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The 1.4-1.8 um eye-safe lasers have been widely used in the fields of laser medicine and laser detection and ranging. The
diamond Raman lasers are capable of delivering excellent characteristics, such as good beam quality concomitantly with
high output power. The intra-cavity diamond Raman lasers have the advantages of compactness and low Raman thresholds
compared to the external-cavity Raman lasers. However, to date, the intra-cavity diamond cascaded Raman lasers in the
spectral region of the eye-safe laser have an output power of only a few hundred milliwatts. A 1485 nm Nd:YVO0,/diamond
intra-cavity cascaded Raman laser is reported in this paper. The mode matching and stability of the cavity were optimally
designed by a V-shaped folded cavity, which yielded an average output power of up to 2.2 W at a pulse repetition frequency
of 50 kHz with a diode to second-Stokes conversion efficiency of 8.1%. Meanwhile, the pulse width of the second-Stokes laser
was drastically reduced from 60 ns of the fundamental laser to 1.1 ns, which resulted in a high peak power of 40 kW.
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1. Introduction

The 1.4-1.8 um lasers combine the advantages of being eye-safe
and high atmospheric transmittance, providing them with
important applications in fields, such as laser medicine and laser
detection and ranging (LIDAR)!" !, In order to achieve laser
emissions in such a range, several methods have been exploited.
For instance, Er’* doped or Er** /Yb** co-doped fiber lasers
can achieve continuous wave output of up to hundreds of
watts'*~®!. However, the peak power and spectral linewidth of
fiber lasers are generally limited because of the nonlinear effects
of the fibers'”. Another method is the Er’* doped crystalline
lasers, which are capable of providing high peak and average
powers at 1.6 pm'®®!. However, this usually requires pump
sources with high brightness and narrow linewidths for efficient
operation, thus inevitably increasing the complexity and cost of
the system. In addition, the optical parametric oscillators
(OPOs) are also an important and widely reported approach
to realizing the eye-safe lasers. The commonly used OPO crys-
tals to realize eye-safe laser emission include KTiOAsO,(KTA),
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The device also exhibited single longitudinal mode with a narrow spectral width of < 0.02 nm.

Keywords: diamond:; intra-cavity: Raman lasers; eye-safe lasers; high peak-power.

KTiOPO4(KTP), and RbTiOPO,(RTP). The OPOs have the
advantage of pulse compression, which is beneficial for obtain-
ing narrow pulse lasers. However, the phase matching require-
ments of OPO crystals, as well as thermal effects, are likely
to cause problems such as system instability and poor beam
quality!~'?],

Stimulated Raman scattering (SRS), which is a third-order
nonlinear effect, has unique properties, such as automatic phase
matching, pulse compression, being hole burning free, and
Raman beam cleanup'">"'®. The crystalline Raman lasers are
an efficient method of wavelength expansion and can deliver
good beam quality concomitantly with high output power.
Several Raman crystals have already been used to realize lasers
with emission around 1.5 pm, such as BaWO,, BaTeMo,O,,
GdVO,, and YVO4[17"22]. Nevertheless, the output power is
rather restricted, mainly because of the poor thermal conduc-
tivity generally faced by the above Raman crystals. Compared
to conventional Raman crystals, a chemical vapor deposition
(CVD) diamond has a high Raman gain coefficient (17 cm/GW
@1 pm), a very wide transmission spectrum (> 0.23 um), an
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ultra-high thermal conductivity (2200 W/mK), and a large  successfully obtained. The pulse width of the second-Stokes laser

Raman shift (1332.3cm™) and is well recognized as an out-  was drastically reduced from 60 ns of the fundamental laser to
standing Raman crystal®®>=>*!, Actually, for the past decade, dia- 1.1 ns due to the Raman pulse compression, and this led to a
mond Raman lasers have experienced significant progress in ~ peak power of up to 40 kW. Moreover, the device also exhibited
characteristics, such as high-power, high-brightness, and vari-  asingle longitudinal mode without an additional mode selection

ous emission wavelengths®~*], with a narrow spectral width of < 0.02 nm. The above results

Generally, there are two options for building diamond Raman  offer a new route for realizing high peak-power and narrow line-
lasers in the eye-safe band: one is to use the mature 1.06-pm laser ~ width eye-safe intra-cavity diamond Raman lasers.
(*Fs/2 = *I11 ), Nd laser line) as the fundamental laser and to
obtain the 1485 nm laser output by the second-Stokes shift,
while the other is to use the 1.34 pm laser (*F;/, — *I;3, Nd 2. Experimental Setup
laser line) as the fundamental laser and to obtain the 1634 nm
laser output by the first-Stokes shift. Comparatively, although
the latter requires only the first-Stokes shift, which could sim-
plify the Raman conversion stage, the Nd** doped gain medium
exhibits a larger emission cross section at 1.06 pm than at
1.34 pm, and the thermal effect is relatively weak because of

the lower quantum defect at 1.06 pm and thus it is favorable .4, diameter of about 600 pm. The dimension of the
for transferring the system thermal load more to the Raman composite crystal was 4mm x 4mm x 20mm, including a
crystal and for reducing the thermal effect of the Nd**-doped 14 ;i length of Nd:YVO, with Nd**+ doping concentration
gain medium. Considering exceptionally high thermal conduc- ;£ 0.3% in the middle and 2 mm length of pure YVO, at both
tivity of the diamond will be more beneficial to the stable oper- o ds. The composite crystal had an antireflection (AR) coating
ation of the system. Currently, the eye-safe diamond Raman 5t the pump wavelength and the fundamental wavelength
lasers pumped by 1.06 pm fundamental lasers generally adopt (R < 0.2%). Our previous work has demonstrated that the
external-cavity structures. It is well known that the structures  composite crystals and the in-band pumping are effective in
of the intra-cavity have the advantages of compactness and  mitigating the thermal effect of the laser crystals”®'. An acousto-
low Raman thresholds compared to the structures of the exter- optic Q-switch (Gooch & Housego) with an operating wave-
nal-cavity. However, due to the fact that more optical compo-  length of 1064 nm was used as the actively Q-switched element
nents are needed in the intra-cavity, the design of the cavity in the experiments. The Raman crystal was an uncoated CVD-
requires more comprehensive consideration of the thermal diamond (2 mm X 2 mm X 7 mm), which was cut for beam to
effect of the crystals, the cavity mode matching, and the cavity =~ propagate in the (110) direction. The direction of the fundamen-
stability, which is therefore more difficult to realize and less  tal laser polarization was adjusted to match the direction of dia-
reported so far. In 2010, Lubeigt et al. observed for the first time ~ mond (111), which maximizes the Raman gain**!, Both the
a second-Stokes emission (1485 nm) in an intra-cavity diamond ~ Nd:YVO, and the diamond were wrapped in indium foil and
Raman laser. The diamond sample used in the experimenthada  then placed in a copper block with water cooling at 18°C. The
high intracavity absorption loss of 2% at 1064 nm (round trip). =~ output power was measured by a power meter (PM100D) and
This high loss as well as the unoptimized output coupler led to  a detector (S425C-L). The pulse characteristics were detected
an average output power of only 30 mW'*°!, In 2020, Yangetal. ~ with an oscilloscope (DSO9254A, 2.5 GHz bandwidth, 98 ps rise
achieved an intra-cavity diamond Raman laser with a tunable time/fall time) and a photodetector (DET08CL/M, 5 GHz band-
output coupler by using a Brewster plate and investigated its ~ width, 70 ps rise time and 110 ps fall time). The laser spectra
effect on the performance of the Raman laser. Ultimately, a ~ were recorded by an optical spectrum analyzer with a high wave-
1485 nm second-Stokes output power of about 0.12 W was length resolution of 0.02 nm (Yokogawa, AQ6370C).
obtained®", From this point of view, the output power, espe-

cially the peak power, which is critical for practical applications 1:3 coupler M1 M2
such as long-distance high-resolution measurements, of the eye- 880nmLD p 4 Nd:YVOs \

Figure 1 shows the schematic setup of the experimental system.
A 65 W 880 nm fiber-coupled laser diode was used for in-band
pumping. For the output coupling fiber, the numerical aperture
of 0.22 and the core diameter of 200 pm were used. A 1:3 coupler
was utilized for coupling the pump beam into an a-cut Nd:YVO,
composite crystal, where the pump spot on the composite crystal

safe intra-cavity diamond Raman lasers is still in dire need of =< [ | _—

further improvement. y N
Here, we proposed a V-shaped folded cavity to achieve effi-

cient operation of an eye-safe intra-cavity diamond cascaded N M3
Raman laser. On the one hand, the thermal effect of the laser 1485 nm A

crystal was mitigated due to the utilization of composite crystal
and in-band pumping, and on the other hand, the mode match-
ing and cavity stability are promoted by the V-shaped folded  Fig.1. Schematic setup of the V-shaped folded intra-cavity Nd:YV0,/diamond
cavity. As aresult, an average output power of 2.2 W with a diode eye-safe Raman laser. M1, input mirror; M2, folding mirror; M3, dichroic mirror:
to second-Stokes conversion efficiency of 8.1% has been M4, output coupler; AQS, acousto-optic @-switch.

Diamond
M4
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The cavity was designed as a V-shaped folded cavity rather  relationship between the pump and the fundamental laser.
than a traditional straight cavity since it can provide better mode =~ Correspondingly, the beam radius of the fundamental laser
matching and ensure a small fundamental laser spot on the dia- on the diamond can be well kept below 100 pm. The above
mond. In fact, the V-shaped folded cavity has been widely  results indicate that the V-shaped folded cavity in this work
proved to be an effective way for improving performance of  has a good thermal stability, which will ensure a high perfor-
the Raman lasers””>), The flat input mirror M1 had a highly =~ mance, especially a high output power in the following.
transmissive (HT) coating at 880 nm (T > 95%) and a highly Next, we investigate the output characteristics of the funda-
reflective (HR) coating at 1064 nm (R > 99.8%). The plane-con- ~ mental laser. This was done by removing M3 and M4 and uti-
cave folding mirror M2 (radius of curvature of 100 mm) had the  lizing a flat mirror with 1064 nm partially transmissive (PT)
same coating as the M1. The flat output coupler M4 had an HR ~ coating (T = 10%) as the output coupler. The power transfer
coating at 1064 nm and 1240 nm (R > 99.8%) and an HT coat-  characteristic for the fundamental laser at a pulse repetition fre-
ing at 1485 nm (T = 77.9%). Here, the fundamental cavity con-  quency (PRF) of 50 kHz is shown in Fig. 3(a). The fundamental
sisted of M1, M2, and M4. The total cavity length was 265 mm,  laser has a threshold of around 0.7 W. The output power is very
where M1 and M2 were spaced 203 mm apart and M2 and M4 stable and increases linearly with the increasing pump intensity.
were spaced 62 mm apart. The M3 and M4 formed a Raman cav-  The average output power reaches 12.74 W without saturation
ity, of which M3 was a plane dichroic mirror. The coatingof M3~ when the incident pump power reaches 27.2 W, and the conver-
was designed to be HR at 1240 nm and 1485 nm (R > 99.8%)  sion efficiency is up to 46.8%. In order to prevent damage to the
and HT at 1064 nm (T > 99%). The Raman cavity length  laser crystals and the cavity mirrors, we did not further increase
was as short as 10 mm. the incident pump power during the experiments. The above

results verify that the folded cavity is well designed and main-

tains good stability under such a high pump level. Figure 3(b)
3. Results and Discussions shows the fundamental laser emission spectrum, which gives

a spectral width of 0.15 nm. A single pulse shape of the funda-
We first consider the mode matching under different thermal  mental laser with a pulse width of 60 ns is shown in the inset of
lens focal lengths by using the ABCD transfer-matrix theory.  Fig. 3(b). Since the long cavity length tends to cause multiple
Figure 2(a) shows the calculated fundamental laser (1064 nm)  Jongitudinal mode oscillations, it is likely that the multiple peaks
beam radius distribution in the cavity under a thermal lens focal ~ of the fundamental laser pulse shape are caused by the beat
length of 300 mm. The fundamental laser on the Nd:YVO, hasa  frequency of multiple fundamental longitudinal modes'®,
beam size of 213 pm X 246 pm, which is slightly lower than the Subsequently, we systematically investigate the output char-
beam radius of the pump (300 pm), thus ensuring the efficient  acteristics of the Nd:YVO,/diamond second-Stokes Raman
utilization of the pump beam. Due to the oblique incidence of  [aser. The threshold of the second-Stokes laser is 3.95 W, as
the beam onto the folding mirror M2, the convergence points  shown in Fig. 4(a). When the incident pump power gets to
of the beam in the tangential plane (T) and sagittal plane (S) 272 W, the average output power and pulse energy reach
are misaligned, resulting in the astigmatism. The fundamental 2 2 W and 44 pJ, respectively, and the corresponding conversion
laser on the diamond has a beam size of 72 pm X 80 pm, which  efficiency is up to 8.1%. This result is significantly better than
is significantly reduced compared to that in the straight cavity that of the straight cavity (0.12 W in Ref. [30], and 0.5 W in our
case (~120 pm in our experiments, not given). This will favor  experiment, not given), which again validates the unique advan-
the enhancement of the fundamental laser power density on  tages of the folded cavity in mode matching and reduces the fun-
the diamond and thus the improvement of the Raman conver-  damental laser beam radius on the Raman crystals. In addition,

sion efficiency. the second-Stokes laser output power has not decreased over the
Figure 2(b) shows the fundamental laser beam radius onboth  entire incident pump power range!*”**!, which further indicates

the Nd:YVO, and the diamond under different thermal lens  that the thermal effects are well controlled.
focal lengths. In the case of a thermal lens with a focal length
as small as 170 mm, the cavity is able to maintain a well-matched
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Fig.2. (a) The fundamental laser beam radius distribution in the cavity. (b) The  Fig. 3. (a) Power transfer characteristic for the fundamental laser at 50 kHz.
fundamental laser beam radius on both the Nd:YVO, and the diamond under (b) The fundamental laser emission spectrum at 27.2 W incident pump power.
different thermal lens focal lengths. Inset: a single pulse shape.
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Fig. 4. Characteristics of the second-Stokes laser. (a) Average output power
and pulse energy versus incident pump power at 50 kHz. (b) Emission spec-
trum for 27.2 W incident pump power. Inset: high-resolution spectrum.

Figure 4(b) presents the second-Stokes emission spectrum for
27.2 W incident pump power. It can be seen that only the sec-
ond-Stokes emission can be observed, while the fundamental
and the first-Stokes emission can be hardly seen. This is mainly
attributed to the efficient Raman conversion as well as the low
transmission at the fundamental laser and the first-Stokes laser
of the output coupler M4. According to the Raman laser theo-
retical model®, in order to realize efficient second-Stokes
lasers, the threshold of the second-Stokes laser is required to
be sufficiently higher than that of the first-Stokes laser so that
the robust first-Stokes field can be established, which effectively
depletes the fundamental laser and increases the second-Stokes
gain. The coating design of output coupler M4 realized efficient
cascaded Raman conversion. In addition, the Raman conversion
efficiency was also effectively improved by reducing the spot size
of the fundamental laser on the diamond and adjusting the
polarization direction of the fundamental laser to match the
direction of diamond (111). The highly resolved spectrum of
the second-Stokes emission is shown in the inset of Fig. 3(b),
which shows a center wavelength located at 1485.9 nm and a
resolution-limited linewidth of only 0.02 nm (2.72 GHz).
Considering that the cavity length of the Stokes cavity is only
10 mm, which corresponds to a longitudinal mode spacing of
about 7.5 GHz, we speculate that the second-Stokes laser is
working in the single longitudinal mode. It should be mentioned
that no additional longitudinal mode selector was used in this
work. The single longitudinal mode can be obtained, probably
due to the fact that the linewidth of the fundamental laser
(0.15 nm, 39 GHz) is narrower than the Raman linewidth of
the diamond (45 GHz). Therefore, considering the hole burning
free characteristic of the SRS, in an ideal case, the single Stokes
mode can effectively extract all longitudinal modes of the fun-
damental lasers®®>*°!, Moreover, the Stokes cavity is also short
enough to prevent multiple longitudinal mode oscillations.
The observation of the single longitudinal mode is similar to that
reported by Ma et al. in the 1.6-pm diamond Raman laser based
on the first-Stokes emission. They also achieved the single longi-
tudinal mode output by using a shorter Stokes cavity (9 mm) and
controlling the fundamental laser linewidth to be less than the
diamond Raman linewidth!*!), The detailed performance of
the single longitudinal mode in our diamond Raman laser could
be investigated by the Fabry-Perot interferometer?, which
would be done in future.
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Fig. 5. Characteristics of the second-Stokes laser. (a) Pulse width and peak
power versus incident pump power at 50 kHz. (b) Average output power and
peak power versus different PRFs.

Figure 5(a) shows the pulse width and peak power of the sec-
ond-Stokes laser as a function of the incident pump power at
50 kHz. The pulse width is less than 2 ns and it decreases with
the increasing pump intensity. The pulse width could be as nar-
row as 1.1 ns at 27.2 W, which is significantly shortened com-
pared to that of the fundamental laser and could be mainly
attributed to the Raman pulse compression!’*). Additionally,
the cascaded Raman process may also enhance the effect of the
pulse compression**). In addition, such a short pulse width
might also have arisen from the shorter Raman cavity, which will
reduce the round trip time of the Stokes photons and make the
build-up of the Stokes laser pulse faster. Correspondingly, the
peak power of a single pulse reaches up to 40 kW. This is the
highest peak power ever reported for the eye-safe diamond
Raman lasers to the best of our knowledge. The average output
power and peak power as a function of the PRF are shown in
Fig. 5(b). As the PRF rises from 20 to 50 kHz, the average output
power rises from 0.34 to 2.2 W, and the peak power rises from
13.49 to 40 kW. No obvious saturation or degradation has been
observed, and we speculate that in addition to the well-designed
V-shaped folded cavity, it could also be attributed to the short
upper energy level lifetime of the Nd:YVO, crystal**.
Limited by the Q-switch device, we were not able to employ a
higher PRF in the experiment, and it is expected that the output
power will continue to rise with the further rise of the PRF.
Meanwhile, considering that Raman lasers with intra-cavity
structures are extremely sensitive to losses in the intracavity'**),
further improvement of the performance could be expected by
using a diamond with AR coating in the future. In addition,
compared to the common 880-nm laser diode used in our
experiment, a wavelength-locked laser diode can be more favor-
able for improving the efficiency of the in-band pumping'*® and
thus would be another effective way for improving the efficiency
of the system.

Finally, it should be noted that the second-Stokes laser also
exhibited a good beam quality and pulse stability at such a high
peak-power. The beam quality (M?) at the maximum output
power was determined by a beam quality analyzer (Ophir,
Nanoscan), and the M? was 1.33 and 1.76 for the horizontal
and vertical direction, respectively. The slightly worsened M?
from the near-diffraction-limited value and the inconsistency
in both directions is caused by the astigmatism from the tilted
placement of the folding mirror. Methods such as using a
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Fig. 6. Pulse characteristics of the second-Stokes laser at 27.2 W and 50 kHz.
(a) Pulse train and (b) single pulse shape.

wedge-shaped laser crystal could be adopted to reduce the astig-
matism. Figure 6(a) shows the pulse train of the second-Stokes
laser at 27.2 W and 50 kHz. It can be observed that the intensity
of the pulse train was relatively stable. The small intensity fluc-
tuation could be aroused from the mechanical instability of the
system. The single pulse shape [Fig. 6(b)] shows a pulse width of
only 1.1 ns and a relatively smooth pulse profile.

4. Conclusion

In summary, we achieved a 1485 nm eye-safe intra-cavity dia-
mond cascaded Raman laser with high peak power and narrow
linewidth. Benefitting from the use of composite crystal and in-
band pumping and the good mode matching provided by the V-
shaped folded cavity, the device achieved an average output
power of 2.2 W and a diode to second-Stokes conversion effi-
ciency of 8.1%. The device also exhibited a high peak power
of 40 kW and a single longitudinal mode with a spectral width
of < 0.02 nm without any longitudinal mode selector. The above
results offer a new route to realize high peak-power eye-safe
intra-cavity diamond Raman lasers and pave the way towards
applications such as high-resolution LIDAR over long ranges.
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