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Abstract

We experimentally investigate the temporal dynamics of continuously pumped Nd:YVOq4
self-Raman lasers. In the single-transverse-mode operation, it is found that the temporal
behavior of the self-Raman laser exhibits a regular pulse train similar to the phenomenon of
self-mode-locking. In the multi-transverse-mode operation, the average output power can be
scaled up to 1.1 W and the temporal feature displays a complex dynamics that is numerically
reconstructed with simultaneous longitudinal and transverse mode-locking.

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the search for optical crystals with high gain
coefficients of the stimulated Raman scattering (SRS) has
been a resurgent topic with the advent of the all-solid-state
laser technologies [1-10]. Among promising crystals for
efficient SRS, the self-Raman gain media that combine the
laser emission and SRS wavelength conversion in single
crystals have attracted particular interest because they can
be employed to realize the so-called self-Raman lasers
with compactness and high efficiency. So far, the widely
used self-Raman active media include Yb:KGd(WO4), [1],
Nd:PbWOy [2], Nd:KGd(WO4)2 [3], Nd:Gd,Y1-,VO4 [4],
Nd:GdVOyq4 [5], and Nd:YVOyq [6, 7] crystals. The Q-switched
approaches [1-6] were utilized in the earlier self-Raman lasers
to enhance the SRS efficiency with high peak powers. Since
the first realization of continuous-wave (CW) Nd:KGd(WOQO,)
Raman lasers [11], there is much attention on developing CW
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self-Raman lasers due to their potential applications in optical
communications and biomedicine [12—18].

In the past few years, self-Raman gain media such as
Nd:YVO4 and Nd:GdVOg4 crystals have been employed to
realize the self-mode-locking without any saturable absorber
in the CW pumping scheme [19-23]. Therefore, it is
of great interest whether the CW self-Raman lasers also
display a temporal behavior similar to the self-mode-locking.
Even though Lisinetskii et al [24] have observed the
self-mode-locked phenomenon at the second and fourth
Stokes generations in a pulse-pumped solid-state laser, up to
now there is no detailed exploration for the temporal dynamics
of CW diode-pumped self-Raman lasers.

In this work, we exploit a double-end diffusion-bonded
YVO4/Nd:YVO4/YVO, crystal to achieve the self-Raman
operation for exploring the temporal dynamics. We firstly
use a low-power laser diode to obtain a self-Raman laser
at 1176 nm in the single-transverse-mode operation. With
a pump power of 1.7 W, the average Raman output is
found to be 80 mW. Under this circumstance, the temporal
trace displays a continuous pulse train with pulse duration
of 10.6 ps, and the pulse period is equal to the cavity

© 2013 Astro Ltd Printed in the UK & the USA
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Figure 1. Experimental setup for a CW diode-pumped Nd:YVO;, self-Raman laser with a plano-concave resonator.

round-trip time. For scaling up the output power, we employ
a high-power laser diode to obtain a self-Raman laser in
the multi-transverse-mode operation. With a pump power
of 15.5 W, we attain a self-Raman laser with the output
power up to 1.1 W. In the multi-transverse-mode operation,
we experimentally observe that the Raman output exhibits
the characteristics of complex spatiotemporal dynamics. We
numerically analyze the experimental data to confirm that the
spatiotemporal features originate from the mode-locking of
fundamental and high-order transverse modes.

2. Experimental setup

Figure 1 depicts the experimental setup for a CW diode-
pumped Nd:YVOy self-Raman laser with a plano-concave
resonator. The cavity mirrors were coated for the intracavity
SRS wavelength conversion from the fundamental wavelength
of 1064 nm to the first Stokes output of 1176 nm. The
input flat mirror has antireflection coating at 808 nm (R <
0.2%) on the entrance face, high-reflection (HR) coating at
1000-1200 nm (R > 99.8%), and high-transmission (HT)
coating at 808 nm (7 > 95%) on the other surface. The output
coupler (OC) is a 100 mm radius-of-curvature concave mirror
with HR coating at 1064 nm (R > 99.8%) and 1176 nm (R >
99%). The active medium is an a-cut 4 mm x 4 mm x 20 mm
double-end diffusion-bonded 0.3-at.% Nd>*-doped Nd: YVOy4
crystal bonded with a 2 mm long and an 8 mm long
undoped YVO4 end at its pumped facet and the other facet,
respectively. The diffusion-bonded crystal can effectively
reduce the thermal effects and increase the interaction length
for the SRS [25]. Both sides of the active medium were coated
for antireflection at 1000-1200 nm (R < 0.2%). Additionally,
the active medium was wrapped with indium foil and mounted
in a water-cooled cooper block with water temperature to be
maintained at 12 °C. Since the intracavity SRS efficiency is
significantly sensitive to the cavity losses and thermal effects,
the cavity length has to be as short as possible. Consequently,
the separation of the cavity mirrors was approximately 26 mm,
corresponding to an optical path length of ~50 mm.

The temporal dynamics of the laser output were detected
by a high-speed InGaAs photodetector (Electro-optics
Technology ET-3500) with rise time 35 ps. The output signal
of the photodetector was connected to a digital oscilloscope
(Agilent, DSO 80000) with 12 GHz electrical bandwidth and
sampling interval of 25 ps for real-time monitoring. In the
meanwhile, the output signal was employed to measure the

power spectrum with an RF spectrum analyzer (Advantest,
R3265A) with 8-GHz bandwidth. It is worth noting that, since
the longitudinal mode spacing of the cavity is up to 3 GHz, the
electrical bandwidths of the detector and instrument have to be
high enough for real-time observation. The optical spectrum
of the laser output was measured with a Fourier—-Michelson
optical interferometer (Advantest, Q8347) with a resolution
of 0.003 nm.

3. Experimental results and discussion

To begin with, we utilized a 2-W fiber-coupled 808-nm
laser diode with a core diameter of 100 um to obtain a
single-transverse-mode self-Raman output. Using a lens of
25-mm focal length and 85% coupling efficiency, the pump
source was focused into the laser crystal with an average
pump radius of 60 um. With the cavity mode size of
128 um, the pump-to-mode-size ratio was approximately
0.47. Figure 2(a) shows the average output powers at the
fundamental wavelength of 1064 nm and the first Stokes
wavelength of 1176 nm with respect to the incident pump
powers. The threshold for self-Raman output was near 0.52 W.
With a pump power of 1.7 W, the average output power at the
first Stokes wavelength was measured to be approximately
80 mW. For the pump power in the range of 0.52 and
1.14 W, the optical spectrum revealed the self-Raman laser
to be in the single-longitudinal-mode operation. While the
incident pump power increased above 1.14 W, the self-Raman
output could be found to step into the multi-longitudinal-mode
operation with an apparent self-mode-locked phenomenon
in the real-time traces. Figures 2(b)—(d) show the measured
results for the self-mode-locking of the self-Raman laser
at the pump power of 1.7 W. As seen in figure 2(b), the
main peak in the power spectrum exactly corresponds to the
longitudinal mode spacing of 2.93 GHz. The temporal trace
shown in figure 2(c) demonstrates the pulse train to be in the
mode-locked state without significant CW background. The
full width at half maximum (FWHM) of the autocorrelation
trace was measured to be approximately 15 ps, as displayed
in figure 2(d). The mode-locked pulse duration was thus
estimated to be 10.6 ps, assuming the temporal intensity is
a Gaussian profile.

Next, we used a 20-W fiber-coupled 808-nm laser diode
with a core diameter of 400 pum to scale up the self-Raman
output power. Under the same cavity configuration, the pump
radius was approximately 240 pum and the pump-to-mode
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Figure 2. (a) The average output power at the fundamental wavelength of 1064 nm and the first Stokes wavelength of 1176 nm with respect
to the incident power; (b) experimental results of the power spectrum at incident pump power of 1.7 W; (c) pulse train for the mode-locking
of single transverse TEM( modes; (d) corresponding autocorrelation trace of the output pulses.
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Figure 3. (a) The average output power at 1064 and 1176 nm versus the incident pump power for a higher-power diode-pumped source;

(b) power spectrum at an incident pump power of 15.5 W.

size ratio could be found to be in the region of 1.9. As
a result, in addition to the fundamental TEM(yy modes,
some high-order transverse modes might be simultaneously
excited [26]. Figure 3(a) shows the average output powers
versus the incident pump powers for the fundamental and the
first Stokes wavelength. The threshold for self-Raman output
was approximately 2.72 W. With a pump power of 15.5 W,
the average output power at the first Stokes wavelength was
found to be up to 1.1 W. Experimental optical spectra revealed
that for pump power greater than 3.5 W the self-Raman
laser started being in self-mode-locked operation. Figure 3(b)
shows the experimental measurement for the power spectrum
of Raman output at the pump power of 15.5 W. It can
be seen that there are two peaks with frequency difference
in the range of 0.6 GHz to the main peak at 2.93 GHz.
The beating frequency of 0.6 GHz is consistent with the
transverse mode spacing of the cavity. We used a CCD

camera to measure the beam profile of self-Raman output,
as depicted in figure 4(a). The individual temporal traces
for the three positions labeled 1-3 in figure 4(a) are shown
in figures 4(b)-(d). The coordinates for labels 1-3 with
the unit of mm are (x,y,z) = (0.05,0.05, 400), (x,y,2) =
(0.4,0.1,400), and (x,y,z) = (0.85,0,400), respectively.
The time traces can be seen to display a phenomenon of
spatiotemporal dynamics. In the following, we reconstructed
the experimental data to demonstrate that the spatiotemporal
characteristics are caused by the total self-mode-locking of
fundamental and higher-order transverse modes [27-29].

The wavefunction of a free-space Hermite—Gaussian
mode in terms of the Cartesian coordinates (x, y, z) and time ¢
under the paraxial approximation can be written as [26]

(HG)

-1l t,
q)n,m,l(x» vz, )= wn.m ' LK’

(x,y,z, 1) e (D



Laser Phys. 23 (2013) 095804

Y C Lin et al

Intensity (a.u.)

Intensity (a.u.)
e
oo}

S o
SIS

0.8

o o
S B

Intensity (a.u.)

Time(ns)

Figure 4. Typical results at an incident pump power of 15.5 W.
(a) Experimental mode pattern at a distance of 400 mm from the
output coupler; (b)—(d) pulse trains for three positions labeled 1-3
in (a), respectively.

with

2
YO (xy, 2,0 = iwn(fc, OV, $), )
w(2)

and
Yn(E,9) = @ nly/m) " 2e E P2, () 1010 (3)

where 1, = 1—(z/O)[1+(2+y)/2(2> +2r)]. § = V2 /0 (2),
w(z) = woy/ 1+ (z/z2r)%, 28 = na)é/k, ¢ = Qrt; + 0(2),
6(z) = tan~!(z/zg), where wy is the waist spot size at the
cavity flat mirror z = 0, A is the wavelength of the Raman
output, 1, and QT are the longitudinal and transverse mode
spacings, (n,m) are the transverse indices, and [ is the
longitudinal index. As shown in figure 3(b), the longitudinal
and transverse frequency spacings (2../2w, Q1/27) are 2.93
and 0.60 GHz, respectively.

With thorough numerical fitting, we found that the
spatiotemporal behavior shown in figures 4(b)—(d) can be
reconstructed with the wavefunction

2
E(,y,2.0 =Y a¥on®y, 20 + Yosn ¥, 2, 0],
s=0
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Figure 5. (a)-(d) Numerical results corresponding to experimental
observations in figures 4(a)—(d), respectively.

with

lp+N

Ynm NGy 2 0) = IZZZ Cpmi(x.y, 2.0, (5)
The normalized electric field in equation (5) means the
single-transverse-mode (n, m) with N + 1 longitudinal
modes from the lowest index /yp with equal amplitudes and
phase-locking. The weighting a; in equation (4) indicates the
relative amplitudes of the transverse modes with different
orders. We find that the best fittings of a, for figures 4(b)—(d)
are (ag, ar, az) = (0.7, 0.5, 0.1). Figures 5(b)—(d) present the
numerically reconstructed pulse trains corresponding to the
experimental results in figures 4(b)—(d), respectively. The
corresponding mode pattern was reconstructed as depicted
in figure 5(a). The numerical results can be found to be
in good agreement with the experimental observations. The
excellent agreement confirms that the origin of spatiotemporal
dynamics comes from the total mode-locking of fundamental
and high-order transverse modes.

4. Conclusions

In conclusion, we have explored the temporal dynamics
of diode-pumped Nd:YVOs CW self-Raman lasers. We
obtained an average output power of 80 mW at the first
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Stokes wavelength in the single-transverse-mode operation
and found the self-Raman laser to display the characteristics
of self-mode-locking. In the multi-transverse-mode operation,
the average output power could be up to 1.1 W and the
real-time traces exhibited the phenomenon of spatiotemporal
dynamics. We have numerically confirmed that the complex
spatiotemporal dynamics arise from the total mode-locking
of fundamental and high-order transverse modes. Our
explorations imply the great potential of such a laser system
to be utilized to generate ultrafast light pulses with new
wavelengths through the SRS technology.
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