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Fig. 1. Physical depiction of the interaction among the electron, photon, and the evanescent field®), and the picture of experimental
set-upl?l. (a) A frame when the electron packet arrives at the nanotube before the femtosecond laser pulse (¢ < 0), no spatial-tem-
poral overlap has yet occurred. (b) The precise moment when the electron packet, femtosecond laser pulse, and evanescent field are
at maximum overlap at the carbon nanotube. (c) Illustration of the process during and immediately after the interaction (¢t > 0)
when the electron gains/loses energy equal to integer multiples of femtosecond laser photons. Inset, the possible final energies in the

continuum due to the free-free transitions between the imaging electron and the photons in the femtosecond laser pulse. KE, kinetic
energy. (d) Photograph of the UTEM.
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Fig. 2. Schematic and principles of coherent inelastic electron scattering by optical near-fields”: (a) Experimental scheme; (b) ras-
ter-scanned image of the energy cutoff in the inelastic electron scattering spectra; (c) incident kinetic energy spectrum (full-width at
half-maximum, 0.7 eV ) centered at Eo = 120 keV ; (d) energy level diagram of ladder states, arrows indicate sequential multistate

population transfer (type I) and interfering quantum paths (type II); (e) example of kinetic energy spectrum after the near-field in-

teraction.
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Fig. 3. Electron-photon entanglement patterns®: (a) When the cavity is in a vacuum state; (b) rich entanglement features for an

initial coherent state |a) = |3) in the cavity; (c) weak coupling and highly populated cavity (gqou = 0.25, |a) =| 10)).
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Fig. 4. (a) Universal classification of light-matter interac-
tion regimes in terms of the initial parameters of the
quantum electron wave function: its minimal axial waist
size 0., and the pre-interaction drift length from this
point, Lp. (b) —(e) Ilustrations of PINEM, acceleration,
and APINEM processes in phase-space representation be-
fore (broken-line ellipses) and after (positive, red and yel-
low; negative, blue) interaction and their energy (mo-
mentum) distributions. The initial distributions W0 of
the QEW of area h/2 are overlaid over a grid of area h
(Planck constant) tiles: PINEM case, the initial distribu-
tion is temporally (or longitudinally) expanded, and its en-
ergy spread is narrow: (b) unchirped; (c) prechirped; (d) par-
ticle-like acceleration with net momentum shift for an ini-
tially temporally short QEW with well-defined phase; (e) API-
NEM case. Expanded and strongly prechirped initial QEW,

with quantum interference fringes emerging!™.
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Fig. 5. (a) A periodically modulated electron pulse struc-
ture evolved into attosecond pulse (electron density) as a
function of the propagation distance after the near-field in-
teraction (numerical simulation for |g| = 5.7); (b) phase
space (Wigner) representation of one period of the light-
modulated electron quantum state at the temporal focus
position (propagation distance of 1.8 mm in panel (a)); (c)
momentum projection of Wigner function exhibiting spec-
tral modulations as observed in the experiments; (d) cent-
ral part of spatial projection. A peak with a duration of
only 82as (FWHM) is produced®”.
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Fig. 6. (a) Working principle of the Ramsey-type free electron interferometer: an electron pulse (green) is acted on at two spatially

separated nodes g1 and ga2; (b) scanning electron micrographs of the nanostructure featuring two interaction zones (top and side

view), distance between gold paddles is 5 um; (c) sketch of the experimental scenario displaying polarization-controlled excitation of

the nanostructure; (d) raster-scanned image of the local coupling strength |git| for excitation conditions near complete recompres-

sion in the corner region!™,
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Fig. 7. Simulation of attosecond temporal reshaping a simu-
lated spectrogram assuming: (a) Energy spectrum obtained
by simulation, including a small timing jitter of 80 as (3%
of the optical period); (b) corresponding Wigner function;
(c) temporal projection of the Wigner function exhibits
density modulations with a FWHM pulse duration of
531 as (after baseline subtraction, rms pulse duration:
296 as ); (d) corresponding electron energy spectrum (mo-

mentum projection) 73,
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Fig. 8. Experimental demonstration of attosecond electron pulse trains: (a) Sketch of the experimental set-up employing two graph-
ite flakes for the preparation (upper plane) and characterization (lower plane) of attosecond electron pulse trains, and the inset is
photograph showing the custom-built TEM sample holder; (b) experimental spectrogram recorded over multiple optical cycles (top)
and close-up of two cycles (bottom); (c) reconstructed Wigner function; (d) temporal projection of the Wigner function exhibits

density modulations with a FWHM of 655 as (after subtraction of a baseline indicated by the grey-shaded area; r.m.s. pulse dura-
[78]

tion of 277 as ); (e) corresponding electron energy spectrum (momentum projection)
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Fig. 9. Visualization of propagating surface-plasmon polaritons: (a) Schematic representation of the generation of surface plasmon
polaritons by optical illumination at the edge of a nanocavity carved in the Ag layer; (b) experimentally measured energy-filtered
image for a sample orientation such to have a vanishing electron-light interaction; (c) experimentally measured energy-filtered im-
age for a sample orientation such to have a non-negligible electron-light interaction. Only in the latter configuration a position-de-

pendent interference of the propagating light and SPP fields as mediated by the electron beam occurs giving rise to a spatially oscil-

lating field amplitude that can be imaged in real-spacel'),

(a) Electrons
Light, o %

!

20,

. z SizNy
Time J (30 nm)

Electron

*“~ energy-

momentum
analyser

(b) Electrons

Near field SPP
'TEM'”Q
images

10 (a) SEd ARR A, (b) 3R 54 Bk 7R 2 A
(c) M F-SPP #HEAE 5 St B ol 7 i & ) 3 A, L
BIR Sy 2 um; (d) FH SCH TR A 24 00 28 7 A B T Y
S 3 [A] LT 8 40 A, LUK 2 pm ; () FDTD #4015 51
SRR 2 A R AR LI (LR 1 pm )9

Fig. 10. (a) Schematic representation of the experimental
geometry; (b) schematic representation of the non-local
holographic method; (c) experimentally measured spatial
distribution of the inelastically scattered electrons following
the electron-plasmon interaction, scale bar, 2 um; (d) calcu-
lated real-space electron intensity distribution using the
semi-analytical theory detailed in the text (scale bar, 2 pm);
(e) simulated phase map of the z component of the total
electric field at the interface obtained from FDTD simula-
tions (scale bar, 1 pm)®.
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Fig. 11. (a) The UTEM setup offers five degrees of freedom to measure the interactions. (b)—(d) Reconstruction of band structure
and direct imaging of the Bloch modes of the photonic crystal: (b) Band structure measured by scanning over incident laser angles
and wavelengths; (c) layout of the photonic crystal and incident pump laser pulse; (d) Bloch modes of the photonic crystal meas-

ured at the angles and wavelengths marked in panel (b). Scale bar, 300 nm 5.
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Fig. 12. Direct observation of two dimensional (2D) polariton wave packets using UTEMP?: (a) Experimental setup and the process;
(b) dispersion relation of the sample; (c) free electron probing the (TM polarized) propagating PhP wave packet inside the hBN,
and the insets show EELS spectra with the laser on (left) and off (right); (d) measurement of the energy-filtered electrons for differ-
ent time delays 74 showing the propagation dynamics of the PhP wave packe.
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Fig. 14. Measuring the electron density matrix through self-interferencel’”: (a) Sketch of an experimental arrangement to explore
electron auto-correlation by means of a beam splitter and different lengths (z and 2z’) along the two electron paths before recom-
bination at the detection region; (b)—(i) real (left panels) and imaginary (right panels) parts of the electron density matrix as a
function of shifted times 7 and 7’ for different statistics of the PINEM light.
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Fig. 15. A silicon-photonics device integrated in an electron microscope provides efficient electron interactions with CW light, en-
abling the detection of the quantum photon statistics!*”: (a) CW modulation of electron wave functions in transmission electron mi-
croscopy; (b) silicon-photonic nanostructure (scanning electron microscope image), consisting of a Bragg mirror and a periodic chan-
nel; (c) electron energy spectrum after the interaction with two types of light states: coherent and thermal; (d) corresponding
photon statistics reconstructed from the measured spectra.
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Fig. 16. Free-electron-light interactions imprint the quantum photon statistics on the electron energy spectra, demonstrating the
transition from quantum walk to classical random walk of a free electron*”:: (a) Electron walker performs consecutive interactions
with the photons; (b) electron walker theory exactly matches with the Q-PINEM theory; lectron energy spectra for (c) coherent and

(d) thermal states evolving with the electric field amplitude.
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SPECIAL TOPIC—Attosecond physics

Relativistic free electrons based quantum physics”
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Abstract

The light-matter interaction is one of the fundamental research fields in physics. The electron is the first
discovered elementary particle that makes up matter. Therefore, the interaction between electron and light field
has long been the research interest of physicists. Electrons are divided into two kinds, i.e. bounded electrons and
free electrons. The quantum transition of bounded electron system is constrained by the selection rules with the
discrete energy levels, while the free electron systems are not. In the last decade, the experiments of photon-
induced near-field electron microscopy (PINEM) have been demonstrated. The experimental setup of PINEM is
based on ultrafast electron transmission microscopy (UTEM). The thoeritcal framworks have also been
developed to describe the interaction between quantum free electrons and optical fields. Within macroscopic
quantum electrodynamics, the concept of photon is extended to photonic quasi-particles. Solutions of maxwell's
equations in medium that satisfy certain boundary conditions are called photonic quasiparticles, such as surface
plasmon polaritons, phonon polaritons, or even magnetic field. The different dispersion relations of photonic
quasi-particles produce abundant phenomena in the interaction between light and matter. The underlying
information about the PINEM interaction can be inferred from the electron energy loss spectrum (EELS). It has
been used for implementing the near-field imaging in its infancy. By now it is capable of not only realizing time-
resolved dynamic imaging, reconstructing the dispersion relation of photonics crystal and its Bloch mode, but
also measuring the mode lifetime directly. The PINEM has also been used to study free electron wavepacket
reshaping, free electron comb, free electron attosecond pulse train, etc. Recently, this field has entered into the
era of quantum optics, and people use PINEM to study novel phenomena in quantum optics, such as
entanglement between free electrons and cavity photons, entanglement between free electrons and free electrons,
free electron qubits, and preparation of novel light quantum states. In this paper, the theoretical and
experimental development of free-electron quantum physics are reviewed. We have disscussed the application

scenarios of quantum free electron system. The current difficulties and future development are envisaged.

Keywords: photon-induced near field electron microscopy, free electron, quantum optics, time-resolved

imaging

PACS: 42.50.Hz, 03.65.—w, 41.75.Fr, 42.50.—p DOI: 10.7498 /aps.71.20221289

* Project supported by the Key R&D Program of China (Grant No. 2022YFA1604301) and the National Natural Science
Foundation of China (Grant Nos. 92050201, 92250306).

1 Corresponding author. E-mail: yunquan.liu@pku.edu.cn

233302-23


http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acs.nanolett.0c00538
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1021/acsphotonics.0c00326
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1103/PhysRevLett.125.080401
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.1126/science.abj2451
http://doi.org/10.7498/aps.71.20221289
http://doi.org/10.7498/aps.71.20221289
mailto:yunquan.liu@pku.edu.cn
mailto:yunquan.liu@pku.edu.cn
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ETHXNREBEFRETFHE
Fi Nizk
Relativistic free electrons based quantum physics

LiJing  Liu Yun-Quan

515 &, Citation: Acta Physica Sinica, 71, 233302 (2022) DOI: 10.7498/aps.71.20221289
TEZE 7)1 View online: https:/doi.org/10.7498/aps.71.20221289
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

R T R S B R R
Novel superconducting qubits and quantum physics

WIFEAEA. 2018, 67(22): 228501  https://doi.org/10.7498/aps.67.20180845

— 2 A A M AR TP AR VAR R M S A DR
Modulation of topological phase transitions and topological quantum states in one—dimensional superconducting transmission line

cavities lattice

PPz, 2022, 71(19): 194203 https:/doi.org/10.7498/aps.71.20220675

ST RIPRBOE T Ak A OLTH ME R BRI

Simulation and detection of the topological properties of phonon—photon in frequency—tunable optomechanical lattice

YrH2E 4. 2022, 71(22): 224202  https://doi.org/10.7498/aps.71.20221286

SR R A GO CET TP LR R SEER ST

Experimental investigation of transmission characteristics of continuous variable entangled state over optical fibers

YIER2A 4. 2018, 67(2): 024203 hitps://doi.org/10.7498/aps.67.20171542

FEEL.34 o E4E G S5 £

Generation of audio—band frequency squeezed light at 1.34 pm
YAz, 2018, 67(17): 174203 https://doi.org/10.7498/aps.67.20180301

TREINHOEE AT T W B OR Y = 70 BER B0 1R

High resolution imaging based on photo—emission electron microscopy excited by deep ultraviolet laser

WAL 2020, 69(9): 096801  hitps://doi.org/10.7498/aps.69.20200083


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.71.20221289
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20180845
https://doi.org/10.7498/aps.71.20220675
https://doi.org/10.7498/aps.71.20221286
https://doi.org/10.7498/aps.67.20171542
https://doi.org/10.7498/aps.67.20180301
https://doi.org/10.7498/aps.69.20200083

