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Abstract: THz (Terahertz) radiation sources are an important research topic in THz science and technology. Novel 
THz radiation using double negative metamaterials (DNMs) and electron beam bunches is a promising candidate. In 
this review paper, we first introduce THz metamaterials, especially DNMs, including the design, fabrication and 
testing. Then we present our research progress on the enhanced THz radiation based on DNMs using single and 
multiple charged particles. Finally, we discuss the challenges in metamaterials and associated radiations. The 
research presented here offers theoretical and experimental foundations for developing new THz radiation sources. 
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1. Introduction 

Currently, Terahertz (THz) science and technology is one of the hottest research fields in both 
electronics and optics [1]. It can be at least traced back to about 1950s, when the researchers 
adopted millimeter wave or far infrared ray technical terms. Generally speaking, millimeter wave 
roughly refers to the frequency range from 30 to 3000 GHz and narrowly from 30 to 300 GHz. 
Sometimes, scientists use the sub-millimeter wave to describe the electromagnetic wave in a 
range from 300 to 3000 GHz. From the viewpoint of optics, far infrared ray with a wavelength 
from about 15 µm to 1 mm means its frequency regime from 20 THz to 300 GHz. Since 1980s, 
the so called THz electromagnetic spectrum has been revisited. THz radiation is roughly defined 
as its frequency from 0.1 to 10 THz and narrowly from 0.3 to 3 THz. Using this definition, THz 
radiation is located between the short-wavelength edge of microwave band and the 
long-wavelength edge of far-infrared light. THz band was until recently the last unexploited part 
of the electromagnetic spectrum. THz science and technology, especially THz sources [2] causes 
an extensive research boom around the world. This is because THz radiation has some very 
surprising properties: First, THz radiation is more penetrating than visible light and infrared, and 
thus can much better penetrate fabrics and plastics; Second, the photon energy of THz radiation is 
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much lower than that of X-rays and thus it is much less damaging to tissues and DNA; Third, its 
spectroscopy provides rich information about chemical compounds, thus very useful for 
biochemistry and many other fields. Therefore provided that strong THz radiation sources are 
available, THz technology could be widely applied to many fields [3] such as medical imaging, 
chemical and biological sensing, security, scientific research and imaging (for examples, 
spectroscopy and sub-millimeter astronomy), Communication and radar, and manufacturing.  

At the same time, another new research field in the electromagnetics, metamaterial, appeared. 
According to the current research status, metamaterial can be generally classified as 
double-negative metamaterials (DNMs), single-negative metamaterials (SNMs), and photonic 
crystals. Here, DNM is a new kind of artificial electromagnetic material with both effective 
permittivity and permeability being negative. It would exhibit unique properties such as negative 
index of refraction, reversed Cherenkov radiation (RCR), and reversed Doppler Effect. Since the 
first experimental demonstration of negative refraction of left-handed metamaterial was reported 
in Science magazine in 2001 [4], this kind of artificial electromagnetic material has attracted 
great interests of scientists and engineers all over the world and becomes one of the hot topics in 
worldwide researching [5]. It has potential applications in sub-wavelength imaging, optical 
sensing, cloaking, photonic integrated circuits, and solar-cell technology. One new type of 
electromagnetic radiation using double-negative metamaterial (DNM), the so-called RCR [6], has 
been studied both theoretically and experimentally [7-20]. It has potential applications such as in 
the detection of charged particles and in the radiation sources as well as in the characterization of 
metamaterial macroscopic parameters [13]. Cherenkov radiation based on the photonic crystal 
has also been investigated [21]. The surface wave (SW) is greatly enhanced using the DNM due 
to the coupling from the RCR into the SW [19]. In addition, Smith Purcell effect using DNM has 
received attention in recent years [22, 23]. Hence, these novel electromagnetic radiations using 
metamaterial have been focused upon in the globe.  

In this review paper, we first review the THz metamaterial, including the design, fabrication 
and testing. Then we move to our recent research progress in the novel electromagnetic radiation, 
including the RCR and SW. Finally, we discuss the further challenges in the metamaterial and 
associated novel electromagnetic radiation. 

 

2. THz metamaterial 

DNM with different structures instead of SRRs (split ring resonators) can be designed to 
support the novel phenomenon of RCR. For instance, in our previous research, a type of 
TM-DNM was experimentally fabricated for Cherenkov radiation detection at 9 GHz [12]. The 
configuration and dimensions of this DNM is given in Figure 1. Two orthogonal copper wires 
provide negative permittivity in the x-z plane and two L-shaped metallic strips on the top side 
couple with the other two on the bottom side to form a magnetic resonator, which provides a 

http://en.wikipedia.org/wiki/Tissue_(biology)
http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/Biochemistry
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Submillimetre_astronomy


Terahertz Science and Technology,  ISSN 1941-7411                                          Vol.6, No.2, June 2013 

 115 

negative permeability for y–polarized magnetic fields. Actually, the negative permittivity is along 
metallic wires instead of x axis. Thus negative permittivity can be designed to match the direction 
of radiated electric field for detecting RCR. Besides unit elements mentioned above, S-shaped 
unit cell can also provide a double-negative index and zero-refractive-index profile in THz range 
[23-24].  

 
Fig. 1 Configuration of the metamaterial for reversed Cherenkov radiation. Reprinted figure with permission from 

Ref. [12] by the American Physical Society.  

For microwave DNM, metallic patterns in periodic form are usually fabricated by shadow 
mask/etching techniques on printed circuit board (PCB) [26-29] and for THz DNM, they are 
fabricated by laser direct writing and lithographic techniques [30-35]. For the realization of THz 
DNM, dielectric substrates are usually adopted to support the metallic patterns. However recently, 
an all-metal self-supported DNM realization approach [24, 25] was achieved. This metamaterial 
is based on the S-shaped resonators with the interconnecting lines which are used to hold 
S-strings together to create the self-supported mesh, as shown in Figure 2. The interconnecting 
lines can change the effective capacitances of magnetic resonant loop without destroying the 
DNM behavior of the meta-foil. 

 
Fig. 2 (a) Photos of flat and bent meta-foils. (b) schematic view of inside of a 2SX meta-foil; (c) schematic view of 

outside of a 2SP meta-foil; (d ) SEM image of the 2SP meta-foil. Scale bar 20 µm. Reprinted figure with 
permission from Ref. [24] by the Taylor & Francis Group. 
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To test fabricated THz DNM samples, several terahertz spectroscopic systems are adopted. The 
first one is the Fourier transform spectroscopy (FTS) [32, 36]. In FTS system, usually the sample 
is illuminated with a broadband thermal source and the detector is used to detect the interference 
signal directly. With the Fourier transformation method, the signal can be transformed to the 
spectral information. However, the spectral resolution from the FTS method is limited. The 
second one is the narrowband spectroscopy method [37], whose scanning range of source or 
detector can be tuned to a frequency band of interest. Therefore, it introduces a higher spectral 
resolution compared to the FTS, while its working bandwidth is much less than that of the FTS. 
The third one is THz time-domain spectroscopy (THz-TDS) [38-40], which is invented by AT&T 
Bell Labs and the IBM T. J. Watson Research Center [41, 42]. The transmitted THz electric field 
can be measured coherently using THz-TDS, which is the most advantageous among the above 
three methods. A common THz-TDS system can measure the transmitted electric field over a   
3 GHz bandwidth from 2 to 5 THz with relative rapid acquisition time [43]. The fourth one is the 
optical pump-terahertz probe (OPTP) method [44]. Under various pump power with normal 
incident, the terahertz signals transmitted through the DNM and reference can be measured 
respectively in the time domain. Then with fast Fourier transformation method, the transmission 
amplitude and phase information in the frequency domain can be achieved. 

 

3. THz radiation based on metamaterials 

RCR is a novel electromagnetic radiation in the DNM, as stated before. Here, we explained it 
from the energy flow point of view [16]. Fig. 3(a) illustrates how a fast charged particle generates 
a forward Cherenkov radiation cone in a conventional material with a positive refractive index of 
n. We assume the particle travels along the z direction with a speed of υ . At t = t0, t1, t2, and t3, it 
moves to position 0, 1, 2, and 3, respectively. At t =t0=0, the particle travels at position 0 and 
drive the medium to radiate a spherical wave spread from position 0. At t = t1, the phase front of 
the radiated wave represented by the circle travels a distance of ct1/n (c is the speed of light in 
vacuum) but the particle has already travels a distance of vt1 reaching position 1 where another 
spherical wave start to be radiated. As time passes, the particle travels further, new spherical 
waves will be radiated out and the former radiated outgoing spherical waves also spread out 
further from their individual centers. The phase fronts of the spherical waves in phase with one 
another are marked in the same color as shown in Figure 3(a). It is obvious that the envelope of 
these spherical waves in the same color forms a conic wave front. If we define θ to be the angle 
between the direction of motion of the particle and the direction of the radiated shock wave, we 
find that θ = cos−1[c/(nυ )]. The direction of the shock wave therefore forms a forward Cherenkov 
radiation cone with an angle of 2θ. 

In a left-handed medium, similar illustration is presented in Figure 3(b). As the particle travels 
along the z direction, the emitted wave has the energy flowing outward. However, since the 
refractive index is negative, the phase (represented by the circles) becomes more negative as the 
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waves radiated out further from their individual centers. The phase fronts of the spherical waves 
therefore do not spread outward from their individual centers, but instead converge towards them 
as time passed. Different from that in right-handed medium, we see the in-phased circles increase 
from position 0 to position 3 as the particle travels from position 0 at t = t0 to position 3 at t = t3, 
yielding a set of planar wavefronts traveling toward the trajectory of the particle. The cone of the 
energy flow will be directed backward relative to the motion of the particle. The angle of the 
cone, θ = cos-1[c/(nυ )], is hence obtuse for n < −1. We note the momentum flows are in the 
forward direction in both cases. 

 
Fig. 3 The geometry of (a) Cherenkov radiation and (b) reversed Cherenkov radiation. 

In the following section, we discuss THz radiation using the DNM. Here, we consider the 
general case of a charged particle traveling above the interface between vacuum and the DNM, as 
shown in Figure 4. The charge of the particle is denoted by q , the velocity by υ, and the distance 
from the particle to the boundary is denoted by d. The macroscopic effective material parameters 
of the DNM, its permittivity and permeability, are characterized by Drude and Lorentz models, 
respectively. In this case that the Cherenkov radiation condition is satisfied in the DNM, the 
surface wave (SW) is generated in vacuum and RCR is excited in the DNM. The detailed 
theoretical analysis is reported in [19]. Through the numerical computations, we find an 
interesting and important result that the SW is greatly enhanced relative to the normal media case, 
as shown in Figure [5].We note that the SW is characterized by the time-averaged Poynting 
vector, >< vdS and >< vnS  denote the amplitudes of the time-averaged Poynting vector at 

2/dx =  in the vacuum half for the present and the normal dielectric material cases, respectively. 
The physical mechanism for the enhancement is that this DNM can support a double-negative 
quasi transverse magnetic electromagnetic mode, i.e. RCR, which can resonantly interact with a 
charged particle. The enhanced RCR interacts with charges at the interface such that the surface 
wave generated by the charges at the interface is enhanced due to the coupling from RCR into 
SW.  
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Fig. 4 The directions of the time-averaged Poynting vector in the DNM and vacuum. Reprinted figure with 

permission from Ref. [19] by the American Institute of Physics. 

 
Fig. 5 Comparison of the amplitude of the surface wave between the present and the normal dielectric material cases. 

Reprinted figure with permission from Ref. [19] by the American Institute of Physics. 

Based on the previous work [19], in order to enhance the THz radiation, we employed a sheet 
beam bunch which passes in close proximity to and over a DNM and can excite THz surface 
wave (SW) and RCR in the DNM, as shown in Figure 6. Such coherent field addition occurs if 
the charged particles are compressed into a sheet beam bunch. Its dimensions are characterized 
by 

000 222 zyx ×× , and each dimension is less than the wavelength of some desired THz wave. For 
simplicity, the charged particles are assumed to be uniformly distributed within the sheet beam 
bunch and move along the z direction with a velocity υ . When the electron number increases, 
the amplitude of the SW at 2/dx −=  and the RCR quadratically increases. Due to the limit of the 
current density, one of the best ways to make the total current bigger is to increase the transverse 
dimension of a sheet beam, 02y . A paper based on this work was submitted for publication. 
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Fig. 6 The schematic of a sheet beam bunch moving with speed υ  in vacuum parallel to and over a half space filled 

with DNM.  

 

4. Further challenges 

There are several remaining technical problems in the design of practical THz DNM. The 
challenges in double-negative index bandwidth, periodicity of the unit cell, and material loss 
make THz DNM difficult to be applied in practice.  

The double-negative index bandwidth is mainly restricted by the folded frequency band of 
negative permittivity and negative permeability. During DNM design procedures, negative 
permeability plays a more important role than negative permittivity to affect the negative 
refractive index bandwidth because magnetic response is much more difficult to achieve in THz 
or higher frequencies compared to electric response. From Pendry et al.’s work [45, 46], we have 
known that the effective permeability is negative within the frequency range ω0

2<ω2 <ω0
2/(1-F) 

when the loss of metallic wire of SRRs is not considered here. To extend the working bandwidth 
of a single-band THz DNM, increasing the filling factor F and minimizing the fringe effect [35] 
may be good choices. It’s noticed that the negative refraction index will be shrunk or even 
disappear if the electric response is destroyed during optimizing the filling factor and fringe 
effect. Besides the approach above, designing dual-band [47, 48] or multi-band [49-51] THz 
DNM can also extend the negative refraction index bandwidth. 

The periodicity of the unit cell has to be much smaller than the wavelength of interest if we 
want to describe metamaterials as homogeneous materials. For the THz wave, it’s very difficult to 
design the metallic geometry in a deep subwavelength scale with economic and industrial 
fabrication method, such as shadow mask/etching techniques method. Increasing the effective 
capacitance, the effective inductance, and the permittivity in dielectric metamaterials are adopted 
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to overcome the difficulty in the periodicity of the unit cells [52, 53]. 

Among these aspects, material loss is the most important one. For the dielectric loss caused by 
substrate, we can choose a kind of low-loss substrate to reduce metamaterial loss. However, in 
high frequency band, i.e. THz or infrared range, ohmic loss, or metallic dispersion becomes 
dominant. The natural metallic materials follow the Drude model and are dispersive via 
frequency. At low frequency or microwave range, metallic material can be considered as a Perfect 
Electric Conductor (PEC). Therefore the ohmic loss introduced by metal is neglected. However 
when the frequency is up to Terahertz or infrared range, metals can only be treated as a lossy 
dielectric media, which will introduce lots of loss in the resonant loops. This will bring the 
possibility of destroying the double negative band. Figure 7 is an example to show this possibility. 
A metallic SRR-wire structure is simulated. The material of substrate is Polyimide with refractive 
index of 1.8. The loss of substrate is not considered here. Gold with the Drude model (the plasma 
frequency fp = 2.175e+15 Hz and the collision frequency vc = 6.5e+12 Hz [54]) was adopted in 
the simulation. Three cases of unit cell are designed, whose simulation results are given in Figure 
7 for a unit-cell dimension a = 100 µm, 5 µm and 1 µm. Thus each of the dimensions (Table. 1) 
defining the structure decreases as the unit cell becomes smaller. With frequency increasing, the 
increasing loss finally destroys the negative refractive index at 40 THz even though this DNM 
shows perfect negative index property at 0.4 THz. To overcome this problem, on one hand, 
materials with larger conductivity can be used. On the other hand, when the frequency increases 
further (100 THz or higher), the skin depth of the metal cannot be neglected. We therefore need 
to carefully consider the thickness of metallic wires in the metamaterial design and make sure it 
is larger than the skin depth of the metal. 
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Fig. 7 Top view (a) and side view (b) of the THz DNM unit cell. Dimensional information is enclosed in Table 1. (c) 

The refractive index for a = 100 µm, 5 µm, and 1 µm. 
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Tab. 1 Dimensional information of THz DNM unit cell in Fig. 7 (unit: µm). 

a L w g t tm Py 
100 80 1 20 5 0.5 26 
5 4 0.05 1 0.25 0.025 1.3 
1 0.8 0.01 0.2 0.05 0.005 0.26 

 

5. Conclusions  

In conclusion, we have summarized the current research status on the metamaterial, including 
its design, fabrication, and testing. Based on the DNM designed for TM waves, we reported an 
active DNM driven by charged particles. This DNM can support the enhanced THz radiation. 
This radiation has a remarkable advantage relative to that using ordinary media: the absolute 
values of the real part of the effective permittivity and permeability for the DNM can be freely 
manipulated to be significantly greater than one, resulting in the threshold particle velocity for 
the RCR generation being much smaller than the light speed in vacuum, thus a lower accelerating 
voltage can be used to produce intense THz radiation. 
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