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Compact narrow-linewidth
nanosecond Ti:sapphire laser
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A compact high peak power tunable narrow-linewidth nanosecond Ti:sapphire laser is presented in this
paper. A maximum average output power of 1.4 W with a linewidth of 0.12 nm at 780.21 nm is achieved at
a pulse width of 120 ns and a repetition rate of 3 kHz, leading to a peak power of 3.89 kW. Tunable emission
wavelength range from 779.64 nm to 780.35 nm with a tuning resolution of 0.1 nm has also been demonstrated
by the existing system.
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KoMnakTHbIN HAHOCEKYHAHbIN
Ti-cancdupoBbin nasep
C Y3KOW NINHNen nany4vyeHus
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Onucan komnakTHBIN Ti-candupoBkIii Ia3ep ¢ BBICOKOH MUKOBOI MOITHOCTHIO U ITepecTpauBaeMoii y3Koii Ju-
HUel u3ixydeHus. MakcumMaabHas BBIXOJHAA MOIHOCTh U3JIyuyeHusa cocraBuia 1,4 Br npu mupune JUHUH U3JTY-
yenusa 0,12 HM, JIUTEILHOCTH UMITYJIbca 120 He 1 YacToTe CiIeJOBaHUA MMILYyJI5COB 3 KI'1I[, YTO COOTBETCTBYET ITH-
KoBO# momtHOoCcTH 3,89 KBT. B peann3oBaHHOM yCTpPOIiCTBE IPOIEMOHCTHPOBAHA 00J1aCTh IIepecTPoiiKku oT 779,64
HM 10 780,35 HM ¢ paspenrenue mo quauHe BOaHBI 0,1 HM.

KnroueBsbie cnoBa: Ti-cangupoBbii na3ep, HAHOCEKYHAHbIN Anana3oH, MOHOXPOMaTUYHOCTb, MepeCcTpoiKa A4J/MHbI BOJI-
Hbl, 1a3epbl Ha napax LYesIoYHbIX MeTasI0B C ONTUHECKON HaKaqyKoum.

Kopabel OCIS: 140.0140; 140.3538; 140.3580; 140.3590; 140.3600.

1. INTRODUCTION

The high peak-power and narrow-linewidth nanosec-
ond (ns) Ti:sapphire lasers are important for many
applications such as laser spectroscopy, environ-
mental monitoring, material processing, and non-
linear optics, etc. [1-3]. Especially, these lasers have
been demonstrated to be suitable for the investiga-

tion of alkali lasers [4—6]. The Ti:sapphire lasers are
widely studied due to their tunable emission wave-
lengths, high peak powers, and high beam quali-
ties. However, most studies have been focused on
the development of CW, picosecond and femtosec-
ond modes operation Ti:sapphire lasers, with only
a few works on the nanosecond operation mode.
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Moreover, studies on the high peak-power and nar-
row linewidth ns Ti:sapphire lasers operating at room
temperature are rarely reported. Based on master os-
cillator power amplifier (MOPA) approach, in 2002,
Suganuma et al. demonstrated a 0.5 W Ti:sapphire os-
cillator laser at 768 nm with a linewidth of 28.3 MHz
and a pulse width of 18.4 ns at a repetition rate of 1
kHz, leading to a peak power of 27.2 kW. The pow-
er was further amplified to the maximum average
output power of 8.5 W [1]. In 2012, Wang et al. re-
ported a 0.9 W nanosecond Ti:sapphire oscillator at
790 nm with a linewidth of 0.4 pm and a repetition
rate of 1 kHz. After amplification, the MOPA system
delivered a maximum power of 6.5 W with a pulse
duration of 16 ns [2, 3]. However, these MOPA sys-
tems consisting of a seed oscillator and an amplifi-
er are inherently complex and expensive, thus limit-
ing their applications in the laboratory experiments.
Therefore, a compact, robust, and user-friendly ns
Ti:sapphire oscillator with a high power and a nar-
row-linewidth is highly desirable. To achieve that,
Sulham et al. reported a ns Ti:sapphire laser with
a peak power of 18.9 kW (10 kHz, 100 ns) and a line-
width of 0.07 nm [5]. Also, Zameroski et al. demon-
strated a ns Ti:sapphire laser with a peak-power of
around 12 kW (10 kHz, 100 ns) and a linewidth of
0.1 nm [6]. Unfortunately, their ns Ti:sapphire laser
systems were operated in a cryo-cooled mode. A nar-
row-linewidth ns Ti:sapphire laser operating at room
temperature was presented by Shi et al. [7], which
produced an average output power of 1.6 W with a
linewidth of 0.3 nm at 800 nm. However, no infor-
mation on the exact pulse width and corresponding
peak power was reported.

In this paper, a compact ns Ti:sapphire laser op-
erating at room temperature with narrow linewidth
and high peak power is presented. The reported la-
ser system is specifically designed for future alkali
lasers research. The combination of a prism and
a birefringent filter (BF) is utilized to realize tun-
able wavelength and narrow-linewidth laser output.
The Ti:sapphire laser delivers a maximum average
output power of 1.4 W at 780.21 nm with a linewidth
of 0.12 nm and a pulse width of 120 ns at a rep-
etition rate 3 kHz, leading to a peak power as high
as 3.89 kW.

2. EXPERIMENTAL SETUP

The 3D schematic diagram of Ti:sapphire laser is
shown in Fig. 1. The 1064 nm fundamental laser is
a homemade diode laser (LD) pumped Q-switched
Nd:YAG laser with 48 W maximum output power.
The LD repetition rate is 500 Hz, and the Q-switch
works at 100 kHz repetition rate, which produc-
es a laser pulse chain of 500 macro pulses per sec-
ond, and each macro pulse is composed of 6 mi-
cro pulses as shown in Fig. 2, resulting in the 1064

' Ti:sapphire

M4.

Fig. 1. 3D schematic diagram of the Ti:sapphire laser
system.
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Fig. 2. Micro pulse chain of 1064 nm Nd: YAG laser.

nm Nd:YAG laser operating at a repetition rate of
3 kHz. The Nd:YAG fundamental laser is collimat-
ed by an antireflection-coated plano-convex lens L;
with a focal length f of 300 mm. The fundamental la-
ser is then frequency-doubled by a lithium triborate
LiB305 (LBO) crystal, yielding an 18 W average pow-
er and a 60 ns pulse duration at 532 nm with a con-
version efficiency of 37.5%. The residual fundamen-
tal laser and the second harmonic laser are separated
by a flat-mirror M, with 45° high reflection at 1064
nm and high transmission at 532 nm.

The laser power of 532 nm is tuned by a combi-
nation of a thin film and a half-wave plate and then
is focused onto the Ti:sapphire rod by a 532 nm an-
tireflection-coated plano-convex lens L, with a fo-
cal length f of 150 mm and a 1 mm pumping beam
diameter in the Ti:sapphire. A flat-mirror M5 with
45° high reflection at 780 nm and high transmission
at 532 nm is placed between the Ti:sapphire rod and
the lens L, as the output coupler. The crystal optical



axis of the Ti:sapphire rod with both end facets cut
at Brewster’s angles is perpendicular to the geomet-
ric central axis of the rod. The rod is mounted in a
water-cooled brass block maintaining at 23°C during
the laser operation. The “L-shaped” Ti:sapphire la-
ser cavity is consisted of a 45° flat-mirror M3, a flat
high reflection mirror M, at 780 nm, and a 20% flat
output coupler Mjy. The length of formed resonance
cavity is 195 mm. The rod is positioned symmetrical-
ly between mirrors M, and M. A dense flint-glass
Brewster prism and a BF are inserted into the cavity
to obtain a narrow linewidth and tunable Ti:sapphire
laser.

3. EXPERIMENTAL RESULTS

3.1. Ti:sapphire laser system under free operation
First, the Ti:sapphire laser system is character-
ized under free operation condition without Brew-
ster prism and BF in the cavity. The measured out-
put power of the laser versus 532 nm pump power is
shown in Fig. 3. It can be seen from Fig. 3 that the
threshold pump power is 6 W, and the maximum av-
erage output power of 4.6 W is obtained under the
pump power of 18 W, corresponding to a “light-to-
light” conversion efficiency of 25.6%. The spectrum
of the laser monitored with an optical spectrum an-
alyzer (AvaSpec-2048FT-SPU) is plotted in the inset
of Fig. 3. The central wavelength is located at 788 nm
with a laser linewidth of 18 nm.

3.2. Wavelength tuning and linewidth compressing
of the Ti: sapphire laser system

A combination of a dense flint-glass Brewster prism
and a BF was utilized to compress the linewidth
and tune the wavelength of the Ti:sapphire laser.
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Fig. 3. Output power versus pump power of the Ti:sapphire
laser under free operation (I). The red line is the linear
fitting of the laser power (2).The inset shows the linewidth
of output (3).
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The use of a prism as a dispersion element in a laser
resonator benefits from low loss, broad wavelength
tunability and narrow output linewidth. The latter
two properties can be expressed mathematically by
Egs. (1) and (2) [8], respectively,

d_oc ~ Etanocd—n, (1)
dh n dh
(¢]
dr

where o is the incident angle, A is the wavelength,
n is the refractive index of the prism, and 0 is half of
the laser beam divergence angle. The chromatic dis-
persion angles at different wavelengths depend on
prism refractive indices n and o of the laser beam.
The wavelength at 780 nm that we want to achieve
corresponds to a specific value of a. The output la-
ser spectrum consists of several longitudinal modes
close to the designed wavelength and those modes far
from that wavelength are suppressed due to the gain
competition effect after laying the Brewster prism in
the cavity [9], thus leading to a compressed the line-
width of output laser spectrum.

To further compress the laser linewidth and tune
wavelength precisely, a BF was inserted in the cavity
at Brewster’s angle. The BF with this special orienta-
tion is equivalent to a wave plate sandwiched by two
parallel polarizers. The wavelength filtering effect
of the BF can be described as,

7\'m — (ne (e) - no )Le ,
m

3)

where n, and n(0) are refractive indices for ordinary
and extraordinary rays, respectively, m is the order
of the selected wavelength, 1, is the m-order trans-
mission wavelength, and L, is the plate thickness
along the beam direction within the plate. When m
is an integer, the transmission of the BF is equal to
unity, and the laser beam at the wavelength 2 in the
cavity experiences no losses when passing through
the plate. Rotating the BF about its surface normal
changes n,, and thus the wavelength is tuned to the
maximum transmission of the filter. The tuned las-
ing spectra achieved with a BF are far more uniform
and narrow than those achieved without a BF pres-
ent in the cavity. This is due to the longitudinal mode
discrimination provided by the BF, and the lack of a
competing spectral filtering due to the microcavity
resonance [10]. It has been shown that the narrow-
er linewidth can be achieved by increasing the thick-
ness of the BF [11-15]. However, this will lead to a re-
duced output power due to the additional loss. Thus,
the number of the BF is a trade-off between the la-
ser linewidth and the output power. Figure 4 shows
the laser output power versus incident 532 nm pump
power after a prism and a BF were inserted in the la-
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Fig. 4. Output power at 780.21 nm versus pump power
with a prism and a BF in the cavity (1).The red line is the
linear fitting of the laser power (2).The inset shows the
corresponding laser linewidth (3).
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Fig. 5. Output pulse width of at 780.21 nm with 0.12 nm
linewidth and 1.4 W output power.

ser cavity. The average output power was 1.4 W with
pump power of 18 W, resulting in a maximum “light-
to-light” conversion efficiency of 7.8%. The relative-
ly low conversion efficiency is due to the large pump-
ing beam size in the Ti:sapphire which makes the la-
ser threshold higher, thus a higher input power and a
reduced conversion efficiency. The final linewidth of
Ti:sapphirelaseris0.12nm at 780.21 nm measured by
a spectrum analyzer (Anritsu MS9710B) with a reso-
lution of 0.07 nm, as shown in Fig. 4. The pulse width
of Ti:sapphire laser is measured by a fast photodiode
(THORLABSDET10A/M, rise time 1 ns) connected
ab00-MHzdigitaloscilloscope(Tektronix, TDS3052).
Figure 5 illustrates that the laser pulse width is 120
ns which is mainly affected by the pump laser power
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Fig. 6. Tunable spectra of the Ti:sapphire laser with
linewidth of 0.12 nm.

and the cavity length [16]. The corresponding output
poweris 1.4 W.

In order to achieve efficient pumping of the alkali
laser, the pump spectrum should have a good overlap
with alkali atoms transition lines. Apparently, a tun-
able pumping source for alkali lasers would be ben-
eficial for efficient pumping and experimental con-
venience. For the prototype system, the wavelength
with narrow linewidth is tuned from 779.64 nm to
780.35 nm by adjusting the BF with a wavelength
tuning resolution of 0.1 nm, as shown in Fig. 6.

4. CONCLUSIONS

In conclusion, a compact tunable ns Ti:sapphire laser
with narrow linewidth has been demonstrated. Our
system provides a 1.4 W maximum average output
power at 780.21 nm with a linewidth of 0.12 nm and
a 120 ns pulse duration at 3 kHz, leading to a peak
power as high as 3.89 kW. Furthermore, the laser
wavelength can be tuned from 779.64 nm to 780.35 nm
with a tuning resolution of 0.1 nm. Such a narrow-
linewidth high peak power laser is promising for the
nonlinear frequency conversion research as a power-
ful pumping source. More importantly, it may serve
as a good pumping source for the alkali lasers re-
search.

This work was carried out at the Research Center
for Laser Physics and Technology, Key Lab of
Functional Crystal and Laser Technology, Technical
Institute of Physics and Chemistry, Chinese Academy
of Sciences.
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