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A frequency-tunable terahertz wave was generated from GaP crystals using an optical parametric
oscillator as the pump source and a YAG lage064 um) as the signal source. By tuning the very
small angleg,,, between the pump and signal light beam directions, tunable terahertz waves over
the frequency range from 0.5 to 3 THz were obtained. The THz frequency changed almost linearly
with the angled;,, . The precise noncollinear phase matching condition is discussed. The pulsed peak
power of the THz wave was as high as 480 mW at 1.3 THz.2@3 American Institute of Physics.
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I. INTRODUCTION Recently, we reported stimulated Raman amplification in
GaP-AlGaP waveguides, and measured the Raman gain co-
Nishizawa predicted the generation of terahertz wavegfficient for the longitudinal optica(lLO) phonon mode in
via the resonance of phonons and molecular vibratiéns. GaP to be 12.8 108 cm W~ L1213This value is the highest
Later Nishizawa and Sutorealized a semiconductor GaP Raman gain for various solids and liquids, including LiNoO
Raman laser and generated a 12 THz wave with a pea&nd CS, estimated from the spontaneous Raman scattering
power as high as 3 W by using a GaP Raman oscillatointensities of these materials. Since difference frequency
containing a GaAs difference wave-mixing crystdloudon  generation efficiency is related to the parametric Raman gain
made a similar proposal, although he thought that a uniaxiatoefficient, although it is based on transverse optical
crystal was requireti Nishizawa promoted the development phonons instead of LO phonons, we can expect efficient THz
of terahert2 THz) wave generation via resonance of phononswave generation in GaP under the exact phase matching con-
and proposed that wavelength-tunable THz waves be used thition at 1.064um. For this, a convenient YAG laser can be
detect and treat canceétdnder his guidance, Kawase and adopted as either the pump or the signal light source.
Ito recently realized frequency-tunable high-power THz
wave generatio.They obtained 200 mW peak power at 1

THz, by adopting injection seeding in LINBO Note that Il. EXPERIMENT

Yarborough et al® reported THz wave generation via Figure 1 shows a schematic of the experimental setup
LiNbO;. In addition, 29.2, 29.9, and 344m waves were used for difference frequency generatidFG) of a THz
detected as difference frequency waves in &aP. wave in GaP crystals. The fundamental properties of DFG in

We realized Raman lasing oscillation via the parametriaGaP, particularly phase matching, were investigated in detail
mode (polariton modg in GaP? and pointed out that almost using a low-power YAG laser as the signal source and a
collinear phase matching could be obtained in GaP at pump-BaB,0, based optical parametric oscillatt®PO as the
wavelengths near 1.064m.2° Recently, it was reported that pump sourcgFig. 1(a)]. In addition, we attempted to gener-
exact collinear phase matching of the difference wave wagate a high-power THz wave using a high-power YAG laser
obtained at wavelengths shorter than 990 hmhis means instead of a low-power YAG laségFig. 1(b)].
that exact phase matching should be attainable in GaP at near The low-power YAG lasef1064 nm used as the signal
1.064 um with a noncollinear configuration, but with a very source was pumped with a laser diode, delivering about 87
small angle between the pump and sigfttiokeg beams. 4] single pulse energy wita 5 mmbeam diameter and a

This article describes efficient continuous frequency tunpulse duration of 23 ns. The OPO was pumped with the 355
able THz wave generation from GaP over the frequencyim line from aQ-switched Nd:YAG third harmonic genera-
range from 0.5 to 3 THz, under precise phase-matching conion laser with a repetition rate of 10 Hz. The energy of the
ditions, realized by tuning a very small angle between thgyump beam from the OPO was 4 mJ kwia 3 mmbeam
pump and signal beam directions. diameter at a pulse width of 6 ns. The linewidth of the pump
beam was 0.2 cim. The high-power YAG laser used in the

aAuthor to whom correspondence should be addressed; electronic mailigh-power THz wave generation experiment was the same
tanabet@material.tohoku.ac.jp as that used to pump the OPO. Its 1064 nm fundamental
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FIG. 1. Schematics of the experimental setup used for THz wave generation .“;’
in GaP crystals{a) the low-power YAG laser systentb) the high-power n°_
YAG laser system, andc) the relationship between the pump and signal
beams in a GaP crystal. E
output with a pulse width of 11 ns and a linewidth of 0.003

cm ! was used as the signal source after attenuating the 00 05 10 15 20 25 30 35 40
pulse energy below 30 mJ. Frequency (THz)
We used undoped semi-insulating GaP crystals pur-

. . FIG. 2. Frequency dependence of the TH wave output power at va#fus
chased from Sumitomo Metal Mining Co. A GaP crystal WaSi, Gap crystals with lengths ofa) 2.6, (b) 5, and(c) 20 mm. Inset in(c): the

cut into a rectangle 2.6, 5, or 20 mm long in #14.0) direc-  THz wave (1 TH2) power as a function of the pump beam energy in the
tion and 3 mm thick in thg001) direction. The input and 20-mm-long GaP crystal.

output faces were polished optically flat and chemically

etched. The signal beam delivered from the YAG laser was

combined with the pump beam using a cubic polarizer. Thé!R) radiation. To measure the high-power THz wave, three
incident beams were close to parallel to 40 crystal Ge plates and a fluorogold/polyethylene filter were used to
direction of GaP. The temporal overlap of the pump and@ttenuate the THz power.

signal beams was adjusted using delay pulse generators. The

spatial overlap of the two incident beams was established, S§. RESULTS

that it interacted with a collinear configuration, and then with ]

a noncollinear configuration with a very small angle of a few ~ Figure 2 shows the frequenc%/_dependence of the THz
tens of minutes between the two beams. The polarization gVave output power at varioug;® in GaP crystatllls with
the pump and signal light was adjusted in {861 and(110)  lengths of:(a) 2.6, (b) 5, and(c) 20 mm, wheredi" is the
directions, respectively. The wavelength of the pump beangXternal angle between the pump and signal beams outside
was varied between=1.05 and 1.063um, which corre- the GaP crystdlFig. 1(c)]. The internal angle inside the GaP

sponded to generated THz wave frequencies between 3.8 affystal i is given by

0.3 THz. The THz wave energy was collected using parabo- ext
loid reflectors and detected using a liquid helium-cooled Si ¢, ~ .
bolometer. A Ge plate was used to filter out near-infrared Ng
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whereny is the refractive index of GaP at 1.0¢4n (3.105. 4 — —— T ]
No THz wave was detected in any length of GaP crystal . =
when the signal beam paralleled the pump beam, 65 e
=0). Note that in the experiment using the low-power YAG N 3 ¢ 7
laser, the effective energy/pulse of the signal béagy,, is é |
. . N » ’ R
determined from the temporal and spatial overlap of the 2| ) t
[5) n I 4
pump beam 5 s 8 7 GaPLength
6 ns (3 mm\? % N = 26mm
I X X =8. . i L e ® Smm
Esigna=87 J 23 ns \5 mm 8.2 p) =1 - ! 4 10.5mm
Thus, the energy/pulse of the signal beam is about 500 times r ..... t;eofe(i;nc:curv
smaller than that of the pump beah mJ. As is shown in okl e e
Fig. 2(a), THz waves were generated in the 2.6-mm-long 0 10 20 30 40
GaP over the range from 0.7 to 3.5 THz &' was varied anm (min.)

from 4.06 to 38.5. When 65 was fixed at 4.06 the maxi- f

mum power appeared at 1 THz. The bandwidth for half theg 3. pependence a2 on the peak frequency position of the THz wave
maximum power was about 400 GHz Wheﬁ“ was fixed.  output power.

When 65 was increased t&'=7.56, the THz output

power increased and the peak frequency shifted to 1.22 THz.

Increasing#® shifted the maximum THz output power to The THz wave output power at various THz frequencies
higher frequencies, and THz output power increased to 0.0/ plotted against the GaP crystal length in Fig. 4. This
mW at 3 THz. Foraﬁj‘tz 35.1, the THz output peak was at clearly shows that the power increased steeply with increas-
3.44 THz, but the power decreased. Therefore, frequencying crystal length from 2.6 to 5 mm. The THz power is likely
tunable THz waves were generated from the 2.6-mm-longroportional to the square of the crystal lengthi? depen-
GaP crystal over a wide frequency range, from 0.7 to over 3lence is indicated by the dashed line in Fig.rom 5 to 20
THz, by angle tuning, with a peak power position as high agnm, the power increased further in the range 1.22-1.78
3.1 THz. THz, but not as much as expected fréfndependence. This

As described in Sec. I, a Ge filter was placed in front ofimplies that the coherence lendtl,, is well over 5 mm, but
the THz- wave detector to prevent the pump and signalis less than 20 mm. In contrast, the THz wave output power
beams from affecting the Si bolometer. Therefore, the freat frequencies of 2.2—-2.63 THz decreased in the 20 mm crys-
quency dependence was found to oscillate, as seen in tial. This may be due to the absorption of higher frequency
spectra in Fig. 2; this was derived from THz wave resonancd Hz waves in GaP crystal, as discussed below.
with the Ge filter. The angle between the directions of the pump beam and

As is seen from Fig. @), in the 5-mm-long GaP crystal, the THz wave leaving the GaP crystal end fad§] is
a THz wave was generated Wh@ﬁ(t exceeded 0.688An plotted as a function O'Oﬁid for different crystal lengths in
increase N6 caused a shift in the THz wave maximum Fig. 5. In this measurement, the THz wave was detected
power position to a higher frequency, and an increase in THglirectly by placing a Si bolometer in front of the GaP crystal
output power. This is very similar to what occurred in the output face, without focusing the wave with paraboloid re-
2.6-mm-long GaP crystal, except that the maximum THzlectors. For every length of GaP crystaf tended to in-
wave output increased to about 0.25 mW, and it appeared grease with the incident beam angfg". Simultaneously, the
lower frequencie$1.75-2.37 THz at #5~14.3 -21.3.

Figure Zc) shows that the THz wave output in a 20-mm-
long GaP crystal ranged from 0.5 to 2.95 THz, which is a 1 T
lower frequency range than for the 2.6- and 5-mm-long crys-
tals. The output power was further increased. The maximum
THz wave output power was 0.44 mW, and appeared at an
even lower frequency, 1.44 THz. The THz wave output
power at 1 THz was proportional to the pump beam energy,
as shown in the inset of Fig(®.

The peak frequency position of the THz wave output
power for eachS observed in Fig. 2 is plotted as a function
of 65X in Fig. 3, which shows that the THz wave frequency
increased nearly linearly with the angle between the pump
and signal beams, irrespective of the crystal length. The 0‘011' et “1'0 100
slope of the curve is 11'6THz=3.36 mrad/THz, at around
1.5 THz. This means that a continuously frequency tunable Length of GaP (mm)

THz wave from 0.6 to 3.5 THz can be generated in GaPFIG. 4. THz wave output power at various THz frequendig®2-2.63

crystals by _COHtinUOUSly adjusting the angle between the;,) piotted against GaP crystal length. The dashed line indi¢Atgspen-
pump and signal beams over a range of less than 1°. dence.
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60 v T T . IV. DISCUSSION
50 ] We discuss the phase-matching properties. If the devia-
] tion from the phase-matching condition for the collinear in-
40 9 teraction is so small that the angle inside the crystal between
Iy the pump and signalStokes beams for noncollinear inter-
-§ 30 ] action satisfies;,<1, then, the wave vectors of the pump,
- signal, and THz wave€dler wave, k, , kg, andq, respec-
T 20 ] tively, must satisfy the following equation, as derived from
10 the geometric relation of the vectors illustrated in Figg) 1
I A k. -k 0;
0 U S S Y PR | A ISy _q — 2 L S . SIrTZ ﬂ
0 10 20 30 40 q 9P 2
0 * (min.)
" 1 nLnS V| Vg
I I ~o =2 2. 62 )
FIG. 5. The angle between the pump beam direction and the direction of the 2 nlz 12 in

THz wave propagating from the GaP crystal end fag&" for various GaP

crystal lengths. where,Aq is the deviation ofy in the collinear configuration

from the exact collinear phase matching value, apd vg,

Aq
q

and v are the frequencies of the pump, signal, and THz

longer the GaP crystal, the largef'. The THz wave gen- Waves, respectively. .

erated in a 20-mm-long GaP crystal leaves the GaP crystal From this equation, the angle for noncollinear phase

output-face at 35°—45° to the normal. This contrasts with thénatching, 6;,, changes almost linearly with the THz fre-

frequency— 65 relation, which is nearly independent of the duency, as given by

crystal length(see Fig. 3, and there is a considerable devia- >

tion from the expectation that’™' should be almost constant 2( ) n )

(58.19 under phase-matching conditions. This is discussed 6, N Ng

below. = vLvs : 2

Finally, Fig. 6 shows the THz wave power generated as

a function of the signal beam energy measured using the, /v is nearly constant, because we can assumeXhad

high-power YAG laser instead of the low-power YAG laser. changes only slightly with the frequenayin the THz fre-

In this experiment, the signal beam energy/pulse was effeaquency region from 0.5 to 3 THz. The result given in Fig. 3

tively increased to 1.8 10° times that using the low-power shows that the slopé aﬁft/dy is about 3.36 mrad/THz at

YAG laser. The wavelength of the pump beam from the OPQaround 1.5 THz, \/\/her(ﬂﬁj‘t is the angle between the pump

was 1.0592um with the energy/pulse fixed at 5.8 mJ. ATHz and signal beams outside the crystal, given Bﬁ{‘t

wave of 1.3 THz was generated @}'=8.68 in the 20-mm-  ~3.10%j,,. Therefore, we obtai;,/v=1.08 mrad/THz, at

long GaP crystal. It can be seen that the THz wave powearound 1.5 THz. From this value, the relative deviation from

was nearly proportional to the YAG energy/pulse. When thephase matching under the collinear conditidm(q) is cal-

signal energy/pulse of the YAG laser was 26 mJ, the maxiculated to be 0.0404.0%.

mum THz power achieved was 480 mW. This result can be confirmed in another way. For the
collinear interaction, the difference between the pump and

signal wave numbers can be described by the following

y r equations:
500 F o oo
° eff* £ TV
§ ol ° ] k. —ks=k . (3
‘E’ 300 o o0’ . on
o Ner=Nst ¥ - =, (4)
3 v
& 00} ° . . . Lo
é where én/ v, the frequency dispersion of the refractive in-
100l L | dex, is 4.66<10”*/THz, and the refractive index for the
o signal light isng=3.104 84. Thenngs=3.236 90 is obtained
0 ) . for Ag=1.064 um. Moreover, the polariton dispersion rela-
0 10 20 30 tionship for the THz wave is given by the following equa-
YAG energy (mJ) tion:

, ©)

. . 2

FIG. 6. Generated THz wave power as a function of the signal beam energy/ CqQ 2 2 (Ssvo— SOCVZ)

pulse in the 20-mm-long GaP crystal. The pump beam energy/pulse was 5.8 =n :—( 2 2)
Vo—V

m. 27y
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with 4=11.15, ¢,=9.20, andvy=11.01 THz for GaP® for the 20-mm-long crystal. This tendency is also thought to
From this relation, the refractive index in the THz region, be an effect of increased THz wave absorption at higher THz
n,=3.3445, is obtained for=1.5 THz. Therefore, the wave frequencies.

number mismatch Xq/q)=(n,—nex)/n,=0.0323 is ob- As a result of phase matching via angle tuning, the co-
tained at 1.5 THz. This result is approximately coincidentherence lengthl.,,, for difference wave generation in-
with that obtained from Fig. 3. creases. If .o, is sufficiently larger than the crystal length,

The angle of the propagation direction of the THz wavethe THz power is expected to be proportional1d’ In this
inside the crystalg, , is given as follows, from the geometric experiment, although the 20-mm-long sample gave the high-
relationship illustrated in Fig.(t): est THz intensity, it did not increase as much as expected
from 12 dependence, as shown in Fig. 4. Consequently, we
postulate that the coherence length at around 1.5 THz after
angle tuning is roughly in the range from 10 to 20 mm. In

k
S|n( 6|_0m):(_s) sin Hin ’ with 0|>0in1
. addition, Fig. 4 shows that at largéy, (largerv), the inten-

then, we obtain sities for the 20-mm-long crystal were smaller than those for
the 5-mm-long crystal. This implies that stronger lattice ab-
_ 2Aq\ [wvs| [ng 2Aq sorption at largen decreases both the intensity and coher-
sin 6~ (T) )N g (6)  ence length of the THz wave.
L L

Next, we discuss the maximum THz power. In the ex-
That is, 6, is simply related to the relative deviation from Periment using the low-power YAG laser as the signal
phase matching in the collinear interactidxg/q. It should ~ Source, the pump light from the OPO laser had an energy of
be nearly constant with changes in except for the slight 4 MJ, a pulse width of 6 ns, and a beam diameter of 3 mm
change due to the dispersion given in E§. From Ag/q (peak intensity 9.5 MW/c#), while thg signal light from the
~0.032, 6, is calculated to be,=14.7° at around 1.5 THz. low-power YAG laser had an effective energy/pulse of 8.2

Then, the direction angle of the THz wave outside the crystafJ: With the same pulse width and diameter. Under these

should become??xr: 58.1°. COI’]l-dItI_?_ES, we obtained a maximum peak power of 0.4 mW
The experimentally observetf*, however, was consid- at 1.5 THz. o
erably smaller than this value. Moreovef' increased with With difference wave mixing, the THz wave output

62, and with increasing crystal length, as shown in Fig. 5 power is expected to be proportional to the product of the

The observed?® was in the range 28°—48°, which corre- PUMP and signal power, as long as we neglect the amplifying
sponds tod, in the range 8.1°—12.8°. effect of the signal and THz waves. Using a high-power

JAG laser, we realized a pulse peak power of 480 mW at 1.3

As a possible reason for this discrepancy, we postulat ° i~
THz, under the following conditions: OPO: 5.8 n14

that the direction determined by E@) is that of the nonlin- > _ e e
ear polarizationP, while the actual propagation directions of MW/cn), YAG: 26 mJ (33 MW/cn), as shown in Fig. 6.

the electromagnetic field& and H of the THz wave are The THz output power was nearly the same as that extrapo-

closer to the axes of the pump and signal beams, becaué"éted from the result using the low- power YAG laser as the
their energy distributions are not those of pure plane wavesidnal source. _ _

but are considerably larger near their axes. When the crystal NOte that presently the only practical parametric genera-
length is much smaller than the coherence length, any dired®" IS based on LiNb@. With a conventional LiNb@ THz

tion around the angle determined as the direction of the wavBarametric generator, the THz output power is on the order
vector of nonlinear polarizatioR becomes a possible propa- ©f MilliWatts. Recently, however, the maximum THz output

gation direction, so the actual propagation direction may bePOWer has been increased to 200 mW, achieving a very nar-
come closer to the axes of the pump and signal beams. Th[@W linewidth, by introducing the injection-seeding
contrasts with the definite propagation directions of thetechnique’ In this experiment, the THz output power from
pump and signal waves. As the crystal length increases arigaP exceeded the power from LiNpOalthough injection
approaches the coherence length, as with the 20-mm-|on§eed'”9 was not adopted. Our result for THz wave generation

crystal, the propagation direction becomes closer to that de:0incides with our recent result showing that the Raman gain
termined from nonlinear polarizatiof, coefficient in GaP is higher than that in LiNGO

A similar explanation may hold for the increase #h
with increasing6;, (increasing THz frequency). The in-
crease inv may reduce the accuracy of noncollinear phass; concLUSION
matching, due to the increase in the absorption coefficient of
the THz wave arising from lattice absorption. As a result, the A frequency-tunable terahertz wave was generated from
coherence length should be reduced. This is equivalent t&aP crystals as a difference wave using an optical parametric
increasing the crystal length relative to the coherence lengthgscillator (1.050—1.063«m) as the pump source and a YAG
so that the THz wave direction approaches that determinelhser (1.064 um) as the signal source. Noncollinear phase
from P. matching with a very small angle between the pump and
As seen in Fig. @), the peak THz power appeared at 3 signal light beam directionsf,, of less than 35 min was
THz for the 2.6-mm-long crystal, but the peak frequencyrequired. The THz frequency changed almost linearly with
decreased with increasing crystal length, falling to 1.5 THz#6,,. As a result, tunable THz waves with frequencies from
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