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Widely tunable terahertz-wave generation in an organic crystal
and its spectroscopic application
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Terahertz (THz)-wave generation using difference-frequency mixing in an organic 4-N,
N-dimethylamino-4-N’-methyl-stilbazolium tosylate (DAST) crystal was investigated
theoretically and experimentally. We developed a dual-wavelength optical parametric oscillator
(OPO with two KTiOPGQ, crystals as the input light source. This oscillator has a tunable range from
1300-1450 nm and is pumped by a diode-pumped, frequency-doubled, Q-switched Nd:YAG laser
with a pulse duration of 10 ns. Widely tunable THz waves ranging from 2 to 20 THz were generated
from DAST crystals with 0.5- and 1-mm thickness using the OPO. THz output energies of 82 nJ
(peak power of 10.3 Wat 11.6 THz and 110 n(peak power of 13.8 Wat 19 THz were obtained

with a 1-mm-thick DAST crystal. Using a tunable THz-wave system consisting of the THz source
and a pyroelectric detector, THz spectroscopic data for a polytetrafluoroethylene sheet were
obtained and were comparable to data obtained from a conventional far-infrared spectrometer.
© 2004 American Institute of Physic§DOI: 10.1063/1.1713045

I. INTRODUCTION waves have been generated from DAST crystals using a
dual-wavelength Ti:AlO; lasel® and an optical parametric
Coherent tunable terahertZHz) waves have great po- oscillator (OPO).1"*® Previously, we demonstrated continu-
tential for frequency-domain spectroscopy and THz-imagingusly tunable THz-wave generation from 0.2 to 1.5 THz us-
applications. Difference-frequency generati@®FG) using  ing a 1-mm-thick DAST crystal with a KTIOPO(KTP)-
nonlinear opticalNLO) crystals has a wide tunability when based OPO near 1064 nfhDAST is a promising material
the DFG crystal and the wavelengths of the input opticakor the generation of THz waves below 1 THz because of its
waves are Correctly selected. For efficient THz-wave geneI'Qarge NLO effect and low absorption loss. Recenﬂy, we also

tion, the NLO crystal is required to have large nonlinear,succeeded in generating high-frequency waves from 1.5 to
low-absorption coefficients. Tunable THz waves from 0.3 t06.5 THz using a KTP-OPO in the 1150-nm range with a

7 THz have been generated using many inorganic NLO crysg 2-mm-thick DAST crystat®

tals, such as SiQ(quartd," GaAs? ZnTe? LiNbO;,* GaP;*® In this paper, we report the properties of tunable THz-
GasSe/ and ZnGeR.® However, it is particularly difficult to  wave generation based on theoretical and experimental stud-
generate waves with frequencies above 10 THz using inoles. By calculating the collinear phase-matching conditions,
ganic NLO crystals due to strong phonon absorption. the wavelength range and the thickness of the DAST crystal

Organic crystals with a large nonlinearity are promisingcan be determined theoretically. As the light source for col-
candidates for wideband THz generation. The organic crystainear phase-matched DFG, we developed a dual-wavelength
4-N, N-dimethylamino-4-N’-methyl-stilbazolium tosylate OPO ata 1300—1450 nm range by angle-tuning KTP crystals
(DAST)® has a large NLO coefficient>200 pm/V) and a  pumped at 532 nm. Widely tunable THz waves up to 20 THz
low dielectric constant?**which is advantageous for phase- were generated by mixing the OPO output with 0.5- and
matching optical waves and THz waves. Despite its superiof-mm-thick DAST crystals. THz spectroscopic data for a
properties for NLO interactions, DAST has not been usetholytetrafluoroethylene sheet were obtained using the tun-
practically because it is difficult to grow such large and high-aple THz-wave system consisting of the DFG-based THz-
quality single crystals. Recently, Mot al.** proposed the wave source and a pyroelectric detector and were compa-
slope nucleation method for growing high-quality DAST rable to data obtained from a conventional far-infrared
crystals. This technique combines spontaneous nucleatioghectrometer.
and the subsequent growth of a single crystal into one pro-
cess.

THz pulse radiation from thin DAST crystals using op- Il. THEORETICAL CALCULATION
tical rectification of a femtosecond laser pulse has been
reported-®1* Han et al'® demonstrated THz pulse radiation
up to 15 THz by pumping a 0.1-mm-thick DAST crystal
using a 15-fs pulse laser. Moreover, frequency-tunable TH

The THz output depends on the phase-matching condi-
tions of DFG and the absorption of the crystal. The phase-
énatching conditions for the DFG interaction are given by

_ 1 1] 1
energy conservation: |—— —|=—,
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FIG. 1. The THz-wave power as a function of the input wavelengt}).(

Solid line: 3 THz: broken line: 2.5 THz. FIG. 2. The THz-wave power at 3 THz as a function of DAST thickness.

strates that phase matching is not so critical; a wavelength
Na range of 1400-1500 nm can be used for efficient generation
=% above 2 THz.

3 Figure 2 presents the calculated THz-wave power at 3
where\; and\, are the input wavelengthi; is the DFG THz as a function of the DAST thickness using E2). with
wavelength, anah;, n,, andn, are the refractive indices at A1=1450 nm, \,=1429 nm, n,;=2.140, n,=2.142. Be-
the respective wavelengths. cause of the strong absorption, the THz-wave power does not

The output power of the THz wave obtained using DFGincrease monotonically with the DAST thickness, but be-
in the DAST crystal is given by the well-known formud%d, comes saturated when the DAST crystal is thicker than 1

mm. As a result of these calculations, the selected wave-

np np

momentum conservation:
NN

. 203d71L? [P;P, TS lengths of the input light waves close to 1450 nm were used
3 eoc®ninyng | a2 ) 102037 in our experiment, with 0.5- and 1-mm thick DAST crystals.
S=exp —aszl)

lll. EXPERIMENTAL RESULTS AND DISCUSSION

1+exp(—Aal) -2 exp—;Aal)cog AKL) As a light source for THz-wave generation, we devel-

' (AKL)2+ (3AaL)? ' oped an OPO with dual wavelengths near 1450 nm using two

KTP crystals in the same cavity. Idler waves in the range of

Ak=k;—k,—k;, Aa=|a;—a,—ajg, (2)  1300-1450 nm can be generated by angle-tuning a KTP

) crystal pumped at 532 nm in the XZ plane. Figure 3 shows

whereP; andP, are the input peak powers of the OPO, andine jgler wavelengths calculated for the phase-matching con-
P3 is the peak THz power generatdis the thickness of the  jtion in this configuration. To generate dual wavelengths in
DAST crystal.Ty, T, andT; are the Fresnel transmission the range of 1300-1450 nm, we used two KTP crystals cut
coefficients, given byf;=4n;/(nj+1)% j=1,2, 3, andAk 54 thatg=60°. In this experiment, the angle of the first KTP

is the momentum mismaicky,, @z, anda; are the absorp- 55 fixed to generate an idler wavengt= 1450 nm, and the
tion coefficients. The subscripjs=1, 2, and 3 correspond to

the frequencies of the OPw{ and w,) and the THz wave
(w3). ris the radius of the OPO beam focal spot. The refrac- 1600
tive indicesn,; andn, for the input light waves are given by
the Sellmeier formuld® The refractive index; and the ab-

sorption coefficientas in the range of 0—3 THz were esti- € 1400}
mated from the data investigated by Walthetral?* using £
THz time-domain spectroscopy. % 1200 -
Figure 1 depicts the calculated THz-wave power as a g A
function of the input wavelength; for generating 2.5- and S
3-THz waves in a 1-mm-thick DAST crystal. For the theo- & 1000}
retical calculation in Eq91) and(2), we used the following
data:d;;=210 pm/V,P;=P,=30 kW, n;=2.26 (2.5 TH2

or 2.30 (3 T"—'%), a'1=012=0.5 Cmﬁl, a3=60 Cm71 (25 80050 6‘0 7‘0 8‘0 90
THz) or 70 cm ~ (3 TH2), andr =170 um. The appropriate

wavelength\ ; for 2.5 THz was found to be about 1530 nm,
and 1400 nm for 3 THz from the figure. The result demon- FIG. 3. Angle tuning curves for KTP-OPO pumped at 532 nm.

Tuning angle 6 (degree)
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FIG. 4. Schematic diagram of the experimental arrangement for THz-wavé1G. 5. Wavelength dependence of the total OPO energy and a typical
generation in DAST crystal. spectrum of the dual-wavelength ORiDse).

second KTP was tuned ak,=1450 to 1300 nm € the dual-wavelength OPO. The spectral bandwidth of both
=62-68°) using a computer-controlled rotating stage.  avelengths was around 0.4 nm. The output powanatas
Figure 4 presents a schematic diagram of the experimensjightly less than that at, due to pump depletion. The spec-
tal arrangement for THz-wave generation in DAST crystalstra| pandwidth did not change throughout the tuning range.
We used high-quality 33X0.5-mm and %8X1.0-mm Figure 6 illustrates the THz-wave energy generated as a
DAST crystals grown using the slope nucleation methodfynction of the THz frequency with 0.5- and 1-mm thick
The two developed surfaces parallel to the crystallographigAST crystals. Continuously tunable THz waves from 2 to
(00D plane of the DAST crystals were flat, and nonpolishedzo THz were generated in both samples with the same peak
as-grown DAST crystals were used for THz generation. Therequencies of 2.5, 4.5, 11.6, and 19 THz. The output ener-
dual-wavelength OPO has two KTP crystals in the same 150gies of the THz waves were 22 nJ/pulse at 2.5 THz, 82
mm-long cavity and two flat mirrors with high reflectance for nj/pulse at 11.6 THz, and 110 nd/pulse at 19 THz. Since the
the signal waves and high transmittance for the idler wavesyylse duration of the OPO was about 8 ns, the peak power of
The signal wavelength was 840 to 900 nm, which correthe THz wave was estimated to be 2.8 W at 2.5 THz, 10.3 W
sponds to an idler wavelength of 1300 to 1450 nm. We usegt 11.6 THz, and 13.8 W at 19 THz. As the energies of the
8X5X15-mm flux-grown KTP crystals in this experiment. THz waves were obtained over a range exceeding 0.3 nJ,
The pump source for the OPO was a diode-pumpedyhich was the noise level of the detector, the pyroelectric
frequency-doubled, Q-switched Nd:YAG laser, with a pulsegetector could be used with a high signal-to-noise ratio with-
duration of 10 ns and a 20 Hz repetition rate. The thresholgt using a Si bolometer operating at 4 K.
energy of the KTP-OPO was 3 mJ. An output energy of 0.55  As shown, THz peaks and dips have the same frequen-
to 0.7 mJ was obtained wita 9 mJpump. The output beam cjes for both DAST samples. These properties were the same
of the OPO was focused on a 0.34-mm-diam spot on theyhen), was varied from 1350 to 1450 nm. Therefore, they

DAST using a 150-mm focal-length lens. do not correspond to the phase-matching condition, due to
The THz wave was collimated and focused with off-axis

parabolic mirrors {=25.4 mm) and was detected by a deu-
terated triglycine sulfatdDTGS) pyroelectric crystal that
was 2.5 mm in diam, operated at room temperature. The
DTGS detector used in this experiment was made by JASCO
for a far-infrared spectrometer. A black polyethylene filter
was used to block any optical waves. The maximum THz-
wave output was obtained when the polarization of the input
optical waves paralleled the axis of the DAST crystal. To
avoid water-vapor absorption, the parabolic mirrors and de-
tector were inserted in a vacuum unit (0Torr).

Figure 5 illustrates the wavelength dependence of the
total OPO energy. In this experiment; was fixed at 1450
nm, and\, was varied from 1445 to 1300 nm, which corre-
sponded to frequency tuning from 0.7 to 25 THz. The output 0
energy slowly changed from 0.55 to 0.7 mJ due to the reflec- Frequency (THz)
tance properties of the OPO mirrors and the angle-tunin . ,
dependence of the effective NLO Goeficient of e, KTPy o s cupu 1o, s  uton of e THE reauencywith 1 and
crystal. The inset in the figure shows a typical spectrum oDAST.

DAST thickness
1 mm P

100 ¢
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the molecular properties of the DAST crystal. The frequency 1.0
dips at 3.1, 5.2, 8.5, 15.2, and 17.3 THz are thought to be due A vy Tunable THz source
to the absorption of the DAST cryst#l The decrease below osl .:5' ' "V L ___ Gonventional farinfrared
2 THz is because of the strong absorption in DAST corre- v spectrometer
sponding to the resonance of the transverse optical phonon at &
1.1 THz?! Conversely, the decrease above 19 THz is due to
the crystalline nature of the DAST crystal and to the strong
absorption by the black polyethylene filter.

The output energy at 2.5 THz for the 1-mm sample is
about two times higher than that of the 0.5 mm sample. This 0.2} A
difference is thought to occur because the THz power in the
low-loss region below 3 THz increases with the thickness of (o - . P
the DAST crystal, as shown in Fig. 2. Conversely, in the 0 5 10 15
high-loss region above 3 THz, the THz output energy does Frequency (THz)

not increase with the thickness due to saturation, but depends i ) )
FIG. 7. Comparison of the transmittance of a PTFE sheet using a tunable

_on the qua"ty of the DAST CryStaI' Considering the decreasQ“Hz sourcg(solid line) and a conventional far-infrared spectrometmoken
in THz waves at 15.2 and 17.3 THz, DAST crystals about liine).

mm thick are better as a wideband THz source for spectros-

copy and imaging applications than those in the 0.5-mm

sample. KTP—OPO can bg narrowed by inserting a grating element
A theoretical value of THz peak powe,=6.7 W at 2.5  into the OPO cavity.

THz was obtained from Eq(2), using P;=45kW (0.36

mJ/8 n$ and P,=30 kW (0.24 mJ/8 ns Under the same V. CONCLUSION

conditions, our experimental result wag=2.8 W. This is We investigated THz-wave generation from DAST crys-
con5|§tent with the calculapon .results, considering the ,55%?als theoretically and experimentally. The wavelength range
loss in 'Fhe TH'zjwave collimation system. The normalized,g thickness of DAST crystals for efficient DFG can be
conversion efficiencyP;/(P,P,) was estimated t0 be 2 getermined from calculating the collinear phase-matching
X%OTQ/W- In a previous papéf, we found the CONVErsSIon  conditions. Widely tunable THz waves from 2 to 20 THz
efficiency wasP3/(P1P;)~10"*/W at 1.4 THz using the \yere generated by mixing the output of an OPO over the
dual-wavelength Ti:AlO; laser. The conversion efficiency 1300-1450 nm range. The frequency of the THz wave was
obtained in this experiment was about®lfigher than the  continuously tuned by changing the KTP crystal angle in the
previous value. The reason for the efficient THz-wave genopO cavity. In this study, the output energies of the THz
eration in our system is thought to be the use of the highwaves were as high as 82 nJ/pulpeak power of 10.3 Wat
quality DAST crystal under phase-matching conditions. 11.6 THz and 110 nJ/puls@eak power of 13.8 Wat 19

For time-domain spectroscopy using high-frequency raTHz. Using a tunable THz-wave system consisting of a
diation above 10 THz, it is necessary to use an expensivBFG-based THz-wave source and a pyroelectric detector, we
ultrafast laser below 15 fs. THz imaging particularly requiresobtained spectroscopic data for a PTFE sheet and found it
a high-power laser with a regenerative amplifier exceeding Tomparable to the data obtained from a conventional far-
mJ. By contrast, THz waves above 10 THz can be generatedfrared spectrometer. Therefore, our system should also be
in the DFG scheme using the same nanosecond laser as faseful for practical THz imaging, THz sensing, and spectro-
3-THz generation. Therefore, a DFG-based tunable THzcopic applications. In addition, tunable THz-wave genera-
source has a great advantage over a THz pulse source féon with higher energy and a wider frequency range is ex-
THz imaging in the high-frequency region above 10 THz. pected to use more perfect DAST crystals.

Using our tunable THz source, we measured the trans-
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