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We report on the development of a widely tunalffeequency: 0.7-2.4 THz and wavelength:
125-430um), injection-seeded THz-wave parametric gener@®fTPG), which operates at room
temperature. The spectral resolutien100 MHz and 0.003 cim') is the Fourier transform limit of

the nanosecond THz-wave pulse. The continuous scanning and narrow spectral bandwidth of the
IS-TPG were verified in the absorption spectrum of low-pressure water vapor. The high peak power
(>200 mW of the output wave and the small beam divergence are suited to a variety of
applications. ©2002 American Institute of Physic§DOI: 10.1063/1.1429299

The THz-wave(very far-infrared region has attracted an external cavity diode laser as an injection seeder. The
significant interest in recent years. Generation of THz radiacontinuous scanning and narrow spectral bandwidth of the
tion by optical rectification or photoconductive switching hasIS-TPG were verified in the absorption spectrum of low-
been studied extensively using femtosecond laser ptites. pressure water vapor. This report also showed the improved
Applied research, such as time domain spectroscopy, makésput—output characteristics, locking range, and other prop-
use of the high time resolution and the ultrabroad bandwidtherties of the IS-TPG.
which extends from the MHz to the THz region. Figure 1 (upped shows the experimental setup of the

In contrast, our research focuses on the development ofidely tunable IS-TPG used. The TPG gain media consisted
widely tunable THz-wave sources with narrow linewidth. of two serial nonlinear crystal® mol % MgO:LiNbG; (Ref.
Widely tunable sources already exist in the sub-Tskveral 12), 60 mm long. An array of seven Si-prism couplers was
hundreds of GHY frequency region, such as a backward-
wave-oscillator(BWO). However, a widely tunable THz-

wave source has long been desired in the frequency regiol y-stage X c"'""fjrical lans THz
above 1 THz, where the tuning range of a BWO rapidly [gy Quew hﬁ Si prism array.
/

decreases. Several potential designs for a THz-wave sourc| Nd:-YAG |——tfT—f—mm—-—-]
have been reportett® although they suffered from one or laser_|PY™P MgO:LiNbO3 idler
more of the following undesirable featurgs) large scale, . seed for idler K
(b) dlff_lcultles in operatlon,gc) narrow tuning range in one ECLD vl .\k,”kT
operation, (d) the use of liquid He, ande) unreliability. i
Therefore, a compact, user-friendly source would be prefer-
able in a variety of laboratory and diagnostic applications. 3 1571 pump beam: 730 ym¢

We have previously reportdcbn a transform-limited, 3 | seedpowersomw  >200miWpeak—
narrow linewidth, injection-seeded THz-wave parametric 2 104
generator(IS-TPQ based on laser light scattering from the 3
A;-symmetry polariton mod&!! of a MgO:LiNbO; crystal. e
In that experiment,the tunability was not obtained because o 057
the injection seeder used was a Yb-fiber laser with fixed g
frequency(1.07 um). In this letter, wide tunability from 0.7 £ 0 . . oo/ . .
to 2.4 THz(wavelength: 125 to 43@m) was observed using = 5 10 15 20 25 30 35

pump energy [mJ/pulse]

dAuthor to whom all correspondence should be addressed at: Kawase InFIG. 1. (Uppe) experimental setup for an IS-TPG. The pump was a
tiative Research Unit, RIKEN, 2-1 Hirosawa, Wako 3510198, Japan; elecQ-switched Nd:YAG laser(1.064 um), and the seed for the idler was a

tronic mail: kodo@postman.riken.go.jp continuous-wave tunable laser diode066—1074um). (Lower) the input—
PAlso at: Research Institute of Electrical Communication, Tohoku Univer-output characteristics of the IS-TPG using two MgO:LiNb@ystals in
sity, 2-1-1 Katahira, Sendai 980-8577, Japan series.
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FIG. 2. The wide tunability of an IS-TPG. Dots indicate the experimental G- 3- The locking range of the IS-TPG. The THz and idized wave-
results. lengths were fixed, and the seed incident angle was varied. The seed incident
angle shows significant tolerance. The vertical dotted line indicates the
phase matching angld.439.

placed on theg surface of the crystal for efficient coupling of
the THz wave'® As depicted in the inset of Fig. (uppe), region longer than 30Qum, the phase-matching angle be-
the idler and THz-waves were generated simultaneously in tween the pump and idler becomes less than 1°, making it
direction that satisfied noncollinear phase-matching condidifficult for the TPO to oscillate only the idler inside the
tions. The pump used was a single longitudinal m¢8leM)  cavity without scattering the pump.
Q-switched Nd:YAG laser(1.064 um). A continuous-wave Figure 3 shows the change in THz-wave output as a
SLM-tunable diode lasg1.066—1.074um and 50 mWwas  function of the seed incident angle. In this experiment, the
used as an injection seeder for the idler. The incident angle afeed wavelengtkl.07 um) and THz wavelengtt{190 um)
seed was rotated, when necessary, by a mirror grstage. were fixed, and the calculated noncollinear phase-matched
The single pass nature of the system makes it rugged arghgle was 1.43°. Here, it is important to note that injection
greatly simplifies wavelength tuning, inasmuch as no cavityseeding was not overly sensitive to the seed incident angle.
locking mechanisms are needed. The THz-wave output anth addition, the Fourier transform limit linewidth was as-
temporal wave form were measured lwi 4 K Si-bolometer  sured at any deviated incident angle. From this, we see that
and a Schottky barrier diode detectdrrespectively. The wavelength tuning for more than 1@m is possible, simply
typical pulse widths of the pump, idler, and THz waves wereby varying the seed wavelength, without having to adjust the
15 ns, 4 ns, and 4 ns, respectively. The polarizations of thencident angle. Tuning without mechanical movement will
pump, seed, idler, and THz waves were all parallel tozhe lead to stable, compact spectroscopic systems. Even when
axis of the crystals. The THz-wave beam pattern was nearlyhe incident angle must be varied for wide tuning, such as in
Gaussian and had a diameter of 7 ghiat a distance of-40  Fig. 2, there is no requirement to precisely control the angle,
cm from the Si-prism array, which is suited to a variety of due to this tolerance. As with the injection seeded TPO,
applications. Figure Ilower) shows the input—output char- however, the incident angle must be precisely controlled so
acteristics of the system. The THz-wave output of 1.3 nJthat it is always perpendicular to the cavity mirror.
pulse (peak 200 mW) was obtained with a pump of 34.5 Finally, we measured the absorption spectrum of low-
mJ/pulse and a seed of 50 mW, and is the highest output ygtressurg(<1 Torr) water vapor to demonstrate the continu-
achieved in our research. The Si bolometer became saturateds tunability of the IS-TPG. The absorption gas cell used
at about 5 pJ/pulse, so two cover glasses were used as amas an 87 cm long stainless light pipe with TPX windows at
attenuator after calibration. As the minimum sensitivity of both ends. Figure 4 shows an example of measurements at
the Si bolometer was less than 1 fJ/pulse, the margin ofround 1.92 THz, where two neighboring lines exist. The
detectivity was 1.3nJ/1$310P, which is sufficient for most tuning in Fig. 4 was produced without changing the seed
applications. The detectivity can be further improved by us4incident angle. A resolution of less than 100 Mi2.003
ing a lock-in amplifier. A threshold of about 20 mJ/pulse wascm 1) was clearly shown in Fig. 4. In fact, it is not easy for
shown, proving that IS-TPG is not difference frequency gen+ourier transform infrared spectrometers in the THz-wave
eration. region to demonstrate a resolution better than 0.003%cm

It was possible to tune the THz wavelength using anbecause of the instability of the scanning mirror for several
external cavity laser diode as a tunable seeder. Wide tunabitneters. The system is capable of continuous tuning at high
ity from 125 to 430um (frequency: 0.7 to 2.4 THz and wave spectral resolution in 4 GHz segments anywhere in the 0.7 to
number: 23 to 80 cfmt) was observed, as shown in Fig. 2, by 2.4 THz region. The range of continuous tuning is currently
changing both the seed wavelength and the seed incidengstricted by the mode hop of the tunable laser diode. Since
angle. The tuning range is limited by the TPG threshold, nothere is no cavity to be slaved, continuous tuning is extend-
by the detectivity of the Si bolometer; there is enough margirible, in principle, to the full tunability of the IS-TPG by
in the detectivity, even at the shortest or longest wavelengthusing a mode-hop-free seeder, such as a Littman-type exter-
In the case of THz-wave parametric oscillat@PO), which  nal cavity diode laser.
uses a cavity for the idler, the longest wavelength ever ob- In conclusion, we demonstrated a widely tunafdl25—
served during our study was 32@m. In the wavelength 430 um, 0.7—2.4 THz, and 23—80 cm) injection-seeded
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