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Nanophotonics = molding the flow of
light at the nanoscale

...even with
high-energy particles!

...shaping the flow of light... —
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Nanophotonic structures...

...and light-matter interactions...



Structural design at the nanoscale
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Image sources: Capasso (Harvard),
Soljaci¢ (MIT), Joannopoulos (MIT),
Johnson (MIT), Polman (AMOLF),
Vuckovic (Stanford), Vahala
(Caltech), Englund (MIT) research
groups, and many others.
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Controlling light-matter interactions

Image sources: Capasso (Harvard),
Soljaci¢ (MIT), Polman (AMOLF),
Vuckovic (Stanford), Vahala
(Caltech), Englund (MIT), Altug
(EPFL), Quidant (ETH) research
groups, and many others.
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Nanophotonics for light-matter
interactions with high-energy particles

On-chip tunable emitters Nanophotonic scintillators Accelerators on-chip Novel microscopy techniques

Electrons

Enhanced field
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Perovskites Cells  Quantum 2D
dots materials

Massuda, Roques-Carmes, ACS Roques-Carmes*, Rivera*, et al., Science Vuckovic group, Science (2020) Kaminer group, Nature (2020)
Photonics (2018) (2022) Ropers group, Nature (2020)

Combining electron microscopy resolution with photonic control of light-matter interaction

See review: Roques-Carmes et al., Applied Physics Reviews (2023)
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The next frontier: strong interactions between electron and other
quantum particles

Single-electron-single-photon interactions The key: strong interactions between electrons
and photons
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Key questions:

- What are fundamental limits to electron-light interactions?
- What nanophotonic structures can enhance electron-light interactions?
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Talk overview

(

Free-electron-light
interactions
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Roques-Carmes et al., Applied Physics Reviews (2023)

Yang, Massuda, Roques-Carmes, et al., Nature Physics (2018)

Roques-Carmes, et al. Nature Communications (2019)

Enhancing electron-beam
radiation with photonic flatbands

Massuda, Roques-Carmes, et al., ACS Photonics (2018)

CO nt rOI I i n g e I ect ron- Yang*, Roques-Carmes*, Nature (2023)
beam radiation with
nanophotonics
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Roques-Carmes et al., Applied Physics Reviews (2023)

How do free electrons emit light?

Cathodoluminescence = general term for light emission from free electrons

Coherent cathodoluminescence

Cherenkov effect Smith-Purcell effect
Medium photon Bloch photon
( ,mEn o) ( lr )d-
eriodic
JJ"Q & P
e 2 —_——
h A EEEEEEE
drw=¢
Uniform medium Periodic medium

Moving current source (coherent CL)

Timedomain J(r,7) = gvd(r — vt)

Freq.domain J(r, @) = q?||5(11)eiwr||/v,




Controlling free-electron radiation with nanophotonic structures

Cherenkov effect Smith-Purcell effect

Medium photon Bloch photon
y eriodaic
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Uniform medium Periodic medium

Phase-matching photonic mode and
electron excitation

W = Uk"

Complete control of free-electron radiation

with nanophotonics

Coenen et al,, APL(2011),

Wang et al,, PRL (2016)

Lai et al., Sci. Reports (2017)

Remez, Shapira, Roques-Carmes, PRA (2017)

Li et al., Nat. Commun. (2016)

Shentcis, et al., Nature Photonics (2020)

Roques-Carmes, et al. Nature Communications (2019)
Yang*, Roques-Carmes*, et al., Nature (2023)

Massuda, Roques-Carmes, et al., ACS Photonics (2018)

Yang, Massuda, Roques-Carmes, et al., Nature Physics (2018)

Desired
beam output

Holographic
interference pattern
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Roques-Carmes et al., Applied Physics Reviews (2023)
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Roques-Carmes et al., Applied Physics Reviews (2023)

| Materials
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Roques-Carmes et al., Applied Physics Reviews (2023)

Glancing interaction zone
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Glancing interaction zone

prefactor MASTER EQUATION (COHERENTCL) - -------
___________________________!phasematchlng:
|
~ | io(r,—ry)/v
() - Fnlry,x 1, 0)) (7 Fo,(r)o s, @))€ YT (0, 0m)
mode-eleczrron overlap : spectral dep.

Roques-Carmes et al., Applied Physics Reviews (2023)

———————————————————

* Green’s Function expansion over
eigenmodes Fy, (1y, 1, w)

* Phase-matching relationw = v - K
* 3D structure, periodic:

dU Z ICﬁk( )7y
da)dl 71'28() |VkLa)mk|
/V

Band structure engineering to enhance emission

17
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Roques-Carmes et al., Applied Physics Reviews (2023)
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General idea: engineer nanophotonic
structures to enhance and tailor emission
from free electrons (and other.types of high-
energy particles).




Spectrally-resolved cathodoluminescenceiin
a scanning electron microscope

Roques-Carmes*, Rivera*, et al. Science (2022)

—Yang*, Roques-Carmes*, et al, Nature (2023)
Yang, Massuda, Roques-Carmes, et al., Nature Physics (2018)
Roques-Carmes, et al. Nature Communications (2019)

Massuda, Roques-Carmes, et al., ACS Photonics (2018)



Our experimental setup

See also the works from (among others)

SEM chamber ;+=7 77 Fabrizio Carbone (TEM)
‘ Ido Kaminer (TEM)
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Our experimental setup

t=1day

t =0 (May

2018) | | 11_
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visible/NIR € #
optics

e e - g & " Sy SE (@
i General specs -
b 0.5-40 keV excitation energy
- ~10-80 pA

1-10 um beam size (no aperture)
Deep UV (150 nm) to near-infrared (2 um) optical detection

| |
|
]

t=~2years
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In vacuum:

- Relocated SEI detector

- XYZ motorized objective stage
- Sample tilt stage

- Optical in/out coupling
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Tunable emission from silicon nanogratings

* Low-energy electrons (= 2keV)

Decreasing electron energy * Tunable radiation spanning

) silicon’s transparency window
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Roques-Carmes, et al., Nature Communications (2019) 25




Maximal emission from electron-light interactions?

Bound states in the continuum to
boost free-electron emission

Revealing counter-intuitive regimes where slow electrons

are more efficient than fast ones i_-]_-
al3
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Roques-Carmes, et al., Nature Communications (2019) 26
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Talk overview
Roques-Carmes, et al. Nature Communications (2019) ( \

Free'EIQCtron'lig ht Massuda, Roques-Carmes, et al., ACS Photonics (2018) .En.hanCi.ng eIeCtro!‘-beam
interactions radiation with photonic flatbands
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nanophotonics
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“Total” phase-matching

Setup Band structure Iso-frequency contour
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Design + optical measurements

v,= w,/(1-ko
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Yang*, Roques-Carmes?*, et al., Nature (2023)
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Electron-beam measurement
confirmation

CCD camera “ angle ¢ focusing
optics
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Yang*, Roques-Carmes¥*, et al., Nature (2023)
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w (2nc/a)

Electron-beam measurement
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0.29 |

027 | 4

No tilt With tilt
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Numerical Measurement
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100-fold radiation enhancement on vs. off flatband [in contrast with SPR]

30x stronger than SPR from 1D grating

Yang*, Roques-Carmes*, et al., Nature (2023)
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Can flatbands introduce a new regime of
electron-light-matter interactions?

Fully integrated electron-
beam-driven light sources

In-plane
Field Emitter Array

Optical or electrical
excitation

Proposal and efficiency analysis : Roques-Carmes, et al. Nature
Communications (2019)

Quantum electron-light

interactions
o 5 cat state
[ *) A
| “”j\\\\N/ compressing —_—
— laser pulses Po ‘ — .
-5 0 5
X

light
emission

|
‘s post-selection
[

Original proposal : Dahan, Baranes, et al., Kaminer group, PRX (2023)
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Free-electron-light interactions in
nanophotonics

* Modelling, tailoring, and enhancing coherent electron-light
interactions with nanophotonic structures

Foundational observations and theories Recent milestones enabled by nanophotonics
~1870-1957 after ~2000

&

Nanofabrication for nanophotonics Single electron/x-ray cameras

(Timepix, 2015-)

Free-electron quantum optics (2020-)

Nanophotonic scintillators (2022-) -
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