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Fig. 1. (a) Schematic of CR. An electron passes through a dielectric medium at a speed (v) greater than the phase velocity of light

(¢/n)%; (b) schematic of SPR. The evanescent field surrounding the electron is scattered into free space by a periodic grating!*.
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Fig. 2. (a) Diagram of wave-vector matching for CR generation in the isotropic material. Fast electrons (e ) (dashed green arrow)

can satisfy the wave-vector matching condition with two photonic states k; and %k in the considered plane, and thereby emit CR. In

contrast, slow electrons (solid red arrow) can not excite photonic states to satisfy the matching condition; (b) diagram of wave-vec-

tor matching for CR generation in the hyperbolic metamaterial. Slow electrons (solid red arrow) can emit CR; (c) hyperbolic

metamaterial formed by a stack of metal and dielectric slabs. Reproduced from Ref. [48] with k, and k, redefined in (a), (b) and the

coordinates marked in (c).
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Fig. 3. (a) Schematic of the integrated CR emitter and scanning electron microscopy images. The planar Mo electrodes is on the top

surface of the emitter. The hyperbolic metamaterial in the middle is formed by alternating Au and SiO, films. The plasmonic nanos-

lits under the emitter are used to couple the CR in the hyperbolic metamaterial to free space; (b) numerical simulation of CR (elec-

tric field E,) with electron energy of 0.1 keV when \; = 800 nm; (c) optical output power of the chip with cathode-anode voltage

Vo varying from 0.25 to 1.4 kV; (d) spectra of output light with different plasmonic nanoslit period of Pg;. Extracted from Ref. [49].
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Fig. 4. (a) Measured surface plasmon resonance for various materials across the electromagnetic spectrum from terahertz to EUV;

(b) schematic showing the &~EELS technique for measuring the photonic band structure of silicon; (c) the photonic band structure
of 60 nm thick silicon films. It shows evidence of the SP of silicon in the EUV; (d) schematic of thresholdless CR in the EUV
excited in a hyperbolic metamaterial composed of Si and SiO, multilayer stack. Extracted from Ref. [53].
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Fig. 5. (a) Schematic of the experimental configuration used
to demonstrate backward CR and the photographic image
of the negative index metamaterials; (b) the top and side
view of the negative index metamaterials; (c) spectra of the
radiation power in each angle in the negative band (solid
line) and positive band (dashed line). (a) is extracted from
Ref. [69]. (b), (c) are extracted from Ref. [68].
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Fig. 6. (a) Schematic diagram of the constructed structure
interacting with a single sheet electron beam bunch travel-
ling along the +z direction; (b) dispersion curves character-
ized by frequency versus phase advance. The dispersion
curve of the negative metamaterial is obtained by model
calculation and high frequency structure simulator (HFSS)
simulation; (¢) measured power spectral densities of the re-
versed Cherenkov radiation and its reflection signals at
ports 2 and 1. Extracted from Ref. [70] with “Ports 2” and
“Port 1”7 marked in (a).
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(¢), (d) transmission results with different angles of incidence and structural asymmetries. The four sharp dips represent the excita-

tion of the Fano resonance by capturing the p-polarized incident wave. Extracted from Ref. [77].

154103-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 69, No. 15 (2020)

154103

a/2

+“—>
-
a

z

SiOQ I—} x

Y
(b)
BIC-enhanced
smith-purcell ~ %
10-1} radiation

o

|

g

B

T 10-*

>

)

~

<

~

=

I

Clg 10-7t

>

=

3

I}

Q

2

A 10710

1013 L L L
0.2 0.4 0.6
B

()

(e) 108

107 &
6 L
o 10

100 ¢

104 3 1 1
0.20 0.21 0.22 0.23
h/p

S (o) I Hh AT SN % B 1 (b) o 245 505 T 7 ] s 0 46 A58, BIC IR 0 SPR A8 B LA 3 38
(c) 1 e A SR i A TG MR B (d) 00— AR T A O B 6012 59 3 8 R, 358 B SR AL |, 195181 (o) JEdRAR
o BRI T Q BEDCHEIRE h AR5 (o), (b) P31 SR [79]: (c)— (o) P31 4 Sk [78]

Fig. 8. (a) Schematic of free electrons flying over a silicon-on-insulator grating; (b) emission probability at a given frequency for dif-

ferent electron velocities, and strongly enhanced SPR near the BIC; (c) schematic of the normal impinging of a propagating plane

wave upon a double silicon grating; (d) specular reflection coefficient R as a function of normalized frequency. Inset: the profile of

|H,| at resonant frequency. (e) @ factor at f; as a function of the distance h. (a), (b) are extracted from Ref. [79]. (c)—(e) are extrac-

ted from Ref. [78].
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Fig. 9. (a) Schematic of the SPR produced by the interaction of free electrons and a Babinet metasurface. The uniform sheet of free
electrons moves closely parallel to the metasurface along the +x axis; (b), (c) the structures of C-aperture and C-ring metasurfaces,

and the electric field distributions of SPR generated via the interaction with free electrons. Extracted from Ref. [93].
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Abstract

Cherenkov radiation (CR) is an electromagnetic radiation emitted by charged particles traveling through a
dielectric medium at a speed faster than the phase velocity of light. CR plays an important role in the fields of
particle detection, biomedicine and electromagnetic-radiation source. Recently, metamaterials demonstrate their
novel mechanical, acoustic, and optical properties by delicately designing the structures and materials. In
metamaterials, the electromagnetic properties, such as wave propagation, coupling, and radiation, could be
flexibly manipulated. Thus, it is expected that the combination of vacuum electronics and micro- & nano-
photonics would result in numerous novel phenomena and effects by having free electrons interacting with
metamaterials. In this paper, we firstly review the concept and generation mechanism of CR. Then, recent
research advances in the CR generation by using different types of metamaterials are reviewed, including
threshold-less CR in hyperbolic metamaterials, reverse CR in negative metamaterials, CR lasing based on high
Q-factor metamaterials and Smith-Purcell radiation manipulation with metasurfaces. The unique characteristics
and interesting mechanisms of CR based on these metamaterials are elaborated. The research and development
of interaction between free electrons and various metamaterials open up possibilities for realizing novel

integrated free-electron devices.
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