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Terahertz-wave parametric gain of stimulated polariton scattering
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We have experimentally determined the terahertz- (THz-) wave parametric gain of stimulated Raman scattering
(SRS) by phonon-polaritons in LiNbO;. Our approach is based on ultrabright THz-wave generation from SRS
under stimulated Brillouin scattering suppression with subnanosecond pump pulses. To obtain the frequency
dependence of the parametric gain, we measured the crystal-length dependence of the THz-wave output directly
using a surface-coupling configuration. We found that the product of the parametric gain and the threshold crystal
length is constant throughout the tuning range. Our result provides a physical basis for the design and performance
enhancement of SRS-based ultrabright tabletop THz-wave sources for various applications.
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Recent progress in the generation of intense terahertz-
(THz-) wave pulses has opened the door to new fields
of fundamental science and practical applications [1]. In
particular, narrowband and frequency-tunable THz-wave
pulses are highly important for the resonant excitation and
coherent control of low-energy light-matter interactions,
such as radiation-enhanced superconductivity [2], excitation
of the Higgs mode in superconductors [3], excitation
of intraexcitonic transition in quantum systems [4],
and manipulation of magnetic ordering in multiferroic
materials [5]. Until now, these experiments have been reliant
on large-scale far-infrared free-electron laser facilities or
complex high-energy femtosecond laser-based systems. In
addition to these sources, ultrabright continuously tunable
multicycle THz-wave sources driven by a compact and simple
laser setup may facilitate the study of unexplored resonantly
induced nonlinear phenomena in a variety of research fields.

Since the late 1960s, phonon-polaritons, which result from
strong coupling between photons and optical phonons in
nonlinear crystals, have been attracting considerable interest
with regard to the generation of coherent THz-wave radi-
ation [6-13]. A recent experimental study on LiNbOj has
shown that the conversion efficiency of THz-wave generation
via stimulated Raman scattering (SRS) by phonon-polaritons
can be improved by three orders of magnitude through the use
of subnanosecond (subns) pump pulses [14]. Such short-time
pulses provide a pump intensity on the order of GW /cm? for
SRS without stimulated Brillouin scattering (SBS) because
the subns pulse duration is shorter than the steady-state SBS
buildup time in LiNbO; [15,16]. For this pump condition,
the frequency dependence of the THz-wave output from the
SRS becomes almost flat in the wide frequency range of
1-3THz [14]. This result means that the exponent grpy,L
is frequency independent, where gry, is the THz-wave para-
metric gain of SRS by phonon-polaritons and L is the crystal
length. However, the individual frequency dependencies of
gt, and L experimentally are determined here. This is
because accurate measurement of the L dependence of the
THz-wave output is hampered by the strong absorption of the
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crystal itself [17], the noncollinear phase-matching condition
of the SRS [18], and the necessity of employing crystals with
different L’s.

The frequency dependence of gry, has been predicted
theoretically using phonon-polariton damping models [19,20].
Under constant damping, grp, exhibits a smooth frequency
dependence [19]. Ushioda et al. have reported the temperature
dependence of a constant damping function at 345cm™! in
GaP measured using spontaneous Raman scattering [21]. On
the other hand, with regard to frequency-dependent damping
including low-frequency modes, gy, has a frequency depen-
dence with a dip structure [20]. Schwarz and Maier have re-
ported the frequency-dependent Raman gain for Stokes waves
(referred to as “idler” waves in this paper) in LiNbO3; measured
using SRS [22,23]. In that experiment, however, the frequency
dependence of the SRS gain was affected by low-frequency
modes excited in the SBS because the 10-ns pump pulse was
significantly longer than the steady-state SBS buildup time in
LiNbOj3. Therefore, a comparison between the theoretically
predicted and the experimentally measured frequency depen-
dence of gry, under SBS suppression is essential, particularly
with regard to the design and performance enhancement of
SRS-based ultrabright tabletop THz-wave sources.

In this paper, we report an accurate measurement of gry;,
in LiNbOs3. Our approach is based on ultrabright THz-wave
generation from SRS under SBS suppression using subns
pump pulses. To obtain the frequency dependence of gry,,
we measure the L dependence of the THz-wave output
directly using a surface-coupling configuration. As a result,
we successfully determine the frequency dependence of gry,
and find that the product of gy, and the threshold crystal
length Ly, of the THz-wave output is constant throughout
the tuning range. Our result provides a physical basis for the
design of ultrabright THz-wave sources based on the SRS by
phonon-polaritons.

To measure the L dependence of the THz-wave output
from the SRS by phonon-polaritons, we here propose the use
of a surface-coupling configuration based on a trapezoidal
LiNbO; crystal [24]. A schematic of the experimental setup
is shown in Fig. 1. In this configuration, the surface of the
trapezoidal crystal is used for THz-wave coupling. On the
other hand, both the pump and the idler waves experience
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FIG. 1. Schematic of the experimental setup for gain measure-
ment. The crystal length is continuously variable through translation
of the crystal position as indicated by the dashed arrow. The inset
shows the noncollinear phase-matching condition.

total internal reflection at this surface. Consequently, this
configuration has two important advantages with regard to
measuring the L dependence of the THz-wave output: The
THz-wave absorption loss near the coupling surface can
be minimized because the propagation distance of the THz
wave inside the crystal is close to zero, and the effective L,
which is defined by the distance between the pump-incident
and the total-reflection positions, is continuously variable via
translation of the crystal as indicated by the dashed arrow in
Fig. 1. Therefore, this configuration enables us to measure the
L dependence of the THz-wave output without changing the
crystal size. In this experiment, we used a 5-mol % MgO-doped
congruent LiNbOj3 crystal with a bottom length of 45 mm, a
height of 21 mm, and a base angle of 65.7°.

To suppress the SBS, the LiNbO; crystal was pumped by
0.59-ns pulses from a microchip Nd:YAG laser (LL11038-01,
Hamamatsu Photonics K. K.) with a wavelength of 1064 nm
and a repetition rate of 30 Hz. The pump-wave pulse energy
was amplified up to 15 mJ/pulse by a Nd:YAG amplifier. A
continuous-wave (cw) output of 500 mW from an external
cavity diode laser (ECDL) (A-Master 1040, Spectra Quest
Lab., Inc.) and a Yb-fiber amplifier was used for injection
seed for the idler wave. The pump- and seed-beam diameters
at the crystal were set to 1.47 and 1.69 mm, respectively, at
full width at half maximum. In our experiment, the pump
intensity was fixed at 1.25GW/cm?. To satisfy the SRS
noncollinear phase-matching condition without adjusting the
optical arrangement, an achromatic phase-matching geometry
consisting of a grating and confocal telescope was applied [25].
By changing the ECDL wavelength from 1067 to 1076 nm, the
THz-wave frequency could be continuously tuned from 0.8 to
3.0 THz. The THz wave emitted from the crystal was measured
using a pyroelectric detector, and the THz-wave optical paths
were purged with dry N, gas to prevent absorption loss due to
water vapor. The polarization directions of all the waves were
parallel to the c axis of LiNbOs.

To measure the L dependence of the THz-wave output,
L was varied in the 1.6—3.8-cm range. Figure 2 shows the
measured THz-wave peak power as a function of frequency
and L. Note that thresholdlike behavior was observed with
the value of Ly, depending on the THz-wave frequency. For
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FIG. 2. Measured THz-wave peak power as a function of fre-
quency and crystal length at 1.25-GW/cm? pump intensity.

L > Ly, the THz-wave output increased exponentially and
then became saturated; this was primarily due to pump
depletion and cascade processes [26]. At L = 3.8cm, the
peak power of the THz waves was measured to be more
than 1 kW for a wide frequency range of 1.3—2.7 THz. This
flat output profile means that gry, has smooth frequency
dependence; this is similar to the theoretical prediction based
on the phonon-polariton constant damping model.

To obtain the frequency dependencies of gry, and Ly,
the measured L dependence of the THz-wave output was
examined at each frequency. Figure 3 shows typical examples
at 1.0, 1.6, 2.3, and 2.8 THz. From these data, the slope
efficiencies and Ly, were determined as shown by the dashed
lines and solid arrows, respectively. These slope efficiencies
correspond exactly to gry, because the THz-wave output
was measured directly as a function of L. In our analysis,
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FIG. 3. Crystal-length dependence of THz-wave output. The
squares, circles, triangles, and inverted triangles represent the
experimental data obtained at 1.0, 1.6, 2.3, and 2.8 THz, respectively.
The dashed lines represent the best fit for these data, and the slope
efficiencies correspond to the gain coefficient gry,. The solid arrows
indicate the threshold crystal length L. The dotted horizontal line
shows the noise level of the pyroelectric detector.
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FIG. 4. Frequency dependencies of: (a) parametric gain gy, (b)
threshold crystal length Ly, and (c) product of gry, and Ly at
1.25-GW/cm? pump intensity. The dashed curve in (a) shows
the calculated gain profile based on the constant damping model
incorporating the propagation of the THz wave outside the interaction
volume. The horizontal dotted line in (c) indicates the constant value
of 10.

each Ly, was defined as the point of intersection between the
corresponding slope-efficiency fitted line (dashed lines, Fig. 3)
and the noise level of the pyroelectric detector (horizontal
dotted line, Fig. 3).

Figures 4(a) and 4(b) show the frequency dependencies
of gry, and Ly, respectively. The measured gry, exhibits a
smooth frequency dependence with a maximum at approxi-
mately 2.4 THz. On the other hand, Ly, reaches a minimum
at approximately the same frequency. This means that Ly, is
inversely proportional to gry,, and the product of gry, and
Ly, is frequency independent. To confirm this relationship, we
calculated the product of gy, and Ly, the result of which is
shown in Fig. 4(c). Hence, we found that gry, Ly, is constant
throughout the tuning range with a value of approximately 10.
Note that the constant character of gy, Ly, is independent of
the definition of Ly,.

To compare our experimental result with the theoretical
prediction, we calculated the frequency dependence of gry;
using the phonon-polariton constant damping model because
no dip structure resulting from frequency-dependent damping
was observed. According to the plane-wave approach [19,20],
gTH; 1S given by

2
grap, = 2T %) \/1—}—16 cos<p<L> “1],
2 o+ ap

where « is the absorption coefficient of LiNbOj3 for the THz
wave, o, is the additional loss factor described below, ¢ is the
phase-matching angle between the pump and the THz waves,
and g is the parametric gain in the low-loss limit. Furthermore,
8o is expressed as

JT(WTH; a)-lp
8o =,/ %X}L 2
C NTHZNNp

In this expression, the subscripts j = p,i, and THz refer to
the pump, the idler, and the THz waves, respectively, w; is the
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frequency, Ip is the pump intensity, c is the speed of light, 7
is the refractive index, and yp is the effective X(z)’ including
electronic and ionic contributions.

To calculate gry,, the following two noncollinear interac-
tions were considered: overlapping between the pump and
the idler waves and propagation of the THz wave outside
the interaction volume. With regard to the former because
the noncollinear phase-matching angle between the pump
and the idler waves is smaller than 1.4°, the overlapping
factor of these two Gaussian beams was calculated to be
more than 80% throughout the tuning range. Then, the
additional loss factor was estimated to be less than 0.1 cm™!,
which is considerably smaller than the absorption coefficient
of the crystal itself. Thus, we neglected this factor in the
calculation. The second factor, i.e., the propagation of the
THz waves outside the interaction volume, has been reported
in Refs. [22,23]. Because the noncollinear phase-matching
angle between the pump and the THz waves is as large as 65°,
this factor has a significant influence on the gry, calculation.
In our case, the additional loss factor was estimated to be
approximately 30 cm™! [22,23]. Therefore, we included this
factor in the calculation as o, = 30 cm™ L,

The calculated result for the frequency dependence of gty
is represented by the dashed line in Fig. 4(a); this result is
in good agreement with the measured gry, around 2.4 THz.
Note here that because of «,, the gy, calculated in this
study is smaller than that obtained previously [20]. Below
1.6 THz and above 2.8 THz, however, the experimentally
measured gy, was smaller than the theoretical result. This
discrepancy is possibly due to the imprecise theoretical
calculation because the result of the constant character of
grtrz L provides evidence that the measured gy is reliable.
On the lower-frequency side, theoretical gry, decreases with
increasing o,,. This means that «, in this study should be
larger than 30cm™! as reported in Refs. [22,23]. On the
higher-frequency side, on the other hand, theoretical gty
depends on the constant damping of the A; symmetry mode at
7.5 THz in LiNbOj3. Further studies are required to determine
the o, and the damping parameters of LiNbO3, and therefore
the theoretical calculation needs to be modified in order to be
consistent with the experimental result.

Our finding suggests that the performance of SRS-based
THz-wave sources can be enhanced by considering gry, L.
One of the potentialities is output power enhancement by
increasing gry,. Because gry, can be increased by a factor
of 2 via cryogenic cooling of LiNbOj3 to liquid-nitrogen
temperature [27], the peak power of the THz-wave output
is scalable to MW level. In that case, L should be shortened
because of the resultant decrease in Ly,. Such MW-peak-power
monochromatic THz-wave pulses correspond to multicycle
electric fields with strengths on the order of MV /cm at the
diffraction-limited focus spot. Such a high-strength electric
field promises to be a powerful tool for studying diverse
THz-wave-induced nonlinear phenomena in a variety of
physical systems [1-5,28-31]. Another possibility is tunability
widening using LiNbO; with larger L than that considered
in the present study. Because of the decrease in gry, below
0.8 THz and above 3.0 THz, L should be lengthened to
exceed Lg. Thus, ultrawide tunability from less than 0.5
THz to more than 4 THz is feasible, which would yield a
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useful THz-wave source for practical applications, such as
high-resolution sensing [ 13] and nondestructive imagings [32].

In conclusion, we have demonstrated accurate measurement
of gry, in LiNbOj3 using the surface-coupling configuration.
We have experimentally determined the frequency dependence
of grn, under SBS suppression. Our approach is applicable
not only to LiNbOs3, but also to other crystals. This paper,
therefore, facilitates the design and performance enhancement
of SRS-based ultrabright tabletop THz-wave sources in many
laboratories for various applications.
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