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Temperature dependence of narrow-band terahertz generation
from periodically poled lithium niobate
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Femtosecond optical pulses are used to generate narrow-band terahertz wave forms via optical
rectification in a periodically poled lithium niobate crystal. By cooling the crystal to reduce losses
due to phonon absorption, we are able to obtain bandwidths as narrow as 18 GHz at a carrier
frequency of 1.8 THz. Temperature-dependent measurements show insignificant bandwidth
broadening between 10 and 120 K, although the terahertz power substantially decreases as the
temperature increases. Absolute power measurements indicate a conversion efficiency of at least
10°°. © 2000 American Institute of Physid$S0003-695(00)01735-§

Coherent terahert¢THz) radiation is of great interest in Because of the large material absorption coefficient at
fundamental and applied sciences because many material ekHz frequencies, however, the bandwidth and power of the
citations in molecular and condensed matter systems fall intd Hz wave from the PPLN are severely hampered at room
the THz frequency range. Coherent THz can be applied tbemperature. The main source of the absorption is the low
spectroscopy, sensing, communication, and imaging. Fdirequency tail of the transverse opti¢dlO) phonon mode at
many applications, narrow-band THz sources are required. X.6 THz, although additional low-frequency resonances have
number of approaches have therefore been taken to generdigen observed and may contribtté? The mechanisms of
narrow-band THz radiation. These include difference-the THz loss have been investigated recefiii’**the TO
frequency generatiott;® photomixing?*® and optical para- Phonon polaritons can decay by coupling to two acoustic
metric oscillation’~° phonons and by scattering at crystal defects. The TO cou-

The various techniques have a number of pros and con®ling to low-frequency modes is weaker at low temperatures,
Difference frequency generation is easy to implement, but ifesulting in smaller THz absorption. Qiu and Mafehave
has very poor conversion efficiency. Photomixing is quite2!S0 observed coupling to a Debye relaxational mode at room
suitable for very narrow band THz generation, but suffersl€mperature which is not present at liquid nitrogen tempera-
from a narrow tuning range and the efficiency drops very fasfures- Shikata and co-workers have previously demonstrated
above~1 THz. Optical parametric oscillatiofOPO) has a  that the absorption of THz waves in lithium niobate is sup-
better conversion efficiency, but the tuning range has beeRressed substantially at low temperattiféhus, cooling of
limited to about 0.9-2.2 THz and it has proved difficult to "€ PPLN crystal should be expected to reduce strongly the

get the bandwidth narrower than50 GHz. Additionally THz absorption. In this letter, we demonstrate narrow-band
OPO alignment can be difficult. " THz generation from PPLN crystals at low temperature, and

giscuss the temperature dependence of the THz absorption
and power. We measure the absolute power of the THz emis-
n§ion for various pump conditions using a bolometer, and cal-

Recently, we have demonstrated a simple technique t
generate narrow-band THz radiatibhFemtosecond optical
pulses are propagated through a periodically poled lithiu . ) -
niobate(PPLN) crystal, where the domain width is matched cula_trithe optllcal to LHZ ::honversm_n effltmency.t dh
to the walk-off length between the optical and THz pulses. A € samples used in the experiments reported here were

. A : : .. 1.2 and 7.2 mne-cut PPLN crystals with domain width,
nonlinear polarization is generated via optical rectification in”’ ) .

L . =30um. The sample height and width were 0.5 and 6.5
the PPLN, and each domain in the PPLN contributes a half- . . .
. mm, respectively. Optical pump pulses of 200 fs duration at

and domain length fluctuations, the relative bandwidth of thééoo nm from a 250 kHz Ti:sapphire regenerative amphtier

THz field is simplyA »/v=N/2, whereN is the number of Wwere used for the THz generation. The incident optical pump

. _ . as focused to a roughly 1 ot in the crystal, and the
domains in the crystal. The THz wave is generated with the\f,)vov?/er V\l/Jz:s varied frz?n go %ﬂgosopmvlv For wgsve forrr]n mea-
frequency ofv=c/2l 4(Ngp— NtH,) Wherely is domain width, )

O .’ surements, the radiated THz wave was collimated with an
andnop and i, are the group .refract.|ve indices at optical off-axis paraboloid and focused ;& 1 mmZnTe crystal for
and TH_Z frequer_mes, respchvéR/.Smge t_he THz fre- electro-optic detection of the THz field. The excitation
quency is determined only by the domain width and the relyo o, \ya5 acousto-optically modulated at 50 kHz for lock-in
evant indices of refraction, frequency tuning can be easilygna) detection. For the THz power measurement, a bolom-
accomplished by varying the domain width. eter with a silicon detector kept at liquid helium temperature
was used. The samples were mounted on the cold finger of a
dElectronic mail: yunslee@eecs.umich.edu cryostat and the temperature was varied from 18 to 298 K.
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FIG. 1. THz wave forms and power spectra@fthe experimental results at  lution of the THz wave is obtained by integrating the electric
T=19, 126, and 298 K, an(h) the simulation results fog=0.075, 0.33,  field in the spatial domain over the crystal length. The imagi-
and 0.75 ps from the 1.2 mm PPLN crystal. nary part of the THz index of refraction is assumed to be
k1= gw.>1% In Fig. 1(b), the simulated wave forms and
Figure Xa) shows the measured THz wave forms andpower spectra are shown. The THz absorption and spectral
power spectra at =19, 126, and 298 K from the 1.2 mm broadening are well reproduced in the simulation. The band-
PPLN sample. At low temperature, the wave form consists ofvidths of the spectra are 0.086, 0.081, and 0.12 THzgfor
20 cycles of relatively equal amplitude; this corresponds to=0.075, 0.33, and 0.75 ps. As in the experimental results,
the 20 periods of the PPLN domain structure. On the othethe bandwidth broadening is not significant umfils larger
hand, a strong temporal decay of the wave form due to THzhan 0.33 ps. Since the temperature dependence of the refrac-
absorption is observed at room temperature, which results itive indices and domain width are not included, the spectral
a substantial broadening of the THz spectrum. The bandshift is not reproduced in the calculation. The experimental
widths of the spectra are 0.071, 0.081, and 0.14 THZ at results show more structure in the wave form and a broader
=18, 126, and 298 K, respectively. The broadening is apbandwidth than the simulation results because of domain
proximately constant for temperatures below about 120 Kstructure fluctuations and the presence of coherent THz rera-
although the THz power increases substantially as the tendiation arising from resonances in the PPLN sample. A dis-
perature decreases. It is also observed that the spectrucnssion of these phenomena will be presented elsewhere.
shifts to the red with increasing temperature. The spectral Absolute power measurements were made using a liquid
center is located at 1.81, 1.77, and 1.65 THzTer19, 126, helium bolometer. Since the emitted power increases with
and 198 K. The frequency shift is due to an interplay of thecrystal length(in the absence of absorptipiwe used the 7.2
temperature-dependent index of refraction and the thermahm sample for the power measurements. Figure 2 shows the
expansion(which causes the domain width to increases asletected THz power versus optical pump powkgy) (at T
temperature rises, and the THz frequency is inversely pro=18K. A variable attenuator controlled the pump power.
portional to the PPLN domain widtH® Below 50 mW of pump power, the THz power is propor-
In order to model the THz generation, the wave equational tol2 as expected for optical rectification, but at higher
tions are solved with a nonlinear source téfti\t the exit  pump power the exponent is reduced to 1.55. We believe the
surface of the crystalz=L), the contribution of the THz reason for this to be that since lithium niobate is a photore-
field from positionz’ is fractive material, there is an increased absorption and scat-
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15 measurement at low temperature. The THz power decreases
_/' - nearly monotonously as temperature increases to about 120
\ K. Above this temperature, there is very little decrease in
. emitted power. Note that operation at liquid nitrogen tem-
\ perature gives a substantial benefit in power and bandwidth;
n operation at liquid helium temperature will not be necessary
\_ //'\ for most applications.
. In summary, we have shown that the bandwidth and
power of THz generated by optical rectification in PPLN at
0 50 100 150 200 250 300 room temperature is limited by THz absorption in the crystal.
Temperature (K) Since the losses due to TO phonon absorption are strongly
reduced at low temperature, substantially larger power and
FIG. 3. THz power from the 7.2 mm PPLN crystal vs temperaturel for . . :
—200 MW. narrower bandwidth are obtained by cooling the crystal. We
have generated up to AW of power at 1.8 THz in a band-
width of only 18 GHz, which we expect will make this a

tering due to photorefraction at low temperature. The maxisignificant source of coherent THz radiation for applications
mum power obtained is about AW, corresponding to an where spectral density is important.

average power of 0.3 W over the THz pulse duration. The

power and photon conversion efficiencies are abotf Ehd This work was supported by ARO under Grant No.
2x10 2 at1,=500mW, respectively. The spectral density DAAH04-96-1-0414 and by NSF under Grant No. DMR-

of the THz source is thus 2>‘81074W/THZ This should be 9729109. The authors thank Phil Bucksbaum for loan of the
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