Vol 16 No 7, July 2007
1009-1963/2007/16(07) /1991-05

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

An all-solid-state high power quasi-continuous-

wave tunable dual-wavelength Ti:sapphire laser
system using birefringence filter*

Ding Xin(T Jik)", Ma Hong-Mei(Zt#§),

Zou Lei(48 &), Zou Yue(4F BK),

Wen Wu-Qi(#H), Wang Peng(E M), and Yao Jian-Quan (Bk#E#)

College of Precision Instrument and Opto-Electronics Engineering, Institute of Laser

and Opto-Electronics, Tianjin University, Tianjin 300072, China

Key Laboratory of Opto-Electronics Information Science

and Technology, Ministry of Education, Tianjin 300072, China

(Received 29 September 2006; revised manuscript received 18 January 2007)

This paper describes a tunable dual-wavelength Ti:sapphire laser system with quasi-continuous-wave and high-

power outputs. In the design of the laser, it adopts a frequency-doubled Nd:YAG laser as the pumping source, and the

birefringence filter as the tuning element. Tunable dual-wavelength outputs with one wavelength range from 700 nm to

756.5 nm, another from 830 nm to 900mn have been demonstrated. With a pump power of 23 W at 532 nm, a repetition
rate of 7 kHz and a pulse width of 47.6 ns, an output power of 5.1 W at 744.8 nm and 860.9 nm with a pulse width of
13.2 ns and a line width of 3 nm has been obtained, it indicates an optical-to-optical conversion efficiency of 22.2%.
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1. Introduction

The dual-wavelength tunable laser is known for
its important applications including laser spectrum,
atmospheric pollution monitor and differential absorp-
tion lidar (DIAL), etc. Ti:sapphire crystals, with large
stimulated emission cross sections":?l and the broad-
est tuning ranges from visible band to near-infrared
band for single solid-state laser media, are ideal ma-
terials for simultaneously producing multiple wave-
lengths, especially two wavelengths.

A dual-wavelength pulsed Ti:sapphire laser was
first reported by Gizbrekht et al in 1989, although
the output power was low and the tuning range of the
two wavelengths was rather limited. In 1992, a dual-
wavelength CW and quasi-CW a Ti:sapphire laser was
reported by Scheps and Myers, which was pumped

(4] In 1995, a passively self-injection

by an Ar+ laser.
locked dual-wavelength CW Ti:sapphire laser was
obtained.[”! Then an injection-seeded dual-wavelength
pulsed Ti:sapphire with a novel stabilization scheme
and capability was reported.l A mode-locking dual-

wavelength Ti:sapphire was also demonstrated.!”s!

Different methods have been used to realize dual-
wavelength lasing operation, including double-prism-
dispersion cavity, two-mirror resonator with birefrin-
gence filter (BF) as the tuning element, two inde-

pendent seeds injection, !

and controlling dual wave-
lengths by the acousto-optic tunable filter.[10:11]

The dual-wavelength Ti:sapphire laser reported
by this paper was characterized by its high power, all-
solid-state, broad tuning, high repetition rate, short
pulse width and simple cavity configuration as well.
With a pump power of 23 W at 532 nm, a repetition
rate of TkHz and a pulse width of 47.6 ns, an output
power of 5.1 W at 744.8 nm and 860.9 nm with a pulse
width of 13.2 ns and a line width of 3 nm has been
obtained, it indicates an optical-to-optical conversion
efficiency of 22.2%. To the best of our knowledge, it is
the highest power of all-solid-state quasi-continuous-
wave dual-wavelength Ti:sapphire laser.

2. Dual-wavelength laser theory

Due to the actions of the crystal field, the lower
energy level of a Ti:sapphire crystal is split into a num-
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ber of Stark’s sublevels. The transitions between the
Stark’s sublevels of different manifolds can generate
corresponding wavelengths. Owing to the differences
of the stimulated emission cross section, fluorescent
lifetime, fluorescent quantum efficiency as well as the
operation condition of laser, the Ti:sapphire laser os-
cillates generally at one wavelength. However, if in-
verted population transits from the same upper en-
ergy level to two different lower Stark sublevels, dual-
wavelength laser radiations will be produced as long
as the gain at dual wavelengths surpasses the loss.
Based on the above analysis and the rate equa-
tions of a quasi-four-energy-level tunable solid-state
laser system, a dual-wavelength operating Ti:sapphire

laser system can be constructed as follows:!12:13]

dN/dt = W, — (oada + opes)vN — N/19, (1)
doa/dt = oAvNGAl/La — ¢a/TrA, (2)
dgf)B/dt:O'BUN(bBl/LB—(bB/TRB, (3)
where N is the population inversion density, W, is
the pumping rate, ¢ is the photon density, v is the

centre frequency of laser pulse in resonator, o is the
stimulated-emission cross-section
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AL is the rate of spontaneous transition between en-
ergy levels F,, and E,, g is the small-signal gain co-
efficient, n; is the population density at every energy
level E; (i = 1,2,3,4), | is the length of Ti:sapphire
crystal, L is the length of resonators, ¢ is the loss per
pass in resonator, Tr (Tr = {/J.) is the photon lifetime
in resonator.

Based on Ptlh = Pfh, the threshold condition of
oscillation for the simultaneous dual-wavelength laser
can be written as['4

ln(i) =2l {Uﬂ/a - ai] + 27 ln(l), (4)

Vi ov; ov; Y

where o, «, v and v are the stimulated emission cross
section, the loss per pass, reflectivity of output mir-
ror and the frequency of one wavelength respectively,
while o;, «;, v; and v; are the parameters of another.
[ is the length of the bar of the Ti:sapphire. The re-
flectivity of the total-reflection mirror was 100% and
the two radiations had the same loss and fluorescent
quantum efficiency, on which the Eq.(4) was based. If
the output mirrors have the similar reflectivity of the
dual wavelengths, Eq.(4) will be satisfied as long as

there is proper loss, and the dual wavelengths will op-
erate stably on condition that the gain surpasses the
loss at the dual wavelengths.

In our experiment, BF was employed as not only
the wavelength-turning component but also the loss-
turning component to realize the operation of the dual
wavelengths. Its transmission formulator is described

as follows:
0 5
( smy tg ' cos *y)
T =1 — 4cot?y Cossfw 5
1- ( — tgE )
cos B R cosy
0 5
( SImY tgF cos 7)
x |1 —ctg?y cos b
1 (s1n6‘ (o E )2
— — cos
os & & 7
)
x sin? 7 (5)

In the equation, d is the thickness of the BF. ~ is the
angle between the wave vector K of the refracted light
and the optic axis.  is the angle of the incidence.

_ 2md(n, — ne) sin® vy
N Asin@

is a relative phase delay between an ordinary and ex-

)

traordinary rays produced by the optically anisotropic
BF medium, F is the angle between the surface of the
BF medium and the optic axis of the crystal.

Rotating BF medium around its axis, tuning an-
gle A (cos A = (cosy —sin@sin E)/(cos cos E)) will
be changed. The difference of phase § will be changed
with alternating ~, which will alternate the trans-
mission of the wavelengths and the wavelengths of
T = 1, and then the purpose of tuning wavelength
will be achieved. The difference of phase § is the pe-
riodic function of the wavelength A, that is § = ¢ (\),
Therefore, transmission is the periodic function of the
wavelength too: T = T ()\). When the transmitted
spectrum shifts from short wavelength to long wave-
length, the separation of the transmission peaks of
the BF medium and its full width at half maximum
(FWHM) will increase, but with the increasing of the
thickness of BF medium, the separation of the trans-
mission peaks of the BF medium and its FWHM will
diminish.

In order to make the line width narrower, three
chips of the quartz birefringence filter were employed
and placed at the Brewster angle 57° (A = 790 nm)
in our experiment, with the proportion of the thick-
ness h 1:2:4 and the thickness of the thinnest chip d =
0.5 mm. The separation of the transmitted peaks is
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determined by the thinnest chip and FWHM is deter-
mined by the thickest chip. In terms of the dispersion
equations for quartz crystal, the transmission curve of
the assembled BF medium in the Ti:sapphire wave-
band was plotted (Fig.1), with E = 0°, A = 31.5°,
38.5°, 41.5°. As shown in Fig.1, rotating BF medium
around its axis, the output wavelengths range, from
700 nm to 900 nm, includes two transmission peaks of
the BF medium. Generally, the wavelength which is
near the peak transmission of BF medium can operate.
However, with the same output mirror transmissions

at 700 nm—-900 nm, the peak wavelengths whose sim-

Transmission

ulated emission cross sections are similar can satisfy
the Eq.(4) P}, = P3 and the threshold condition of
oscillation for the simultaneous dual-wavelength laser,
and the operation of dual-wavelength Ti:sapphire can
be realized. In addition, at some angles of the BF
medium, if the simulated emission cross sections of
the two wavelengths in the transmission peak are dif-
ferent, as long as the corresponding transmissions of
the BF medium are also different and the pump power
is large enough, Eq.(4) can also be satisfied and dual-

wavelength laser can also operate.
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Fig.1. The curve of the transmission of the assembled BF medium (the proportion of the thickness: 1:2:4). (a)
d=0.5mm, FE=0° A=315° (b) d=0.5mm, F=0° A=385° (¢c) d=0.5 mm, E=0°, A=45°.

3. Experiment and results

An experimental setup of the tunable dual-
wavelength Ti:sapphire laser is illustrated in Fig.2.
Dual-wavelength Ti:sapphire laser was pumped by
The
pump laser power of Nd:YAG laser at 532 nm was
23 W, with the repetition rate of 7 kHz and pulse
width of 47.6 ns. Dual-wavelength Ti:sapphire flat—

intra-cavity frequency-doubled Nd:YAG laser.

flat resonator was optically symmetrical and the cav-
ity length was 150mm. Ti: sapphire crystal(provided
by Shanghai Institute of Optics and Fine Mechan-
ics, Chinese Academy of Sciences) has dimensions of

Tmmx 7mmx 16mm, and a FOM (Figure of Merit) =
150. The end surfaces of the rod were cut at Brewster
angle relative to the ¢ axis. To extract the deposited
heat, the laser crystal was mounted on a water-cooled
copper plate. M3 was coated for high transmission
at 532 nm pump laser and high reflection at 700 nm—
900 nm, M4 was coated for a transmission of T' = 15%
at 700 nm — 900 nm. The plano-concave lens F' with
a focal length of 150 mm was used to enhance the
density of pump power and improve the coupling effi-
ciency and the output beam quality. The pump beam
was focused to a waist diameter of about 400 pym in
the crystal. The focal length of pump-induced ther-
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mal lens of Ti:sapphire crystal was 195 mm when the
pump power was 23 W. The diameter of the output
beam at 800 nm in the crystal was 434 ym. It could
be seen that the oscillating mode volume matched

i

Nd:YAG
laser head

KTP H

the pump beam’s well, and the laser operated at the
power-stable point.
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Fig.2. Schematic diagram of the quasi-continuous-wave dual-wavelength Ti:sapphire laser.
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Fig.3.
the dual-wavelength Ti:sapphire laser at 744.8 nm and
860.9 nm.
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Fig.4. Spectra of the dual-wavelength Ti:sapphire laser
operating at 744.8 nm and 860.9 nm. The total output
power obtained in this case was 5.1 W.

When tuning angle A was altered from 31.5° to
45°, with d=0.5mm, E = 0°, the output dual wave-
lengths, with one wavelength range from 700 nm to
756.5 nm, another from 830 nm to 900 mn, were cor-

respondingly tuned. With a pump power of 23 W at

532 nm, a repetition rate of 7 kHz and a pulse width
of 47.6 ns, an output power of 5.1 W at 744.8 nm and
860.9 nm with a pulse width of 13.2 ns and a line width
of 3 nm has been obtained, it indicates an optical-
to-optical conversion efficiency of 22.2% as shown in
Fig.3.

Figure 4 shows that a line-width of 3 nm at
744.8 nm and 860.9 nm has been achieved. The two
spectral lines are of similar power, duration and shape,
which could be accounted for the net gain.'?!

Figure 5 shows a pulse with a duration 13.2 ns
generated by the dual-wavelength Ti:sapphire laser. It
can be seen that the pulse duration is narrower than
that of 532 nm pump laser because of the effect of gain
switch. The pulse shape has not any difference with
single wavelength, operation and the dual duration of
dual wavelengths have the same delay value relative
to a pump pulse.
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Fig.5. Duration of dual-wavelength Ti:sapphire laser.

As was mentioned above, BF gives higher power
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and ensures the dual wavelengths to emit collinearly,
but there is an obvious limitation that the separation
between the dual wavelengths cannot be changed af-
ter fabrication. As a consequence, the range for dual-
wavelength operation is limited. And if we rotate the
BF medium continuously, dual wavelengths turn to be
only one wavelength for the reason that gain compe-
tition prevents operating at two frequencies when the
net gain of one is substantially lower than that of the
other. The single wavelength of 810.0 nm is shown as
Fig.6.

700
nW

560

420
70.0
nm/div

280

140

0=
710.0 nm

810.0 20 nm/div 910.0

Fig.6. Spectrum of the single wavelength at 810.0 nm.

In the experiments, we found that dual-wave-
length operation was difficult to be achieved in com-
parison with single-wavelength operation. First, since
the threshold of dual-wavelength laser is higher than
that of single-wavelength laser, the pump power
should be larger to overcome the cavity loss at dual

wavelengths. Second, in dual-wavelength oscillation,
as the tail of the population inversion did not de-
plete well and the pumping pulse energy was not uti-
lized effectively, the threshold was higher than that
of single-wavelength oscillation. Third, the fluctua-
tions observed in the experiment is doubled, in com-
parison with those observed during single-wavelength
operation. This could be elucidated by the compe-

tition between the dual wavelengths.
(11]

According to
Norihito Saito’s theory, when the energy of the
pump pulse changed, the variation of output power
of dual wavelengths was twice as much as that of
single-wavelength. Namely, stability requirement of
dual-wavelength for pump pulse was twice as critical

as that of the single-wavelength operation.

4. Conclusions

In this paper, a quasi-continuous-wave, dual-
wavelength Ti:sapphire laser has been demonstrated.
The rate equation and the simultaneous dual-
wavelength oscillation threshold condition have been
analysed. A method of obtaining dual wavelengths has
been illustrated with a figure. A broad tuning range
of the dual-wavelength operation has been achieved.
With a pump power of 23 W at 532 nm, a repetition
rate of 7 kHz and a pulse width of 47.6 ns, an output
power of 5.1 W at 744.8 nm and 860.9 nm with a pulse
width of 13.2 ns and a line width of 3 nm has been
obtained, it indicates an optical-to-optical conversion
efficiency of 22.2%.
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