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(a) and corresponding double-barrier curve (b)
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Abstract

Objective  Photonic tunneling can be regarded as an optical analog for the quantum-mechanical barrier penetration of
material particles. As the photon field has no charge and is not subject to the Pauli exclusion principle, some physical
problems (such as tunneling time) become easier to study through photonic quantum tunneling, arousing great interest in
the study of the quantum tunneling effect of photons. However, up to now, the quantum resonance tunneling phenomena
of photons through a double-barrier have not been studied thoroughly. Photons in a state of quantum tunneling correspond
to evanescent waves (i.e., surface plasmon polaritons) that are the core concept of nanooptics. Thus, research on photonic
resonance tunneling can reveal new physical laws in nanooptics and has potential application value in optical devices (such
as optical sensors and optical transistors). Therefore, it is necessary to develop a systematic theory of photonic resonance
tunneling through a double-barrier. The application of the resonance tunneling effect of photons in the design of pulse and

phase laser ranging systems is an important subject worth studying.

Methods A photonic double-barrier structure is formed by a rectangular waveguide with dielectric discontinuities (Fig. 1).
Seeing that the electromagnetic waves propagating along the waveguide satisfy the Helmholtz equation and can be
expanded as a superposition of the waveguide modes transverse electric (TE) and transverse magnetic (TM), one can take
the TE,, mode as an example. In this case, the electric field component and its first derivative for z are continuous at the
boundaries between the two different media inside the waveguide, based on which and using the concept of the Poynting
vector one can obtain the quantum tunneling probability formula of photons through the double-barrier. By employing the
analytic method and numerical simulation, we can obtain the physical conditions required for the resonance penetration
effect of propagating-wave and evanescent-wave photons, respectively. In addition, we can clarify the dependence of the
tunneling probability on the geometric size of the double-barrier, the refractive index of the filling medium, and the photon
frequency. The parameters in the tunneling probability expression of photons through the double-barrier are related to each
other. As a result, the parameter design makes it easy to make a mistake in the numerical analysis, which can be overcome
by resorting to the original definitions of these parameters. To explore the potential application of the quantum resonance

tunneling effect of photons in optical devices, we provide two new designs for the receivers of pulse and phase laser ranging
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systems (Figs. 6 and 7). To be specific, the double-barrier structure shown in Fig. 1 is placed in the receiving device of the
laser ranging system. Its geometric sizes and the refractive index of the filling media are designed so that the resonant

tunneling frequency is equal to the center frequency of the output signal of the laser ranging system.

Results and Discussions The quantum tunneling probability of evanescent-wave photons through the double-barrier is
given by Eq. (7), and in this case, the double-barrier corresponds to the two cut-off waveguides. The quantum tunneling
probability of propagating-wave photons through the double-barrier is given by Eq. (9), and the double-barrier is formed by
two normal-sized waveguides. Both Eq. (7) and Eq. (9) show that there are resonant penetration effects, namely that, the
tunneling probability can be equal to one and photons can pass through the double-barrier completely. The resonant
tunneling conditions of evanescent-wave photons are presented in Eq. (10), while the resonant penetration conditions of
propagating-wave photons are provided in Eq. (11) or Eq. (12). The numerical simulation results are given in Figs. 2-5,
where the tunneling probability curves containing resonance peaks show that their full widths at half maximum decrease
sharply with the variation of parameters (such as the barrier width, the refractive index of the filling medium, and the
photon frequency). In particular, when the double-barrier is formed by two cut-off waveguides, a tiny change in frequency
or the structure parameters of the double-barrier can make a huge impact on the tunneling probability of photons. As for the
laser ranging systems shown by Figs. 6 and 7, the resonant frequency is equal to the center frequency of the output signal.
Since the frequency of the echo signal reflected by a static target is basically unchanged, the echo signal can smoothly pass
through the double-barrier and enter the next module to complete the timing or phase measurement. Other light waves from
the environment, with frequencies usually different from the working frequency of the laser ranging system, will be filtered
out by the double-barrier structure. Thus, the received echo signal can be guaranteed to be true. On the other hand, the
laser pulse has a non-zero spectral width (there is a frequency distribution around its central frequency). The closer the
frequency of a component in the pulse is to the center frequency, the more likely it is to pass through the double-barrier.
Therefore, when the echo signal passes through the double-barrier structure, its spectrum becomes narrowed, and its
monochromaticity is enhanced. When the object to be measured is a moving object, the influence of the Doppler effect on

this design is typically negligible.

Conclusions A photonic double-barrier can be constructed via an electromagnetic waveguide with dielectric
discontinuities. For a given frequency, by choosing appropriate parameters, the tunneling probability of photons through
the double-barrier structure can be equal to one (resonant penetration effect). When the resonance phenomenon occurs, a
small change in the frequency or structural parameters of the double-barrier can significantly influence the tunneling
probability of photons through the double-barrier. These physical properties may provide some new-type design principles
for some optical devices, such as band-pass filters, optical sensors, and optical transistors. Especially, it can present a new
design for the receiving device of a laser ranging system, which is conducive to ruling out spurious returning signals and

enhancing the monochromaticity of the true returning signals.

Key words quantum optics; electromagnetic waveguide; quantum tunneling; photonic double-barrier; resonant

penetration; laser ranging

0827001-9



	2　光子穿过双势垒时的量子共振穿透现象研究
	2.1　由非连续波导形成的双势垒模型
	2.2　光子穿过双势垒时的量子贯穿概率公式
	2.3　光子穿过双势垒时的共振穿透条件
	2.4　光子的双势垒穿透概率对于几种关键参数的关系曲线

	3　光子共振隧穿效应的应用初探
	3.1　光子共振隧穿的物理特性在光子器件中的潜在应用：初步设想
	3.2　光子共振隧穿效应在激光测距系统设计中的应用实例


