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Abstract: We report a collinear output and tunable dual-wavelength
CW Ti:sapphire laser with a simple cavity configuration. The wavelength
splitting range is easily tuned from 10 nm to 110 nm, which provides 56
THz bandwidth for terahertz generation. The total output power of two
colors with the spatial mode of TEM g is between 700 mW and 300 mW,
for small and large wavelength splittings, respectively, under 5 W argon-ion
laser pumping.
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1. Introduction

Recently, thereis growing interesting in fields using terahertz (THz) waves, or T-rays, for spec-
troscopy, imaging, communications, signal processing, and quantum information. By present
time one could get THz radiation by dipole antennas [1, 2, 3], free-electron lasers [4], and
guantum-cascade lasers [5]. All of these methods have their merits and deficiencies. It is pos-
sible to obtain broad-band radiation with microwave lamps, but it is not coherent; free-electron
lasers allow to get radiation in wide range and with high output power, but they are not compact
and expensive thus being not available for most of research laboratories. A way to create rela-
tively compact and inexpensive coherent terahertz radiation source is heterodyne downconver-
sion, or photomixing of two-wavelength laser beams on adipole antenna. According to the type
of lasers, it could be distinguished into two parts. One is the pulse THz radiation, which could
be generated by the mode-locked Ti:sapphire laser with dual-wavelength emission [6, 7, 8, 9]
or the ultrabroad spectrum of asingle pulse [10]. The other is CW THz radiation generated by
the dual-beam laser sources, such as individual lasers with dual- [11] or multi-mode emission
[12], coupled-cavity diode lasers [13, 14], two independently operated lasers [15] (Ti:sapphire
laser [16], single-mode L D’s[17]), or pairs of actively frequency-locked lasers[18]. Amount of
theselasers, diode lasers will be a better candidate for many applications. However, Ti:sapphire
lasers should not be forgotten in the exploration of new application areas of THz radiation ow-
ing to their high output power, excellent frequency stability, operational robustness, and large
continuously tuning range in wavelengths. Siebe, et al., [19] first demonstrated the dual-color
CW Ti:sapphire laser in a single laser, which provides two parallel beams at independently
tunable wavelengths. For the generation of CW THz, nevertheless, one would prefer to run
a single laser with collinear two-color output to simplify the optical alignment and increase
the efficiency for THz generation. In the following, we describe the structure of a collinear
dual-wavelength CW Ti:sapphire laser and the analysis of its performance.

2. Experimental setup

Figure 1 shows the collinear, tunable dual-wavel ength, CW Ti:sapphire laser cavity. It consists
of a standard X-configuration resonator and was pumped by an argon-ion laser (Coherent In-
nova 90) with an output power of 5 W. The 5mm-long Brewster-cut Ti:sapphire crystal was
doped with Ti*3 ions at the relative concentration of 0.1%. The curvature radius of the focusing
mirrors (M1 and M2 in Fig. 1), at the both ends of the Ti:sapphire crystal, was 10 cm. Their
tilted angles were 9° and 8.5° respectively. The pump beam (Ar laser) was focused onto the
crystal by alens (L1 in Fig. 1) of 10 cm focal length. The reflectivity of output-coupler (M3in
Fig. 1) was 95%, which was coated at 800 nm with 120 nm spanning.

The prime concept is to expand all wavelengths emitted from a Ti:sapphire crystal in free
space by the optical dispersion components. Thusit is possible to select the lasing wavelength
inside the cavity through a simple mechanism. In our dual-wavelength CW Ti:sapphire laser,
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Fig. 1. (Color online) Schematics of the resonator design of the collinear dual-wavelength
CW Ti:sapphire laser. M1 and M2 are the curvature mirrors. M3 is the output coupler with
800 nm coating. M4 is the total-reflectivity end mirror. P1 and P2 are the prisms. L1 isthe
lens for Art laser. d isthe distance between P1 and P2.

a needle-shaped blocker was used as the wavelength selector shown in the inset of Fig. 1. One
pair of prisms (P1 and P2 in Fig. 1) wasinserted into the long arm of X-configuration resonator
to introduce spatial dispersion. The first prism (Pl in Fig. 1) spreads all lasing wavelengths
in free space. Then, the second prism (P2 in Fig. 1) guides al of these wavelengths to the
total-reflectivity end mirror (M4 in Fig. 1).

To begin with, we adjusted al of the optical components in cavity to optimize the output
power in single wavelength operation. Afterward the needle-shaped blocker in front of the
total-reflectivity end mirror was moved carefully into the laser beam from the underside of the
laser beam. It was separated into two beams between the first prism and the end mirror. The
difference of two wavelengths can be tuned by varying the distance between the two beams
by adjusting the vertical position of needle-shaped blocker. The collinear and dual-wavelength
laser was delivered from the other arm including output-coupler in the X-configuration res-
onator. Its spectrum has been measured directly by a spectrum analyzer (Advantest, model
Q8384).

3. Experimental results
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Fig. 2. Spectral separation of the dual-wavelength output of the CW Ti:sapphire laser can
be tuned from 10 nm to 110 nm in the case of d = 20 cm (the distance between P1 and P2
inFig. 1).
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Figure 2 shows that the difference between two wavelengths (AL = A 1-A ) could be continu-
ously tuned from 10 nm to 110 nm by only changing the vertical position of the needle-shaped
blocker. Namely, more wavelengths between A1 and A, lose as increasing the width of the
needle-shaped blocker inside the laser cavity. This wide turning range provides as large band-
width as 56 THz for the applications of THz generation. Additionally, the two wavelengths
could be shifted together with the same separation in wavelength (A1) by varying the hori-
zonta position of the needle-shaped blocker. Combining both available operation modes, the
different wavelengths with the same separation could properly supply for the THz generation
in various types of emitter.
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Fig. 3. Total output power of the tunable dual-wavelength CW Ti:sapphire laser as a func-
tion of the difference wavelength (A4). The solid squares, open circles, and solid triangles
represent that the output power in the distance between two prisms (P1 and P2in Fig. 1) are
20 cm, 30 cm, and 60 cm, respectively. The inset shows AA dependence of the normalized
fluctuations of the output power (AP/P) for each wavelength.

While the distance (d) between two prisms (P1, P2) is 20 cm, the output power is 740 mW in
single wavelength operation as shown in Fig. 3. By increasing the distance between two prisms,
however, the output power decreases and the tuning rangein AA shrinks. For the case of shorter
distance between two prisms, the splitting gap in spectrum between two wavel engths could be
as large as 110 nm (solid squares in Fig. 3). On the contrary, the maximum splitting gap in
spectrum between two wavelengthsis only 30 nm in the case of d = 60 cm (solid trianglesin
Fig. 3) due to the geometrical restriction of the needle-shaped blocker. The total output power
(P, including A1 and A5) varies slightly below 50 nm in AA, but it drops substantially above
50 nm in AA. Furthermore, the fluctuations of the output power (AP/P, which were estimated
from the variation of counts in the spectrometer with 0.2 Hz) in dual-wavelength operation
rise clearly especialy in smaller A4 as shown in the inset of Fig. 3. This indicates that two
split wavelengths can independently be amplified by the gain provided in laser cavity in case
of larger AA (> 50 nm). On the other hand, two split wavelength modes with smaller AA
(< 50 nm) are competing with each other, resulting in the larger fluctuations in the output
power. Due to the strong competition of modes around 800 nm, especially, it is hard to achieve
dual-wavelength operation under the condition of extremely small splitting (< 10 nm) of two
wavelengths. Therefore, the mode competition is concluded to be taking place over 25 nmin
the laser gain bandwidth of Ti:sapphire. Moreover, the fluctuations of output powers of 845 nm
and 760 nm with 85 nm splitting were 11 % and 6 %, respectively, over 2.5 hours.

The inset (a) of Fig. 4 shows that the spatial mode of the tunable dual-wavelength CW
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Fig. 4. (Color online) The beam width as function of the distance () from output coupler
(M3 in Fig. 1). The solid line represents w(1+(1z/7w?)2)%°, where w = 0.3 mm and A4
= 800 nm. The insets show the spatial mode of the output laser beam from the collinear
tunable dual-wavelength CW Ti:sapphire laser. (a) Measured just after the output coupler
(M3 in Fig. 1) without additional prisms. (b) Measured after one prism set just after the
output coupler for separating two wavelength components in free space.

Ti:sapphirelaser cavity is TEM oo which was measured by the beam profiler just after the output
coupler (M3in Fig. 1). Its propagation along the normal direction of output coupler is Gaussian
(solid squares in Fig. 4) and its beam quality (M ?) is 1.28. Furthermore, the same output laser
beam had been guided into a prism and measured by the beam profiler after that prism. The
spatial modes are still TEM g for both wavelengths, A1 = 840 nm and A, = 760 nm, as shown
intheinset (b) of Fig. 4. They also propagate along the normal direction of output coupler with
Gaussian (solid and open circles in Fig. 4). Additionally, the beam qualities (M ) of A1 (840
nm) and A, (760 nm) are 1.20 and 1.18, respectively. This strongly indicates that the output
laser beams of both wavelengths are absolutely collinear. Thus, the collinear output and tun-
able dual-wavelength CW Ti:sapphirelaser could provide many benefitsto the dual-wavelength
applications, such as wide tuning range, high output power, and easy alignment.

4., Summary

In summary, we have demonstrated the collinear output and wide tunable CW dual-wavelength
Ti:sapphire laser. The tuning range of the separation between two wavelengths is continuous
from 10 nm to 110 nm. The tunable CW dual-wavelength laser could be stable operated except
the very small spitting of two wavelengths. The output power in dual-wavelength operation
was greater than 300 mW, even for larger AA (110 nm for the case of d = 20 cm) case. Through
this high output power and wide tuning range in CW dual-wavelength Ti:sapphire laser, the
high power and tunable coherent CW-terahertz radiation could be generated from the phase
matched difference frequency conversion in nonlinear crystals or the photomixing in a biased
photoconductive antenna fabricated on a film of low-temperature-grown GaAs.
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