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Terahertz generation by OH1 based on cascaded difference
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Abstract: Terahertz (THz) wave generation by organic crystal 2 —[3 —(4 —hydroxystyryl) -5,5 —
dimethylcyclohex —2 —enylidene]malononitrile (OH1) with a collinear phase-matching scheme based on
cascaded difference frequency generation(DFG) processes was theoretically analyzed. The cascaded Stokes
interaction processes and the cascaded anti-Stokes interaction processes were investigated from coupled
wave equations. THz intensities and quantum conversion efficiency were calculated. Compared with non-
cascaded DFG processes, THz intensities from 13 —order cascaded DFG processes were increased to
15.96. The quantum conversion efficiency of 1 377% in cascaded processes can be realized, which
exceeds the Manley-Rowe limit.
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0 Introduction

The terahertz (THz) radiation, which is generally
referred to as the frequency from 0.1 to 10 THz, has
recently drawn much attention due to its tremendous
potential applications, such as imaging, material
detection, environmental monitoring, communication,
astronomy and national defense security!~*!. For such
applications, a high-power, widely tunable, and
compact source of THz—wave is required. Due to the
interest in exploiting this region, there are many
schemes proposed on source technologies over the last
twenty years or so °7 Among many electronic and
optical methods for the coherent THz -wave
generation, difference frequency generation (DFG)!™ -
is of importance because it offers the advantages of
relative compactness, narrow linewidth, wide tuning
range, high-power output and room-temperature
working environment. In DFG, two optical pump
beams, with their frequencies separated by a few THz,
interact through a x® process to generate a THz beam.
The requirements for nonlinear optical crystal are a
high optical nonlinearity and a low absorption
coefficient in THz range, more important, allows
collinear phase-matching. Organic crystal 4 —-N, N -
dimethylamino -4’ —N' —methyl-stilbazolium 2,4,6 —
trimethylbenzenesulfonate (OH1) shows a low THz
absorption coefficient in the range between 0.3 and
2.5 THz, reaching values lower than 0.2 mm™ between
0.7 and 1.0 THz™'. Moreover, OH1 has large second-
order nonlinear susceptibilities(ds=120pm/V at 1.9 um)!!,
THz wave generations from OHI via collinear phase-
matched DFG have been observed™ ', Unfortunately,
the quantum conversion efficiency is extremely low.
To improve the low quantum conversion efficiency
and overcome the Manley-Rowe limit, cascaded DFG
in which more than one THz photon is generated
from the depletion of a single pump photon is a
Theoretical

promising  method. descriptions  and

experimental demonstrations of an enhancement output

of THz wave via cascaded DFG processes have been
reported recently!™®>1,

In this paper, we present the theoretical analysis
of THz generation by OHIl with a collinear phase-
matching scheme based on cascaded DFG processes.
We investigate the cascaded Stokes interaction
processes and the cascaded anti-Stokes interaction
processes. THz intensities and quantum conversion

efficiency are calculated from coupled wave equations.

1 Theoretical model

Figure 1 shows a schematic diagram of THz wave
generation by collinear phase-matching cascaded DFG.
THz wave in the OH1 was generated through type—0

phase matching when all the electric fields of pump,

THz wave

Dy » Dy, Dy, Dy, » Dy,
P s os

Fig.1 Schematic diagram of the cascaded DFG to generate THz
radiation by OHI1 crystal

signal and THz waves are parallel to the c—axis of
the OH1 crystal. THz wave (w;) is generated via
interactions between the incident pump (w,) and signal
(w,) waves in the first-order DFG process, which
consumes the higher frequency pump photon and
amplifies the lower frequency signal photon. The
amplified signal wave also acts as a higher frequency
pump wave, which amplifies the THz wave and
generates a new lower frequency cascaded signal (w,)
wave in the second-order DFG process. Simultaneously,
anti-Stokes interactions will also occur that consume
the THz photon and pump photon, resulting in a
higher frequency anti-Stokes signal (w,) wave. The

cascaded Stokes processes and anti-Stokes processes

1025001 -2



aohligok T2

% 10 2

www.irla.cn

% 45 %

can be continued to any high order as long as the
phase-matching conditions are satisfied. The intensity
of THz wave is determined by a trade-off between
the Stokes processes and the anti-Stokes processes.
The coupled wave equations of cascaded DFG
can be derived from common nonlinear optical three-

wave interaction equations, shown as:

4By % Etio3 | EE,cos(Ak2) (1)

dz 2
%n == G E 1, 1 Er008 (MK, 1)~ KB Ercos(8k,2)(2)
=il (3)

cn,

Ae=k=kpi—ky (4)
W= W,— W, (5)
I=5-nealEP (6)

where , and w; denote the frequency of pump and
THz wave, respectively. E, and E; denote the electric
field amplitude of pump and THz wave, respectively.
a, and oy denote the absorption coefficient of pump
and THz wave in the optical crystal, respectively. Ak,
indicates the wave vector mismatch in the cascaded
DFG process, k, is the coupling coefficient, dy is the
effective nonlinear coefficient, ¢ is the speed of light
in vacuum, &, is the vacuum dielectric constant, [ is
the power density, n, is the refractive index. The
theoretical values of refractive index are calculated
using a wavelength-independent Sellmeier equation for

OHI in the IR™ and THz™ range, respectively.

2 Calculations

Here, in simulating the cascaded DFG dynamics,
pump wave o, and signal wave w, are supposed to be
217 THz and 216 THz, respectively. THz frequency w;
is taken to be 1.0 THz. The wave vector mismatch Ak
and coherence length in cascaded DFG processes is
shown in Fig.2. In the cascaded Stokes processes,
wave vector mismatch is less than 3.14 cm™ during a
7 —order cascaded processes. In the case of cascaded
anti-Stokes processes, wave vector mismatch is less

than 3.14 cm ™ during a 6—order cascaded processes.

In the following calculations, 7—order cascaded Stokes
processes and 6—order cascaded anti-Stokes processes
are taken into account as the coherence length is
larger than 1 cm. As shown in Fig.3, THz intensities
based on cascaded Stokes processes and anti-Stokes
processes with cascading orders 1, 4, 7, 10 and 13 versus
crystal length are calculated according to Egs. (1) and
(2). Pump wave w, and signal wave o, are supposed
to be 223 and 222 THz, respectively. Both of the
intensity of pump and signal wave are 20 MW/mm?®.
The nonlinear coefficient of OH1 crystal is 120 pm/V
at pump frequencies™, and the absorption coefficients

at 1.0 THz is 2.1 cm™™!, From the Fig.3 we find that
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Fig.2 Wave vector mismatch and coherence length of cascaded

DFG
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Fig.3 THz intensities by OH1 based on cascaded DFG with

cascading orders 1, 4, 7, 10 and 13

THz intensities without cascading processes are extremely
low. THz intensities with cascading order 4, 7, 10 and
13 are enhanced. THz intensity of 1.235 MW/mm? can
be obtained with 13 —order cascaded stokes processes.
Compared with non-cascaded DFG processes, THz

intensities from 13—order cascaded DFG processes are
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increased to 15.96. In a non-cascaded DFG processes,
at best, a single THz photon is generated from each
pump photon. The cascaded processes can enhance the
THz output, simply by generating several THz photons
from each pump photon.

As the Stokes processes generate THz photon and
the anti-Stokes processes consume THz photon, THz
intensities depend on the Stokes processes and the
anti-Stokes processes. Figure 4 shows the maximum
intensities of the optical waves during the cascaded
Stokes processes and anti-Stokes processes. In this
figure we assume that the optical waves at interval of
1.0 THz with frequencies from 211 THz to 223 THz
interact in the Stokes and anti-Stokes processes. The
initial pump and signal waves are 217 THz and 216 THz
with a power density of 20 MW/mm? respectively.
From the figure we find that the power densities of
optical waves in the Stokes processes is higher than
that of optical waves in the anti-Stokes processes,
which indicates that the Stokes processes is stronger

than the anti-Stokes processes.
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Fig.4 Maximum intensity of the optical waves during the cascaded

Stokes processes and anti-Stokes processes

Figure 5 shows the relationship between the
maximum THz intensities and pump wave frequencies.
In this figure we assume that the optical waves at
interval of 1.0 THz with frequencies from 213 THz to
222 THz interact in the cascaded Stokes and anti-
Stokes processes. The frequency of pump wave is
1.0 THz larger than that of the signal wave. Both of

the pump and signal intensity are 20 MW/mm?. From

the figure we find that THz intensities are higher as
the pump frequencies locate in the high-frequency
area. The higher THz intensities originate from the
interaction of the high-order Stokes processes as the
pump frequencies locate in the high-frequency area,
which indicates that the Stokes processes is stronger
than the anti-Stokes processes. As the pump frequency
equals to 222 THz, THz wave with a maximum
intensity of 1.034 MW/mm? can be obtained. In the
high-frequency area where high-order Stokes processes
interact, optimal crystal lengths are longer considering
cascading, which is consistent with the principle of

cascaded nonlinear processes.
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Fig.5 Relationship between the maximum THz intensities and pump

frequencies

Pump intensity is directly related to the quantum
conversion efficiency in a cascaded DFG processes.
The maximum THz intensity and quantum conversion
efficiency are calculated when the original pump
intensities are changed from 0 MW/mm? to 20 MW/mm?,

as shown in Fig.6. In the calculations, pump wave

-2

g 14 1400%
; 12k ...-........l:" (]
o o {1200% o
2 1.0F L3 0 =
Z " o {1000% &
w2 o i -
§ 0.8F ._! ..0". 1800% g
=] - o [¢]
= 0.6r ¥ . 1600% 3
o 0.4F . x4 o, 2
0. 2 . {400% 8
& o Qe
g oope¥et = Quamelceny
= 0 2 4 6 8 10 12 14 16 18 20

Pump intensity/mW-mm™

Fig.6 Maximum THz intensity and quantum conversion efficiency

versus pump intensity
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and signal wave are supposed to be 223 and 222 THz, Photon, 2007, 1: 97-105.
[5] Kohler R, Tredicucci A, Beltram F, et al. Terahertz

respectively. Figure 6 demonstrates that the maximum
THz intensity and quantum conversion efficiency
significantly increases with the pump intensity. THz
wave with a maximum intensity of 1.235 MW/mm?
can be generated as pump intensity equals to 20MW/mm?,
corresponding to the quantum conversion efficiency of
1377%. The quantum conversion efficiency of 1377%

in cascaded processes exceeds the Manley-Rowe limit.

3 Conclusion

THz generation by organic crystal OH1 with a
collinear phase-matching scheme based on cascaded
difference frequency generation (DFG) processes is
theoretically analyzed. The cascaded DFG processes
comprise the Stokes interaction processes and the
The

calculation results indicate that the Stokes processes is

cascaded anti-Stokes interaction processes.

stronger than the anti-Stokes processes. Compared
with non-cascaded DFG processes, THz intensities
from 13 —order cascaded DFG processes are increased
to 15.96 THz wave with a maximum intensity of
1.235 MW/mm® can be generated as pump intensity is
20 MW/mm?, corresponding to the quantum conversion
efficiency of 1 377%. The quantum conversion efficiency
of 1 377% exceeds the Manley-Rowe limit, which
provide us an efficient way to enhance the output of

THz wave.
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