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ABSTRACT

This chapter describes the state-of-the-art sources of terahertz (THz) radiation, with focus on all-
optical fiber-based sources for THz generation. THz technology based on the optical fiber platform is
expected to be most attractive for day-to-day applications. Though optical fibers have been
considered before for low-loss guidance of THz radiation, their nonlinear effects can also be exploited
for THz generation. We discuss how a glass-based legacy step index fiber can be used to make a
THz source. However, high absorption losses of silica glass in the THz regime and a small overlap
between the modes at the optical and THz frequencies limit the THz generation efficiency to a level
below 0.01%. Next, we discuss our design of a THz source based on a plastic fiber. By exploiting the
nonlinear parametric process of four-wave mixing (FWM) in an appropriately designed
microstructured-core double-clad plastic fiber (MC-DCPF), both the loss and the modal overlap issues
can be overcome to a great extent. The microstructure geometry of this fiber allows for fine tuning of
the required phase matching condition, group-velocity dispersion, and nonlinear properties at the
optical pump wavelength. By using such a MC-DCPF, we show that a THz wave at a frequency near
3 THz can be generated by using two commercially available high-power lasers. The high-power CO:
laser acts as the pump and a CO laser of much lower power acts as a seed for the FWM process.
Numerical simulations reveal that more than 30 W of THz power within a bandwidth of 2.13 GHz can
be generated at the end of a 65 m long fiber when 1 kW of CO: laser power is launched together with
20 W of CO laser power. A conversion efficiency of 30% is possible for a loss-less configuration, but
efficiency of > 10% is achievable even in the presence of material losses. Recent results show that
further optimization of such plastic microstructured fibers can provide conversion efficiencies close to
45%. As an alternative, we have focused on the use of plastic fibers and discussed a design criterion
that is promising for realizing large output powers with a relatively high efficiency.

Keywords: THz source; microstructured optical fiber; plastic fiber; nonlinear optics; four-wave
mixing.

1. INTRODUCTION

The frequency range of terahertz (THz) radiation, or T-rays, extends from 0.1 to 10 THz (3 mm to 30
pm) and it bridges the gap (known as the THz gap) between the microwaves and the infrared light
[1,2]. Radiation from any object with temperature > 10 K contains THz wavelengths and almost 98%
of cosmic background radiation corresponds to THz and far-infrared frequencies [3]. Initially, T-rays
were used only for passive applications, where THz radiation was detected to analyze the
astronomical objects and to study the chemistry of outer space [3,4]. In recent years, THz technology
has experienced significant growth, almost in an exponential manner [5], owing to its potential
applications. In the last 20 years, THz-based active applications have emerged, which require a high-
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power THz source, an efficient detection technique, and transmission of THz waves over waveguides.
On the one hand, vibrational/rotational transitions of a wide range of molecular clusters and the
electronic transitions of various nano-composites exhibit strong resonances at THz frequencies [6,7].
On the other hand, such T-rays penetrate deep inside many materials, such as cloths, papers, wood,
ceramics, polymers, walls, dry air etc. These features make THz extremely useful for spectroscopy,
sensing, imaging, tomography, medical diagnostics, study of protein dynamics, spintronics, astronomy
etc. [1,2,6—10]. Moreover, T-rays do not pass through metals, dust and water, making them popular
for security and defense applications [9-11]. This frequency range can transfer huge data files via
wireless route and can significantly increase the communication data rate over existing microwave
technology [12-14].

Most THz applications require efficient tunable sources emitting broadband THz radiation.
Researchers from both optical and electrical disciplines are trying to realize such sources by
improving the existing devices as well as developing new ones [5,15-27]. THz waves suffer high
metallic losses in conventional electronic circuits designed to operate at frequencies below 100 GHz,
and the efficiency and the average output power tend to fall inversely with increasing frequency.
Moreover, smaller size of such electronic devices leads to the heating effect [15,28], whose mitigation
requires an expensive cryogenic cooling system. In the semiconductor world, THz generation is
limited by the lack of suitable narrow-bandgap semiconductors [29-31]. The bandgaps corresponding
to THz frequencies (< 10 THz) become comparable to the energy associated with lattice vibrations,
resulting in huge thermal noise. Conventional dielectric waveguides such as silica glass fibers are
also not useful for guiding THz wave, owing to their high transmission losses [32].

So far, two schemes have been successfully employed for efficient THz generation with high power
levels. One of them is based on accelerating charge particles [33], and the other is based on
modulation of local polarization [34]. Under the first scheme, reported proposals based on a free-
electron laser [33] or synchrotron (or gyrotron) radiation [19,24,35] can generate THz radiation with
very high powers (kW to MW level) over a widely tunable range but the required infrastructural
facilities are quite expensive for routine use. In the second scheme, laser-induced nonlinear effects
have been exploited to generate THz waves both through the resonant and non-resonant processes.
Several approaches have been proposed based on a dipole or PC antenna [34,36], optical
rectification [17,25], difference-frequency generation in nonlinear crystals [37—-39] or polymer materials
[20,40], and directly using a quantum cascade laser [22,31,38]. In most cases, the output THz power
is quite low (0.01 mW to 10’s of mW), though broadband output with a compact design is possible.
Other approaches include surface emission in a magnetic field [34], light-induced charge separation in
a dielectric [41], and laser-induced plasma [42]. However, the power conversion efficiency remains
extremely poor (104t010) in all cases.

In this chapter, we focus on exploitation of optical techniques for THz technology. More specifically,
we concentrate mostly on THz generation based on optical waveguiding. Among different optical
waveguides, optical fibers are most attractive for day-to-day applications, and they are emerging as a
new platform for THz generation and transmission. In the next section, we discuss how optical fibers
made with silica glass and plastics can be employed for efficient THz generation by exploiting the
nonlinear optical effects such as four-wave mixing (FWM).

2. THz GENERATION BASED ON OPTICAL FIBERS

Optical fiber technology offers a multitude of applications ranging from high-power laser sources to
long-haul data transmission, medical endoscopy, and sensing. For this reason, the use of optical
fibers for THz generation has attracted considerable attention. Most of the proposals are based on
conventional silica optical fibers [43-45], but the use of plastic fibers has been also proposed [27,46].
In all the cases, nonlinear effects are exploited to generate THz waves with an optical laser source
acting as the input pump.

2.1 THz Generation using Conventional Optical Fibers

Conventional optical fibers (fused silica based) exhibit relatively low losses at wavelengths up to about
2 um, but become highly lossy at longer wavelengths, especially at wavelengths corresponding to
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THz frequencies. One sure way to improve the output power of THz radiation generated inside a fiber
is to let it radiate out through the side walls of the fiber's core. Such a scheme can be designed by
employing the non-collinear phase matching. This approach was first proposed by Suizu et al. in [43],
when they theoretically investigated the emission of THz waves from the side walls of a silica optical
fiber. By using two optical sources, one at a wavelength of ~ 800 nm and other at 1.55 ym, they found
that a THz wave can indeed be generated at the frequency of about 2.6 THz. By tuning the pump
wavelength between 1.48 and 1.62 ym, the THz frequency could be tuned from 2.52 to 2.64 THz. In
Ref. [45], researchers presented detailed derivation of the output THz power using such a
configuration. This THz radiation can be collected by wrapping the optical fiber around a bobbin
(planar or cylindrical) and then by focusing it through a suitable lens. The total power can be
enhanced by using long fiber lengths but the efficiency of this process remains quite low (~ 10-).

The efficiency of THz generation can be improved somewhat by enhancing the modal overlap
between the optical pump and the generated THz wave in a collinear phase matching configuration
[47]. However, the main drawbacks of this approach are high material losses and a relatively small
core size of the fiber. Interestingly, the THz wavelength (<1 mm) is comparable to the size of a fiber’s
cladding. One solution would be to guide the THz wave through the fiber’s cladding [43]. To control
the phase-matching condition more precisely, the use of a fiber Bragg grating (FBG) has been
proposed [47]. In this scheme, the FBG is designed to introduce proper dispersion for compensating
any phase mismatch among the interacting waves. However, the efficiency still remains quite low (~
10). In another configuration, a (100)-oriented InAs thin film was directly attached to one end of a
fiber. It was found that a THz wave was emitted from that fiber end when fiber worked as a guiding
medium for the optical pump and the THz was actually generated in the InAs film [44]. As the THz is
eventually generated from the fiber tip, this scheme could be used for a THz microscopy setup with
sub-wavelength spatial resolution of 180 ym.

2.2 THz Generation using Specialty Plastic Fibers

In 2015, we proposed a design for generating high-power THz radiation based on a specialty plastic
fiber. In this scheme, we exploited nearly degenerate FWM with collinear phase matching to generate
THz waves [27]. One sure way to increase the efficiency is to improve the modal overlap among the
participating waves. In order to achieve this, we consider a microstructured-core double-clad plastic
fiber (MC-DCPF). Low-loss plastic, Teflon was chosen to be the fiber base material [48] and
commercially available high-power CO2 and CO lasers emitting near 10.6 ym and 5.59 ym were
considered as the pump and the seed light for the FWM process, respectively. Through our
simulations, we show that, for a continuous wave (CW) pump of 1 kW power and input seed of ~ 20
W power, CW THz output at 3 THz is achievable in a 65 m long optimized MC-DCPF of our design
with a quantum conversion efficiency (n, optical pump-to-THz) of more than three orders of magnitude
(n > 0.1) higher than what have been reported to date.

Although several nonlinear processes can be exploited to generate new frequencies [49], FWM is the
most relevant process for THz generation in optical fiber, provided the required phase matching
condition can be satisfied. In the degenerate FWM process, two pump photons of the same frequency
(wp) are converted to a signal photon (ws < wp) and an idler photon (wi > wp), satisfying the energy
conservation relation (2wp = ws + wi); the subscripts p, s and i stand for pump, signal and idler,
respectively. The frequency shift (Qs = wp - ws) strongly depends on the group velocity dispersion
(GVD) and nonlinear parameters of the fiber at the pump wavelength (Ap), which should ideally lie
close to the designed fiber’s zero dispersion wavelength. The FWM efficiency strongly depends on the
residual phase mismatch, modal overlap among three waves, effective nonlinearity of the fiber, and
fiber's losses [50]. Assuming CW conditions for all the three waves, their evolution in the fiber in terms
of their complex amplitudes, Aj(z) (where, j = p, s, i) is governed by the following three coupled
equations [50]:
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These equations include pump depletion, losses in the fiber (qj), and all the necessary Kerr
nonlinearity terms. The fij and fijx are modal overlap parameters [49], Ak, is the linear phase mismatch
term (contribution from GVD), which is compensated by self-phase or cross-phase modulation to
satisfy the phase matching condition. Considering up to 5% order GVD in our calculation, the Qs could
be approximated as [50]
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where, Bm is the m" order GVD parameter, y is the nonlinear parameter and Po is the input pump
power. For our design task, multi-order dispersion management is extremely crucial. Our design
target has been to achieve flat dispersion with suitably small values of B2 and B4 of opposite signs
around Ap. The parameter n2 appearing in Egs. (1) — (3) is expected to vary with the wavelength. For
the time being we have assumed its value to be same at the three participating waves. From the
literature review it is evident that several polymer materials exhibit high optical Kerr nonlinearity when
prepared with proper processing and doping (n2~ 1018 — 1017 m?/W) [51]. According to Ref. [52], an
aqueous suspension of Teflon micro-ellipsoids can acquire exceedingly high value of n2 ~ 1014 m2/W,
though it may be lower for bulk Teflon. As no universal data for n2 of bulk Teflon was available in
literature at the time of our investigation, we have assumed a nominal value of n2 ~ 1017 m2/W (similar
to other polymers) for Teflon fiber throughout our numerical analysis.

The primary aim is to improve the modal overlap among the input optical (pump and idler) and
generated THz waves, along with a proper dispersion profile at Ap in order to achieve efficient
generation of THz waves. However, the fiber should be effectively single-moded with a low loss. Since
wavelengths of different waves involved in the parametric process are very different, it is a challenge
to satisfy all the aforementioned criteria simultaneously. We balanced them by choosing optimal fiber
parameters of our proposed double clad fiber design. For the fiber structure, we consider three kinds
of Teflon materials with slightly different refractive indices. These are easily available in the market as
different commercial suppliers can provide Teflon with different refractive indices [48]. As a first step in
design recipe, we considered a microstructured-core based large mode area fiber (similar to that
reported in [53]) to realize an ultra-high effective mode area (Aef) at Ap and Ai; a schematic cross-
sectional view of the microstructured-core fiber is shown in Fig. 1(a). The microstructured-core is
formed by using 4 rings of hexagonally arranged higher index rods (nr= 1.44, Teflon-type-1 shown as
white circles in Fig. 1(a)) embedded in a lower index background (n» ~ 1.425, Teflon-type-2, dark blue
in color), which also forms the uniform cladding (1%t cladding) for Ap and Ai. The radius of high index
rods and pitch in the microstructured-core are denoted by r and A, respectively, which were optimized
to 1 yum and 30 um, respectively for achieving effective single-mode operation with low confinement
loss (ac) over the targeted spectral range. Though the microstructured-core fiber is multimoded, the
value of ac for higher-order modes is more than 5 orders of magnitudes higher, and hence these
modes leak away rapidly after a short length of propagation. For THz wave (As ~ 100 ym), this
structure, as a whole, (Fig. 1(a)) acts as the fiber core with refractive index equivalent to the average
index of that region (nav, light purple color in Fig. 1(b)). Now by adding another cladding (2™ clad of
refractive index, na = 1.4, Teflon-type-3, light blue color in Fig. 1(b)) around this equivalent core, we
can define an equivalent step-index fiber (E-SIF) structure for THz wave (cf. Fig. 1(b)). For this E-SIF
structure, the core radius (R1) is optimized to 150 uym by limiting the fiber V number to near about 2.4
[54], so that single-mode operation can be established for THz wave also. The outer boundary of this
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cladding (radius R2) is fixed to get negligible ac at the THz wavelength. Combining these two
structures, we propose a MC-DCPF geometry (cf. Fig. 1(c)), where modal overlap between the three
waves can be up to ~ 70%. The GVD parameters as well as the modal fields were calculated with the
open access software CUDQOS, and Egs. (1) to (3) were solved numerically in MATLAB®.

n,

Fig. 1. [Adapted] with permission from [27] © The Optical Society. (a) Effective cross-section of
the designed fiber for optical waves. The core is formed by hexagonally arranged 4 rings of
high index rods of radius =1 ym (white circles) and of pitch = 30 pm in a uniform lower index
background of much wider cross-section (dark blue color), which effectively forms the
cladding; (b) Effective cross-section for the THz wave, where core of radius Ry is formed by an
average index (nay, light purple color) with uniform cladding (2" clad, shown in light blue
color); (c) The combined cross-section of the proposed MC-DCPF

We have considered the commercially available high power CO:2 laser as pump (A, ~ 10.6 ym) and
commercially available CO laser (~ 5.6 ym) as idler, which can be used as input in order to realize
THz output at ~ 3 THz (As ~ 100 ym). It is important to mention that, launching of a weak idler along
with the pump improves the FWM efficiency considerably as it stimulates the FWM process. We have
studied the modal properties of the three waves and investigated their dispersion behavior around Ap
in order to find the GVD parameters. Since the effective contribution (in terms of weighted
percentage) of the region with index np is much larger than the other regions (indices nr and na), we
have employed a proper material dispersion model for np but used fixed values for nr and na. The
variation of B2 and B4 with wavelength for the optimum fiber structure is shown in Figs. 2(a) and 2(b),
respectively. The optimum values of B2 and B4 are found to be -8.94 ps2/km and 4.23 x 102 ps4/km,
respectively at Ap = 10.58 ym. For an input pump power (Po) of 1 kW and seed power of 20 W, the
THz wave is generated centered at 99.45 ym (= 3.0145 THz).

The evolution of three waves along the propagation direction is studied by numerically solving Egs. (1)
— (3). The amplification factor (AF) is defined as the ratio of output and input power, such that, AFj =
Pj.out/Pijin for j = i, s and Pj,ou/Po for j = p, where, Pjout is the output power and Pi,n is the input idler/seed
power. Changes in AF for these three waves along fiber length (L) are plotted in Fig. 3(a) for a Piin =
20 W. Power variations are plotted in Fig. 3(b). Both figures reveal that the maximum power transfer
from pump to generated THz wave takes place at L = 64.7 m. It is worthwhile to mention that, for the
proposed MC-DCPF, Aerf at the pump and generated THz waves are extremely large (~ 36,000 ym?
and 78,000 uym?, respectively). As a result, though we have assumed a relatively high power at the
input, the effective intensity was only ~ 0.003 GW/cm?, which is much lower than the potential onset of
other resonance based nonlinear effects.

Even after including pump depletion, THz power of > 30 W is achievable (cf. Fig. 3(b)) with a quantum

conversion efficiency from optical pump-to-THz, /72(11,,,m/x/1’()/p) >0.3, which was the highest value

reported at the then 2015 publication. We have also investigated the effect of seeding on the
amplification factor and found that, it essentially dictates the optimum fiber length (Lopt). The variation
of Lopt With Piinis plotted in Fig. 4(a), where we see an inverse relationship between the two. We may

mention that Lopt can be further reduced by increasing the effective nonlinearity, g=(2,0n2// Aeﬁ) of
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the medium. The phase matching bandwidth of the generated THz signal is investigated by studying
the variations of Psout around the generated T-ray (3.015 THz) (shown in Fig. 4(b)), where the 3-dB
bandwidth is ~ 2.13 GHz (= 70 nm). Further by tuning the Ap, generated As can be tuned.
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Fig. 2. [Reprinted] with permission from [27] © The Optical Society. Variation of (a) 82 and (b)
B4 with the operating wavelength around pump wavelength for optimum fiber parameters
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Fig. 3. [Reprinted] with permission from [27] © The Optical Society. Variation of (a)
amplification factor (AF) and (b) output power along fiber length (L) for Ap = 10.58 pym (green
color), 4s =99.45 pm (red color) and A =5.587 ym (blue color)

Variation of the pointing vector (Sz) along the x direction (fiber cross-section) is plotted for both the
pump and THz wave as shown in Fig. 5(a). This shows the confinement of THz frequency is lower
than the pump, as expected, however, we have been able to make them reasonably similar. The
preceding results neglected fiber losses. We briefly discuss the impact of material loss of Teflon.
According to the commercial datasheet [48], Teflon with quite good transmission at all the three
wavelengths of interest can be fabricated. After inclusion of the loss (0.01 m), n becomes 0.1.
Although smaller by a factor 3 compared to the loss-free case, it is still 2 - 3 orders of magnitude
higher than the previously reported results in the literature. The length of our proposed fiber is
relatively long. To make a compact device, fiber can be wrapped around a circular mandrel/bobbin.

However, this may lead to intolerable bend-loss (&,). Keeping this in mind, we have studied &, of the

proposed MC-DCPF at THz wavelength by considering effective step-index fiber approximation and
using the following formula for pure bend-loss [54]:

1 p ( arwD)
a,=g /RleW3S(V,W) expL IR J (®)

where,
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R:1 is the core radius, Rp is the bend radius, V, W and A are the conventional fiber waveguide
parameters as described in [54] and the function S(V,W) can be calculated from modal field

distribution E(r) and Ko is the zero™ order modified Bessel function. The variation of a,with Rp for the

proposed MC-DCPF is plotted in Fig. 5(b). Estimated bending loss is reasonably low for the proposed

fiber structure. More specifically, it becomes negligible for R, = 10 cm, which is quite favorable for our
targeted design.
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Fig. 4. [Reprinted] with permission from [27] © The Optical Society. (a) Variation of optimum
fiber length (Lopt) with input seed idler power for a fixed pump power of 1 KW. (b) Output
spectrum of generated THz wave; 3-dB phase matching bandwidth is ~2.13 GHz (= 70 nm)
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Fig. 5. [Reprinted] with permission from [27] © The Optical Society. (a) 1-dimentional variation
of pointing vector (S;) for pump and THz wave. (b) Variation of bending loss (&,) as a function
of bend radius (Ry) of the proposed MC-DCPF at ~ 3 THz

In recent years, researchers have tried to further efficiency scaling of plastic fiber-based THz
generation [46] by mainly improving the fiber design. The authors have theoretically shown THz wave
generation at 9.33 THz from a COzlaser as pump and CO laser as seed idler within 7 m long plastic

fiber. The estimated quantum efficiency is ~ 0.46, which is 1.5-times improvement compared to the
previous publication [27].

3. CONCLUSION

In this chapter we focused on THz wave generation using optical methods and exploring versatile
optical fiber technology. Though several proposals for THz generation based on conventional silica
fibers exist in the literature, their conversion efficiency is limited to below 0.01%. As an alternative, we
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have focused on the use of plastic fibers and discussed a design criteria that is promising for realizing
large output powers with a relatively high efficiency.

We have discussed in detail the theoretical design of efficient fiber-based THz source by exploiting
degenerate four-wave mixing process in a Teflon-based novel microstructured-core double-clad
plastic fiber (MC-DCPF). The aim of this research is to employ commercially available high power
mid-infrared light sources as the pump and seed idler in order to generate THz radiation via nonlinear
four-wave mixing process. The collinear phase matching condition is achieved by tailoring the design
of the MC-DCPF with proper dispersion and nonlinearity around the pump wavelength. The efficiency
of nonlinear process is improved by maximizing the modal overlaps among all the three waves;
overlap > 70% is achieved for optical and THz waves. This is the most difficult but crucial step in the
targeted fiber design. Effective single-mode operation is ensured throughout. For a pump of 1 kW
power emitting at 10.58 ym, a THz wave centered at 3 THz could be generated with ~ 30 W of CW
power at the output end of a 64.7 m long designed fiber. Including pump depletion and material loss,
the optical to THz quantum conversion efficiency ~ 10% should be realizable, which is ~ 2 - 3 orders
of magnitude higher than previously reported results. The 3-dB phase matching bandwidth of the
generated THz wave is about 70 nm (~ 2.13 GHz). The relatively long fiber length would not be an
issue since such a plastic fiber can be spooled in a circular mandrel/bobbin to make it compact for
convenient handling; bend-induced loss is negligible for bend radii = 10 cm, which is two orders of
magnitude lower than a typical synchrotron setup for THz generation [35]. The proposal should serve
as the initial design platform to fabricate efficient fiber-based THz sources. Further research with new
design for improved efficiency is emerging. The microstructured geometry is relatively simple, and
should be realizable in practice as it is amenable to well-matured state-of-the-art fabrication
technologies [55,56].
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