
Reversed Cherenkov emission of terahertz waves 
from an ultrashort laser pulse in a sandwich 

structure with nonlinear core and left-handed 
cladding 

M. I. Bakunov,
1,2,*

 R. V. Mikhaylovskiy,
1
 S. B. Bodrov,

2,1
 and B. S. Luk'yanchuk

3
 

1University of Nizhny Novgorod, Nizhny Novgorod 603950, Russia 
2Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, 603950, Russia 

3Data Storage Institute, Agency for Science, Technology and Research, 117608 Singapore 
*bakunov@rf.unn.ru 

Abstract. We propose a scheme for an experimental verification of the re-
versed Cherenkov effect in left-handed media. The scheme uses optical-to-
terahertz conversion in a planar sandwichlike structure that consists of a 
nonlinear core cladded with a material that exhibits left-handedness at tera-
hertz frequencies. The focused into a line femtosecond laser pulse propa-
gates in the core and emits Cherenkov wedge of terahertz waves in the clad-
ding. We developed a theory that describes terahertz generation in such a 
structure and calculated spatial distribution of the generated terahertz field, 
its energy spectrum, and optical-to-terahertz conversion efficiency. The 
proposed structure can be a useful tool for characterization of the electro-
magnetic properties of metamaterials in the terahertz frequency range. 
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1. Introduction 

One of the most intriguing electromagnetic phenomena in left-handed (LH) media is the re-
versed Cherenkov effect. Predicted by Pafomov as early as 1959 [1] (see also the famous pa-
per by Veselago [2]), this effect started being studied in detail only recently. In Ref [3], Che-
renkov radiation from a point charge in an isotropic LH medium, whose permittivity and per-
meability were modeled by Lorentz formulas, was calculated. It was shown, in accord with 
the prediction of Pafomov and Veselago, that the radiation pattern presents lobes in the back-
ward direction – at the angles larger than 90° with respect to the charge velocity. In Ref [4], 
Cherenkov radiation of bulk and surface electromagnetic waves by a nonrelativistic electron 
bunch that moves above the surface of a model LH material was investigated. The effect of 
the LH material anisotropy on the spectral density and total radiated energy of reversed Che-
renkov radiation was studied for a point charge moving in an unbounded anisotropic LH me-
dium [5] and in a waveguide (partially) filled with such a medium [6,7]. In Ref [8], an indirect 
experimental observation of the reversed Cherenkov radiation from a beam of charged par-
ticles in a LH-medium-loaded waveguide was reported. In Ref [9], a waveguide with an array 
of slots was used to imitate the moving dipole, and backward radiation was detected after 
covering the array with a LH prism. Direct experimental verification of the reversed Cheren-
kov effect still remains a challenging problem [10]. 

In this paper we propose a feasible scheme for direct observation of the reversed Cheren-
kov radiation in the terahertz frequency range. To produce the Cherenkov radiation we pro-
pose to use an ultrashort laser pulse propagating in an electro-optic medium, rather than an 
electron bunch. The nonlinear polarization, produced by the pulse via nonlinear optical recti-
fication, moves with the optical group velocity and emits terahertz radiation very much like a 
relativistic dipole [11]. To achieve the regime of the reversed Cherenkov radiation, we pro-
pose to sandwich a thin (of ~10 − 100 µm thickness) layer of a strongly nonlinear material, 
such as LiNbO3, between two prisms made of a metamaterial exhibiting left-handedness in the 
terahertz frequency range (one of the prisms can be replaced by a substrate). To input the laser 
pulse into the structure, we propose to focus it by a cylindrical lens onto the facet of the nonli-
near core so that the light line would be parallel to the plane of the structure. The laser pulse 
propagates in the core as a mode of the dielectric slab waveguide and emits Cherenkov wedge 
of terahertz waves in the LH prisms. The prisms are properly cut to output the radiation to 
vacuum. A similar sandwich structure but with ordinary right-handed (Si) cladding was re-
cently proposed for highly efficient terahertz generation [12]. In Ref [13], using a Si-LiNbO3-
glass structure, 40 µJ, 50 fs Ti:sapphire laser pulses were converted into terahertz pulses of ~3 
THz bandwidth with a record efficiency of over 0.1%. 

Optical generation of the reversed Cherenkov radiation in the sandwich structure offers a 
number of advantages as compared to the schemes with electron bunches. First, the radiation 
power of Cherenkov radiation increases with its frequency; therefore, the terahertz frequency 
range is more fitted for detection than the microwave range. Second, focusing the pump laser 
beam into a line allows one to scale up the generated terahertz energy (using laser pulses with 
higher energy and increasing the length of the line in order to keep the laser intensity below 
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the damage threshold of the nonlinear core). Third, the radiation emitted by a line-source se-
tup forms two beams having nearly flat wave fronts, i.e., Cherenkov wedge, rather than Che-
renkov cone. The beams are linearly polarized with the electric field along the line source in 
the optimal case, as it will be shown below. This configuration fits well the typical design of 
metamaterials, for example, the dielectric rod-based metamaterial [14], unlike the rotational 
symmetry of the Cherenkov radiation from an electron bunch. And, finally, the optical-to-
terahertz conversion scheme does not require a vacuum. 

Below we develop a theory that describes terahertz generation in the sandwich structure 
with nonlinear core and isotropic LH cladding. We analyze the generated terahertz field, tera-
hertz spectrum, and conversion efficiency for a specific structure with LiNbO3 core and model 
Lorentz-type cladding pumped by Ti:sapphire laser (800 nm wavelength). 

2. Generation scheme and model 

The geometry of the structure and generation scheme are shown in Fig. 1. A thin layer (|x| < 
a/2, a ~10 − 100 µm) of a nonlinear material is sandwiched between two prisms (|x| > a/2) 
made of an isotropic metamaterial that exhibits negative permittivity and permeability at tera-
hertz frequencies. For example, an array of high dielectric constant rods arranged along the y-
axis can be used as a material of the prisms [14]. For the terahertz waves polarized along the 
y-axis and propagating in the x,z-plane such a metamaterial behaves as an isotropic medium. 
The pump laser pulse focused in the x-direction by a cylindrical lens is incident on the facet of 
the nonlinear core. The beam width in this direction is chosen to be ≈(0.2 − 0.3)a to optimize 
the excitation of the fundamental mode of the dielectric slab waveguide [12]. The laser pulse 
propagates in the + z-direction as the fundamental mode of the waveguide with the group ve-
locity V and emits reversed (at the frequencies where the prism's material is left-handed) and 
direct (at other frequencies) Cherenkov radiation into the prisms. To transmit efficiently the 
terahertz waves into vacuum, the prisms are cut at the angles α and β (Fig. 1), which are to be 
defined below. 
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Fig. 1. Generation scheme. An optical pulse focused to a line propagates in the nonlinear core 
of the sandwich structure and excites Cherenkov wedge of terahertz waves in the output LH 
prisms. The arrows show the Poynting vector of the direct (S)d) and reversed (S)r) components 
of the Cherenkov radiation. 

We use the same approximations as in Ref [12]. The structure, optical pulse, and terahertz 
fields are treated as two-dimensional [independent of y (Fig. 1)]. The optical pulse propagates 
in the core without distortions and has a Gaussian temporal envelope F(ξ) = exp(–ξ2/τ2), 
where ξ = t – z/V and τ is the pulse duration [the standard full-width at half maximum 

(FWHM) is τFWHM = 2 ln 2 1.7τ τ≈ ]. The dielectric slab waveguide is assumed to be over-
sized (a exceeds significantly the optical wavelength), therefore, the transverse intensity pro-
file of the fundamental mode can be approximated as G(x) = cos2(πx/a), |x| < a/2 and the ve-
locity V is defined practically only by the material dispersion of the core: V = c/ng, where ng is 
the optical group refractive index of the core and c is the velocity of light. Transient effects at 
the entrance and exit boundaries of the sandwich are neglected. 
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The nonlinear polarization produced by optical rectification of the laser pulse in the core 
(|x| < a/2) can be written in the Fourier domain as 

 NL ( ) ( ) ( ),F G xω ω=P pɶ ɶ  
2 2 4(2 )e ,F ω ττ π −=ɶ   (1) 

where ω is the Fourier variable (frequency), which corresponds to ξ, and ~ denotes quantities 
in the Fourier domain. We assume the optimal orientation of the amplitude vector p(ω) – 
along the y axis, i.e., for LiNbO3 core both the optical axis of LiNbO3 and the laser pulse pola-
rization are along the y axis. Such orientation of p(ω) provides, first, most efficient terahertz 
generation [12] and, second, an appropriate polarization of the terahertz waves (with electric 
Ey and magnetic Hx, Hz field components) for the dielectric rod-based metamaterial [14]. The 
absolute value of p(ω) is 2

0( ) ( )
eff

p d Eω ω= , where deff(ω) is the effective nonlinear coefficient 

of the core's material (deff = d33 for LiNbO3) and E0 is the maximum of the optical field 
envelope in the core. 

To find the terahertz radiation generated by the nonlinear polarization (1), we use Max-
well's equations written in the frequency domain (all formulas in the paper are in cgs units), 

 ,
i

c
ω

ω
µ∇ × = −E Hɶ ɶ  NL4

,
i i

c c
ω

ω π ω
ε∇ × = +H E Pɶ ɶ ɶ   (2) 

where the nabla operator ω∇  has components 1( ,0, )x i Vω −∂ ∂ −  and the complex permittivity 
ε(ω, x) and complex permeability µ(ω, x) in the terahertz range are εc(ω) and 1 in the core (|x 
|< a/2) and εp(ω) and µp(ω) in the prisms (|x| > a/2), respectively. 

For the permittivity and permeability of the metamaterial we use the generic forms [15] 

 
2 2

0

2 2
0

( ) 1 ,ep e

p

e ei

ω ω
ε ω

ω ω ωγ

−
= −

− −
 

2 2
0

2 2
0

( ) 1 ,mp m

p

m mi

ω ω
µ ω

ω ω ωγ

−
= −

− −
  (3) 

with the resonance frequencies ωe0 and ωm0, plasma frequencies ωep and ωmp, and damping 
rates γe and γm. Equations (3) are the standard Drude-Lorentz forms that are widely used for 
modeling of both metallic and dielectric metamaterials [3,4,15–17]. In particular, the effective 
permittivity and permeability of the dielectric-rod metamaterial exhibit the Lorentz-type re-
sonance and isotropic behavior [14]. 

3. General solution 

Projecting Eq. (2) into the coordinate system and eliminating 
x

Hɶ  and 
z

Hɶ  with use of 

 ,g

x y

n
H E

µ
= −ɶ ɶ  ,y

z

Ec
H

i xωµ

∂
= −

∂

ɶ
ɶ   (4) 

we obtain an equation for ,
y

Eɶ  

 
2

2
2

1 4
( ) ( ).y

y

E p
E F G x

x x c

πµω
µ κ ω

µ

 ∂∂
+ = −  ∂ ∂ 

ɶ
ɶ ɶ   (5) 

In Eq. (5), we introduced the transverse wave vector ( , )xκ ω  given by 

 2 2 2( ) [ ( , ) ( , ) ].
g

c x x nκ ω ε ω µ ω= −   (6) 

We solve Eq. (5) in the homogeneous regions |x| < a/2 and |x| > a/2 and match the solu-

tions by the boundary conditions of continuity of 
y

Eɶ  and 
z

Hɶ  that arise after integrating Eq. 

(5) across the boundaries at x =  ± a/2. 
We arrive at the following expressions for the electric field transform: 
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 2 1
2 3 1 [1 ( ) ] 2,cik a

p c p
C C C e κ κ µ− −= = −   (8b) 

 
2 22

1 4 2 2 2

2 ( )
,
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c ci a i a
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pF e e
C C

c a

κ κπω
κ κ π

−
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ɶ

  (8c) 

 2 21 1( ) ( ) .c ci a i a

p p c p p c
e e

κ κκ µ κ κ µ κ −− −Λ = + + −   (8d) 

The coefficient κp is κ taken with ε = εp and µ = µp and κc is κ taken with ε = εc and µ = 1 
[see Eq. (6)]. To ensure decay of the fields at x → ± ∞, Im κp should be taken negative for all 
frequencies. This also defines the sign of Re κp consistent with the condition of energy out-
flow from the core to x → ± ∞. 

It follows from Eqs. (7) and (8c) that the emission of terahertz waves to the prisms is 
symmetric, C1 = C4. 

To transform the solution (7)-(8) to the ξ domain we take inverse transform in the form 

 ( , ) ( , ) i

y yE x d E x e
ωξξ ω ω

∞

−∞

= ∫ ɶ   (9) 

and the same formulas used for the other fields. 
To find the terahertz energy emitted to the prisms from the unit area of the core-prism in-

terfaces, i.e., the terahertz fluence, we integrate the ± x-components of the Poynting vector 
( 4 )

x y z
S c E Hπ± = ±  at x =  ± a/2 over infinite interval -∞ < ξ < ∞. This yields the fluence in 

one of the ± x-directions, 

 
0

( ),W d wω ω
∞

= ∫   (10) 

where w(ω) is the spectral density of fluence, 

 2 2
1( ) ( ) | | Re ( ).

p p
w c Cω ω κ µ=   (11) 

The total terahertz fluence is 2W. 
We introduce the optical-to-terahertz conversion efficiency per unit length of the sandwich 

structure (along the z-axis) as 

 opt ,W Wη =   (12) 

where 1 2
opt 0 2W I aπ τ=  is the energy of the pump optical pulse per unit length along the y-

axis [ 2
0 0( 8 )

c
I cn Eπ= is the peak optical intensity and nc is the optical refractive index of the 

core]. 
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4. Results and discussion 

Let us now apply the general theory developed in Sec. 3 to a sandwich structure with LiNbO3 
core and metamaterial cladding [see Eq. (3)] pumped with Ti:sapphire laser (800 nm wave-
length). 

For LiNbO3, we use the parameters of 0.68 mol% Mg-doped stoichiometric LiNbO3 at 
room temperature, as in Ref [12]. The refractive index 1 2

LN Re
c

n ε= and amplitude absorption 

coefficient 1 2
LN ( ) Im

c
cβ ω ε=  of LiNbO3 in the terahertz range are approximated by the fol-

lowing formulas (ν is in THz): 2 4
LN 4.94  0.021  0.0012n ν ν= + +  [18] and 

1 2
LN[cm ] 24.83 12.68 15.91β ν ν− = − +  (fitting of the data of Ref [18].). The optical refractive 

index and group refractive index of LiNbO3 at 800 nm wavelength are nc = 2.16 and ng = 2.23, 
respectively [19]. The nonlinear coefficient of LiNbO3 is 

2 2 2 1
33 TO TO[pm/V] 25 158 |1 |d iω ω γω ω −= + × − −  with ωTO/(2π) = 7.68 THz and γ/(2π) = 0.1 

THz [20]. 
For the metamaterial, we set ωe0 = ωm0 = 2π × 1 THz, ωep = ωmp = 2π × 4 THz, and γe = γm 

= 2π × 0.01 THz in Eq. (3). Using the model with εp(ω) = µp(ω), like in Ref [3], simplifies the 
analysis without changing the characteristic features of the radiation. A brief discussion of the 
case εp(ω) ≠ µp(ω) will be given in the end of the section. Figure 2 shows the real and imagi-
nary parts of the refractive index 1/2( )

p p p p
n ε µ ε= =  as functions of ω. The condition of left-

handedness Re np < 0 is fulfilled in the frequency interval 1 < ω/(2π) < 4 THz. The conditions 
Re np > ng and Re np < −ng define the frequency intervals 0 < ω/(2π) < 1 THz and 1 < ω/(2π) < 
2.37 THz where the direct and reversed Cherenkov radiations, respectively, occur. In the vi-
cinity of the resonance, at ω/(2π) ≈1 THz, the radiation is suppressed by a large (negative) 
value of Im np. 
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Fig. 2. Real (solid) and imaginary (dashed) parts of np = εp = µp as functions of ω. 

Figure 3(a) shows the spatial distribution of the electric field Ey calculated numerically on 
the basis of Eqs. (7), (8), and (9) for a sandwich structure with a = 40 µm. The radiation pat-
tern in Fig. 3(a) is a superposition of the wavefronts corresponding to the direct [with fre-
quencies of 0 < ω/(2π) < 1 THz] and reversed [with frequencies of 1 < ω/(2π) < 2.37 THz] 
components of Cherenkov radiation. To get an insight into the radiation pattern, it is instruc-
tive to plot separately the wavefronts of the direct [Fig. 3(b)] and reversed [Fig. 3(c)] compo-
nents of the Cherenkov radiation. 
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Fig. 3. (a) Snapshot of the electric field Ey(x,z,t) at t = 0 produced in a sandwich structure with 
a = 40 µm by a Ti:sapphire laser pulse with duration τFWHM = 100 fs and peak intensity I0 = 40 
GW/cm2 (Wopt = 8.5 µJ/cm). The core boundaries are shown with the horizontal lines. (b,c) The 
components of the radiation pattern in the output prism corresponding to direct (b) and reversed 
(c) Cherenkov radiation. 

The radiation pattern of the direct component [Fig. 3(b)] resembles that for a Si-LiNbO3-Si 
structure [12]. The pattern in Fig. 3(b) is, however, affected by the dispersion of the metama-
terial prisms, contrary to practically dispersionless Si in Ref [12]. Indeed, in Fig. 3(b) the wa-
vefronts of partial plane waves with higher frequencies are oriented at smaller angles θ with 
respect to the z-axis, in accord with the formula tan [ Re ( )]

g p
n cθ ω κ ω=  [see also Fig. 4(a)]. 

The opening angle of the direct Cherenkov cone θd ≈8° corresponds to zero frequency, 
sin (0)

d g p
nθ ε=  with 2

0(0) ( ) 16
p ep e

ε ω ω= = . 

The radiation pattern of the reversed component of the Cherenkov radiation [Fig. 3(c)] dif-
fers significantly from the ones in Ref [12]. and in Fig. 3(b). The wavefronts of the reversed 
component are almost perpendicular to the Cherenkov cone [cf. Figure 3(b)]. This corres-
ponds to negative values of Re ( )

p
κ ω  in the formula for partial plane waves 

tan [ Re ( )]
g p

n cθ ω κ ω=  [see also Fig. 4(a)]. The radiation pattern as a whole moves with 

time along the z-axis with the optical pulse velocity. The component of this velocity along the 
normal to a wavefront, which determines the phase velocity of a partial plane wave, is di-
rected towards the z-axis, in accord with the predictions of Pafomov [1] and Veselago [2]. For 
the parameters used, the reversed component of the Cherenkov radiation has stronger fields 
than the direct component [cf. Figures 3(b) and (c)] and, as a result, it dominates in the total 
radiation pattern [Fig. 3(a)]. 

In the far field zone (at large ξ) integral (9) can be asymptotically evaluated using the sta-
tionary phase method [21]. The most informative for interpreting the radiation patterns in Fig. 
3 is the dependence of the stationary frequency ωs on the angle θ, a half-apex angle of a cone 
with its apex on the moving laser pulse ξ = 0 [21], 

 Re cot .
| |p

d V
V

d x

ξ
κ θ

ω
= =   (13) 

The dependence ωs(θ) is shown in Fig. 4(b). For the direct component of the Cherenkov 
radiation [0 < ω/(2π) < 1 THz], the dependence ωs(θ) is similar to ω(θ) in Fig. 4(a), i.e., ωs 
decreases with θ tending to zero at the maximal angle (the opening angle of the direct Cheren-
kov cone) θd ≈8°. For the reversed component of the Cherenkov radiation [ω/(2π) > 1 THz], 
the maximal angle θr, i.e., the opening angle of the reversed Cherenkov cone, is θr ≈10°, 
which agrees well with Fig. 3(c). For θ < θr, the function ωs(θ) is double-valued. The higher-
frequency branch defines the fine structure of the wavefronts in Fig. 3(c), whereas the lower-
frequency branch gives rise to the large-scale modulation of the radiation pattern visible in 
Fig. 3(c). 
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Fig. 4. The frequency ω of a partial plane wave (a) and the stationary frequency ωs (b) as func-
tions of θ. 

Completing the discussion of the radiation pattern, to output efficiently the direct and re-
versed components of the Cherenkov radiation to vacuum the metamaterial prism should be 
cut with its edges parallel to the wavefronts of the components, i.e., at α ≈20° – 60° (depend-
ing on the frequency to be outputted most efficiently) for the reversed component and β ≈8° 
for the direct component (Fig. 1). To specify the optimal angle α more accurately, one needs 
to calculate the spectrum of the reversed Cherenkov component and tune α to its maximal 
frequency. 
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Fig. 5. The spectral density of terahertz fluence 2πw[ω/(2π)] for different a (shown near the 
corresponding curves). The peak optical intensity is fixed to I0 = 40 GW/cm2 for all curves and 
τFWHM = 100 fs. 

Figure 5 shows the spectral density of terahertz fluence w(ω) calculated using Eq. (11) for 
different core thicknesses a and fixed peak optical intensity I0 (for convenience of practical 
use, we plot 2πw[ω/(2π)] rather than w(ω) in Fig. 5). For a ≈30 – 67 µm, w(ω) has a pro-
nounced peak in the frequency band of the reversed Cherenkov radiation 1 < ω/(2π) < 2.37 
THz; the thicker the core, the lower the peak's frequency. For a = 67 µm, the peak falls at 1 
THz. Due to strong resonant absorption in the prisms at 1 THz (Fig. 2) the peak will split ra-
pidly into two with distance from the core (similar splitting at 1 THz will be experienced by 
the wings of the other curves in Fig. 5). For a > 67 µm, the peak shifts to the frequency band 
of the direct Cherenkov radiation 0 < ω/(2π) < 1 THz and, for a > 150 µm, it quits the tera-
hertz frequency range. For a < 30 µm, the spectrum exhibits no peaks. For 30 < a < 150 µm, 
the height of the peak varies with a only slightly. Mathematically, the peak in the spectrum 
appears due to the factor |Λ(ω)|−2 in Eq. (11). From the physical point of view, the existence of 
the peak can be attributed to constructive interference of the terahertz waves emitted from the 
core directly and after multiple reflections at the core-prism boundaries. For a < 30 µm, the 
peak falls into the frequency band ω/(2π) > 2.37 THz, where Cherenkov radiation is prohi-
bited (Fig. 2), and the contribution of |Λ(ω)|−2 into w(ω) is suppressed by the factor 
Re( ),

p p
κ µ  which is negligible in this frequency band. If we fix the optical pulse energy 

#120926 - $15.00 USD Received 3 Dec 2009; revised 24 Dec 2009; accepted 4 Jan 2010; published 14 Jan 2010

(C) 2010 OSA 18 January 2010 / Vol. 18,  No. 2 / OPTICS EXPRESS  1691



Wopt, rather than the intensity I0, the peak will decrease with increasing a due to decrease of I0 
and, therefore, of p in Eq. (11). 

Let us now calculate the terahertz fluence and optical-to-terahertz conversion efficiency 
per unit length of the structure. Dividing the integration range in Eq. (10) into two intervals 0 
< ω/(2π) < 1 THz and 1 < ω/(2π) < 2.37 THz [w(ω) is negligible at ω/(2π) > 2.37 THz] we 
represent the total terahertz fluence W as a sum of the fluences provided by the direct (Wd) and 
reversed (Wr) components of the Cherenkov radiation: W = Wd + Wr. Correspondingly, the 
efficiency η can be written as a sum of efficiencies η = ηd + ηr with ηd = Wd/Wopt and ηr = 
Wr/Wopt [see Eq. (12)]. 

Figure 6 shows the terahertz fluences Wr [Fig. 6(a)] and Wd [Fig. 6(b)], evaluated using 
Eqs. (10) and (11), as functions of a and τFWHM for the fixed peak optical intensity I0 = 40 
GW/cm2. According to Fig. 6(a), the fluence Wr has a broad maximum with Wr ≈50 – 60 
nJ/cm at a ≈40 – 60 µm (this agrees with Fig. 5) and τFWHM ≈200 – 400 fs. In this range of the 
parameters, Wd < Wr [Fig. 6(b)]. For a > 65 µm, Wd dominates over Wr; maximal Wd is 
reached at a value of a that increases from 75 to 110 µm with increasing τFWHM from 100 to 
500 fs, respectively. 
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Fig. 6. The terahertz fluences (a) Wr and (b) Wd as functions of a and τFWHM for the fixed peak 
optical intensity I0 = 40 GW/cm2. 

Figure 7 shows the conversion efficiencies ηr [Fig. 7(a)] and ηd [Fig. 7(b)], evaluated using 
Eqs. (10), (11), and (12), as functions of a and τFWHM for the fixed energy of the optical pulse 
Wopt = 8.5 µJ/cm. Both efficiencies ηr and ηd decrease with increasing τFWHM due to a decrease 
in the peak optical intensity I0 and, therefore, in p. For a given τFWHM, there is a narrow inter-
val of a around a ≈30 µm (for example, 28 < a < 32 µm for τFWHM = 100 fs), where ηr reaches 
a maximum and significantly exceeds ηd. This interval shrinks to a ≈30 µm with increasing 
τFWHM [Fig. 7(a)]. According to Fig. 7(a), even for a moderate peak optical intensity of I0 ≈50 
GW/cm2 (Wopt = 8.5 µJ/cm, τFWHM = 100 fs, and a = 30 µm), the efficiency ηr can be as high as 
ηr ≈0.005 cm–1. A boost of ηr and ηd at a ≈10 µm can be explained by a growth of I0 with de-
creasing a. For a ≈10 µm, the generated terahertz spectrum exhibits no peaks, it becomes flat 
in the frequency band of 0.5 < ω/(2π) < 2 THz. However, so thin cores are inconvenient for 
practical use because of difficulties with focusing the pump laser beam onto the core facet. 
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Fig. 7. The conversion efficiencies (a) ηr and (b) ηd as functions of a and τFWHM for the fixed 
optical pulse energy Wopt = 8.5 µJ/cm. 

Let us discuss briefly the case εp(ω) ≠ µp(ω). Assuming for definiteness that the characte-
ristic frequencies in Eq. (3) are ωm0/(2π) = 1 THz, ωe0/(2π) = 2 THz, ωmp/(2π) = 4 THz, and 
ωep/(2π) = 5 THz, we obtain that a stop band 1 < ω/(2π) < 2 THz, where Re εp > 0 and Re µp < 
0, appears between the frequency bands of the direct [0 < ω/(2π) < 1 THz] and reversed [2 < 
ω/(2π) < 2.8 THz] Cherenkov radiation. For a < 40 µm, the spectral density w(ω) is concen-
trated mainly in the frequency band of the reversed radiation, reaching maximum values at a 
≈20 – 30 µm (for a fixed peak optical intensity). In the frequency band of the direct radiation, 
w(ω) becomes noticeable for a > 40 µm. For another set of characteristic frequencies ωm0/(2π) 
= 2 THz, ωe0/(2π) = 1 THz, ωmp/(2π) = 5 THz, and ωep/(2π) = 4 THz, the frequency bands of 
the direct/reversed radiation and the stop band remain the same as in the previous example but 
distribution of w(ω) between the frequency bands becomes somewhat different. Whereas the 
reversed radiation is maximized at the same value of a ≈30 µm, w(ω) in the frequency band of 
the direct radiation is now considerable in the wide range of a, i.e., for a > 10 µm, and domi-
nates over the reversed radiation for a > 35 µm. For both sets of the characteristic frequencies 
the radiation patterns remain qualitatively similar to Fig. 3(a). 

5. Conclusion 

To conclude, we have proposed a scheme for experimental verification of the reversed Che-
renkov effect. This scheme uses emission of terahertz waves by optical rectification of the 
femtosecond laser pulse propagating in a sandwichlike structure with nonlinear core and LH 
cladding. The scheme offers a number of advantages as compared to the schemes with elec-
tron bunches: (i) exploiting the terahertz frequency range instead of microwaves increases the 
radiation power, (ii) focusing the pump laser beam into a line allows one to scale up the gen-
erated terahertz energy and (iii) forms more convenient for practical implementation Cheren-
kov wedge, rather than Cherenkov cone, (iv) the generated spectrum can be tuned by chang-
ing the thickness of the nonlinear core, and (v) the scheme does not require a vacuum. A 
proper cutting of the output metamaterial prism allows one to output the direct and reversed 
components of the Cherenkov radiation in separate (almost perpendicular) directions. 

To demonstrate the efficiency of the scheme, we developed a theory that describes Che-
renkov radiation in a sandwich structure with LH cladding. The theory allows one to calculate 
spatial distribution of the generated terahertz field, terahertz energy spectrum, and optical-to-
terahertz conversion efficiency. 

Applying the developed theory to a structure with LiNbO3 core and cladding made of a 
metamaterial with Lorentzian dielectric permittivity and permeability we predicted the inter-
nal conversion efficiency into the reversed component of Cherenkov radiation of up to 0.5% 
in a 1 cm long and 1 cm wide structure with a 30 µm thick core pumped by Ti:sapphire laser 
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with ~100 fs pulse duration and 8.5 µJ pulse energy. The generated frequency spectrum has a 
peak of ~0.4 THz width at ~2 THz. 

The proposed structure can be a useful tool for characterization of the electromagnetic 
properties of metamaterials in the terahertz frequency range. 
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