page4of 5

X. Gao, M. Chen

Table 1 Output power for
Stokes components

]
WU -

Wavelength/nm 532 nm 559 nm 589 nm 621 nm 657nm 699nm 746nm 800 nm 864 nm

Power/mW 197.9 189.8 186.7 194.9 174.9 90.0 37.7 102.0 46.1
Line width/nm 0.20 0.24 0.22 0.23 0.22 0.23 0.21 0.22 0.20
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Fig. 5 a SRS spectroscopy with parasitical Stokes light, b Idler light and Stokes components (the Stokes components was decayed by a ratio of

0.3)

Fig. 6 Fluorescence spectros-
copy profile for the crystal used 100

in experiment
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from Er’T doping due to imperfection of the crystal
growth technique. Compared with the wavelength of the
pump, the process of producing 527 nm laser was up-con-
version process. The following describes the up-conver-
sion process and the relative parasitical SRS process in
our Raman cavity:

After cascaded SRS process excited by 532 nm,
the Er’t ion doped in the Raman crystal can absorb
the Raman Stokes components, which depends on the
absorption peak of Er*" ions (800 nm, 7th Stokes) [17],
and the emission happened between Energy state of
’H,,,» and “I,5,, with a radiation of 527 nm. Then the
strong emission of 527 nm (which was called “parasiti-
cal light”) stimulated the Raman crystal and the another
SRS process (which was called “parasitical SRS pro-
cess”) happened under the SRS process which was acti-
vated by 532 nm pump laser. The Stokes light stimulated
by parasitical light was called as “parasitical Stokes
light.” We examined the same crystal used in our experi-
ment using Fluorescence spectrometer (Hitachi-F7000
fluorescence spectrometer), Fig. 6 illustrates the results
for excitation wavelength (EX) and emission wavelength
(EM).

The excitation laser covers 520-545 nm, which is also
the excitation wavelength region of Er’* [18] proving the
existence of the Er’* ion.

4 Conclusion

We demonstrated an efficient Raman laser which produced
up to 1.22 W pulse-train collinear eight Stokes Raman
laser. The up-conversion phenomenon was observed in our
experiment. The up-conversion process has been reported
for many times [9, 19, 20], while the cascaded SRS pro-
cess due to this phenomenon was the first report to our best
knowledge. Due to up-conversion and its cascaded SRS
process, the output wavelength has been broadened and the
spectroscopy components also have been enriched. How-
ever, the linear absorption due to up-conversion decreases
the Raman conversion which should be avoided in much
higher pump condition.
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