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A monochromatic and high-power terahertz source tunable in the ranges
of 2.7-38.4 and 58.2—-3540 um for variety of potential applications

Wei Shi and Yujie J. Ding®
Department of Electrical and Computer Engineering, Lehigh University, Bethlehem, Pennsylvania 18015

(Received 16 September 2003; accepted 22 Decembel 2003

Based on phase-matched collinear difference-frequency generation in a single GaSe crystal,
continuously tunable and coherent radiation in the extremely wide ranges of 2.7—-38.4 and 58.2—
3540 um has been achieved. This unique source has the additional advantages of high coherence
(narrow linewidth and simple alignment. The peak output power for the terahertz radiation reaches
209 W at the wavelength of 19am (1.53 TH2, which corresponds to a power conversion
efficiency of 0.055%. Moreover, the terahertz transmission spectra on DNA macromolecules and
protein were directly measured, demonstrating some potential and important applications of this
terahertz source. @004 American Institute of Physic§DOI: 10.1063/1.1649802

A tunable monochromatic teraherfZHz) source is the tuning, straightforward alignment, much lower pump inten-
key to biomedical diagnostics, THz spectroscopy, and chemisities, and stable THz output powers and wavelengths. In-
cal identification*? It can be used to directly probe a DNA deed, unlike the parametric oscillation, DFG does not require
binding staté and to detect skin cancer. Furthermore, it cana complicated alignment procedure even if wavelength tun-
be used to study gaseous molecules and biologicahg is required. Recently, we implemented a THz source tun-
macromoleculed Label-free genetic diagnosticand detec- able in the range of 56.8—16%an (0.18—5.27 THx based
tion of explosives also require a THz source to be tuned in ®1 DFG in GaSé The peak output power reaches 69.3 W at
large range. In all these examples a wide tuning range has &6 um, which corresponds to the power conversion effi-
advantage of directly probing characteristic resonances in theiency of 0.018%. In our experiment, we have obtained a
THz domain. Besides broad tunability a THz source shouldinewidth of 0.77 um (6000 MH32. In principle, this line-
have advantages of narrow linewidth, simple alignmentWwidth can be reduced further by using the pump beams with
stable THz output, and compactness. much narrower linewidths.

Besides free-electron lasers, high-power THz waves In this letter, we demonstrate that GaSe can be used to
were generated based on synchrotron radiation of relativistiProduce much wider tuning ranges and higher peak powers.
cally accelerated cyclotron electrohfnother attractive ap- 1he peak intensity for the Nd:YAG pump beam focused onto
proach is based on interminiband transitions of a semicont1e GaSe crystal is about 17 MW/€nwhich is much lower
ductor heterostructu®® Indeed, at 90 K the output peak than that used for achieving the parametric oscillation in
power can reach 2.6 mW at &#m (3.5 TH2.5? However, ~LiNDOs.*® The second pump beam is an idler output beam
tuning in a broad range remains to be greatly challenging folfO™ an optical-parametric oscillator with the energy per
such a scheme. Optical-heterodyne mixing can only producBU!S€ 3—5 mJ. To improve the tuning ranges and peak pow-
low output powerg. Other promising mechanisms proposed &'S: We used a single GaSe crystal with the length of 20 mm
recently have not been implemented yet. Among all the @long the optic axis, which is much longer than the previous

schemes, parametric processes such as difference-frequerf@@S€ crystals. In addition, this new crystal has much better
generatio(DFG) in nonlinear optica(NLO) crystals such as optical and surface quality. Therefore, the linear absorption

LINbO, and DAST are quite promisirfy’ However, large coefficients in the near-IR region are lower. Furthermore, the

absorption coefficients of LiNbQand DAST in the THz damél_ge threshohld is hri]gher. | PM | .
domain result in low efficiencies and limited tunabifity’ igure 1a) shows the externa angular tuning curves

Among all the NLO crystals GaSe is the most superior forfl?k: the ;E%/pe-r(])ge atndtt)\:fev-eloa Ct(r)]"'r\'iir I?/F(r?ﬁTdHE radr:a}::?rn.
the THz generation. First, it has the lowest absorption coef- € pump and output wavelengths were veritied by a a

ficients(a) in the THz wavelength regioh-13Consequently, red spectrometer and a home-made scanning THz etalon.

. . . One can see that the output wavelengths are consistent with
GaSe has the largest figure of merit for the THz generation

> 3 L . those calculated from DFG. For the type-oee PM, the mono-
(dzg/n®a?), which is several orders of magnitude larger than

. 11-13 . chromatic output has an extremely wide tuning range of
that for bulk LiNDO, at 300 um. = * Furthermore, since gg _3540,m (0.0848-5.15 THzhas been achieved. This

GaSe has anomalously large birefringence phase matchnig the widest tuning range ever achieved besides the free-

(PM) can be achieved in an ultrabroad wavelength rang€y|eciron Jasers. The short-wavelength cutoff for the THz out-

Even though GaSe has potential to reach mirrorless paramefy is que to the presence of a narrow lattice absorption band
ric oscillation by just using a single pump beafDFG of- ¢, GaSe, which peaks at 40m .26 On the other hand, the

fers the advantages of relative compactness, simplicity fofyq_\avelength end is limited by the measurable THz signal
since it decreases as the output wavelength incréasess.
dElectronic mail: yud2@Ilehigh.edu using the type-eoo configuration on the same crystal, the
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FIG. 3. Directly-measured transmission spectra, i.e., transmittance vs freqi@negter. Arrow marks location of thB band.(b) Polystyrene foam. Arrows

mark locations o8B band and vibrational ban¢c) Herring DNA. (d) Salmon DNA. For(c) and(d), arrows mark locations of predicted resonance peaks based

on Ref. 21.(e) Salmon protein.
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coherent radiation from 2.7 to 384m (111-7.81 THZ has In conclusion, our result presented here has set a world
also been achieveFig. 1). This tuning range already covers record for a widely tunable, monochromatigmarrow-
high-frequency end of the THz regime defined in the rangdinewidth), and tabletop THz source. Indeed, an efficient and
of 0.1-10 THz. It represents significant improvement overcoherent THz wave tunable in the two extremely wide ranges
the tuning range of 2.7—28Zm achieved previoush? One  of 2.7-38.4 and 58.2—3546m, with typical linewidths of
can see that the obtained output wavelengths almost cové000 MHz, has been achieved by us. These tuning ranges are
the entire range of the THz band defined as 0.1-10 THmuch wider than those achieved so far based on all the
except for a narrow gap of 5.15-7.81 TI&8.2—-38.4um) schemes besides the free-electron lasers. Furthermore, the
based on the combination of two types of the PM. wide spectral bands achieved by us can be easily accessible
The generated output beams in the two PM configuraby rotating the GaSe crystal to change the PM angle and/or
tions had pulse duration of 5 ns and a repetition rate of 1@o select the configuration. The maximum peak output power
Hz. Their pulse energies were measured by a pyroelectribas reached 209 W at 196n with a pulse width of about 5
detector and calibrated bolometeee Fig. 2 The maximum ns. GaSe is the best nonlinear optical material ever used for
output peak powers for the two PM configurations are meathe THz generation in terms of the absorption coefficient in
sured to be 2364 W at 5.8Zm (51 THz and 209 W at 196 the THz domain and nonlinear coefficient. The transmission
um (1.53 TH2 corresponding to the power conversion effi- spectra of DNA's directly measured by us can eventually
ciencies of 0.75% and 0.055%, respectively. These outputecome valuable for characterizing and perhaps identifying
powers and conversion efficiencies are also improved signifibiological macromolecules.
cantly compared with the previous resufts® When the
THz wave is tightly focused, the corresponding intensity
reaches the level of MW/cfrat 196 um, which can be used
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