~lettra Sincrotrone Trieste



Elettra
Sincrotrone
Trieste

Infrared spectroscopies with synchrotron
radiation and free electron lasers

Part Il

THz studies with Storage Rings and Free
Electron Laser radiation

Andrea Perucchi — «Gilberto Vlaic» XVII School on Synchrotron Radiation - September 42, 2024 — Muggia 2



Elett =
q o one Outline
Trieste

The THz spectral range

THz spectroscopy with Synchrotron Radiation
Accelerator-based Coherent sources of THz light
TeraFERMI - the THz beamline at FERMI

THz studies with FELs

Andrea Perucchi — «Gilberto Vlaic» XVIlI School on Synchrotron Radiation - September 42, 2024 — Muggia



Elett H
q Siicrrgtrone O utl I n e
Trieste

The THz spectral range

Andrea Perucchi — «Gilberto Vlaic» XVIlI School on Synchrotron Radiation - September 42, 2024 — Muggia



Eli(re\tctrrgtrone T h e Te ra h e rtZ G a p

Trieste

electronics THz photonics

microwaves visible X-ray V-ray
ME, HF, VHF, UHF, SHF, EHF
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1THz~ 1 ps~300um ~ 33 cm™ ~4.1 meV ~ 47.6°K

Figure 1. Schematic of the electromagnetic spectrum showing that THz light lies between
electronics and photonics.
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q Sracione Properties of THz light

...the main drawback is spatial resolution ~ mm
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&Y ;- THz light and blackbody radiation

Planck’s law

Iv.T) = 2hv hvl

et -1

Intensity

Wien’s law

IT b=2.897 103 K'm

Amax= D
\% 0.1035T THz K"

max

0 20 40 60 80 100
THz

‘ All objects at room temperature are THz radlatlon emitters

‘ THz modes are normally populated at room T
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Pharmaceutical

Al (38

Fig. 8. visible image of sample with four peilets
chemicais: (1) lactose, (2) aspirin, (3) sucrose, and (4) tartaric ackd.

Security

Chemical recognition

Medical imaging

TPP, t=-174ps

Figure 3. Front and back side of a chocolate bar after artificial contamunation with a stone, a M2 metal screw
and a glass splinter.
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q i Table-top THz sources

Monochromatic Sources

Gas Lasers (

Broadband Sources

Total Flux: Because of poor co
10 MW between 0-1 THz typically one has nW pov

5 mW between 0-10 THz sample at THz frequencies
1,5 W between 0-100 THz

Flux (W/THz)

Performs slig
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q S Femtosecond THz sources

THz Photoconductive Antennas

0.1 THz .
Time Domain Spectroscopy GaAs, TiO,, ...

nnnnnnnn

y— -
‘ e [ femtosecond laser pulse nonlinear medium single cycle THz pulse
2

! |4 9 = Optical Rectification o v o
8 P/dt

[Shen 1971]

3 THz

15 THz

Optical Parametric Amplifiers
Tunable, Narrow-Band
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q Eletra IRSR - The spectral radiance advantage
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P. Dumas, M.C. Martin, G.L. Carr 2020
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THz spectroscopy with Synchrotron Radiation

Andrea Perucchi — «Gilberto Vlaic» XVIlI School on Synchrotron Radiation - September 42, 2024 — Muggia



Elettra
q %i;’:acsrt%trone THZ Spectrosco py

L.E. modes in residues
(femto- to picosecond)
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Polar liquids
Hydrogen bonds
Van der Waals interactions
Solutions
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F. Novelli et al., Materials 2020 S. Le Caer et al., Phys Chem Chem Phys 2011
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tertiary structure

(Martin A Schroer 2011)
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Detecting molecular rotation and

rovibration transitions in gas
SOLEIL

v.=0-0and v, = 1-1
Predicted spectrum

. Observzed spectrum

Path length = 150m; Res. = 0.001 cm™*: P = 0.08 mbar
21.15 21.20 21.25 21.30

J.-B. Brubach et al., 2010
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Boeri et al., 2022
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Sncrotrons BCS Superconductivity
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BESSY - low a Brookhaven
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Accelerator-based Coherent sources of THz light
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reference orbit: L =240 m
longitudinal bunch length intensity vs. number of electrons
|
i ~N normal user optics
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unch, Ap hv low alpha optics
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THz gap
H H - [13 [13 H
Dedicated Machine Mode: Low o Optics at BESS 107100010 P A AP AP P 0, THe
10" 19 ,1(')' 11?' 11?' 11|0 11? ,1|o’ 11|03 ,19 l1|o eV
* Bunch shortening down to and below the mm-range 102 |
T : : 107 |- «f’f“ﬂ
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§‘—_-1o'5
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2 9
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Courtesy of U. Schade
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i Coherent Synchrotron Radiation
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High gain

(a) electron

UV/x-rays
bunch e X-rays wiggler
{ —a> >
LINAC wiggler

wave intensity, /

electron . . 3 B8 3 Y (4 1}

<
=T exp (—)
Lg

z

exponential growth “saturation

Low gain

Ponderomotive force

fp:eBva

Hwu and Margaritondo, JSR 2021
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Low-gain FELs with optical cavity

« UCSB (USA)

» Budker Institute (Russia)
» CLIO (France) 22100 um
« FELIX / FLARE (Netherlands) v

* FELBE (Germany)

E~10 MeV E~1GeV
) vy~ 20 y ~ 2000

A Ay~ 50 mm Ay - 500 m !

AM( K>
=—>|1+—
2y 2

From DESY-FLASH brochure

Upon one passage in the undulator,
radiation grows by a few percent

— Several passages are needed
before reaching saturation
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... arecap

radiation sources:

synchrotron

wiggler

radiation user

N,~N,

N, is the number of
electrons in the beam

N~N.,N

N, is the number of
radiated photons

undulator

N is the number of
the undulator periods

2

free electron laser N,~(N.N)
electron beam radiation magnets
—_— ANNNS [ G |

Zhukowsky, 2015

Incoherent j

Can be made

coherent through

Intensity |E2 |

f, =

Coherent

superradiance

super-radiant
enhancement

THZ

freqR(l/Aime) il T

jn(z) eiﬂ:cos(ﬂ)zdz 2
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Low-a mode

Beam shaping through
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. 2
f;,- — ‘In(z) em‘cos((-))de|

1C=6,24110% e

Izlincoh +Icoh=Ni(1+Nf\;)
Loy,

incoh

For Storage Rings:
~1 pC/bunch - N~ 6 10 > E ~ 10-1% J/pulse

For linear accelerators:
~1 nC/bunch = N~ 6 10° > E ~10* J/pulse

/ | N\

Bending magnet
J-Lab

Transition Radiation
TeraFERMI

Undulator
TELBE/FLASH
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TeraFERMI - the THz beamline at FERMI
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Sincrotrone The FERMI seeded FEL
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mure ARTICLES nawre ARTICLES
phOtonlCS PUBLISHED ONLINE: 23 SEPTEMBER 2012 | DOI: 10.1038/NPHOTON.2012.233 phOtOmCS PUBLISHED ONLINE: 20 OCTOBER 2013 | DOI: 10.1038/NPHOTON.2013.277

Highly coherent and stable pulses from the Two-stage seeded soft-X-ray free-electron laser > 20-4 nm
FERMI seeded free-electron laser in the First user exp. July 2016

extreme ultraviolet > 100-20 nm

First user exp. Dec 2012

-~

w
.
Sy, Ma

o j(\" s /o 4 , ; " N \ - 3 e Sl
. ( S < 'E; A : P\

\ / i ) Sl ' ‘,“.
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q e e The FERMI seeded FEL

FEL1: 100-20 nm MOD FEL puise

20nm,
RAD
= pmse : m
260 nm
——ain
Electron bunch A 2
L I N AC first disbersive to e-beam dump \
FEL pulse * )
FEL pulse 4.2nm
MOD1 21 nm, MQDZ
Seed pulse

A RV e

Electron bunch

to e-beam dump

FEL2: 20-4 nm

first dispersive delay line $econd dispersive
section section
EIS-TIMER

EIS- TIMEX
DiProl
LDM

TeraFERMI MagneDYN
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q The TeraFERMI beamline

Cylindrical symmetry
Radial polarization

7000

6000

o 5 -> Efficient generation of
w0 g, longitudinally polarized fields

uay

y-axis (px)
Ay

x-axis (px)
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YAG fluorescence
to CCD

[Beam Dump}

(Diamond Window
Clear aperture: 20mm
Central thickness 600 pm THz

Jodee: 05 J (250 mrad)
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q oo " Transition Radiation

Transition Radiation occurs when relativistic electrons cross
the boundary between two media of different dielectric constant

The Ginzburg-Frank equation:
U e B7sin* 0
dwdQ 4m’c,c (1- B°cos’0)’

(a.u.)

Intensity

for v>1

Omaz = arcsin < Y 1ﬁ_ ﬁz) = arcsin (i) ~

Generalized Ginzburg-Frank equation
(TR from finite screen, far-field)

D>a
L e . X d*U e? (3%sin? 6 5
o | dwdQ ~ 4mdegc (1 — B2 cos? §)? 1= TO,w)
/l with
wa wa sin 6 wa wa wa sin 6 wa
Casalbuoni, TESLA Report 2005-15 T,w) = cﬂ,yJo ( . ) K (cﬁ'y) * e gl ( . ) Ko (%)
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THz studies with FELs
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THz radiation is non-ionizing, highly penetrating, and
provides high chemical specificity

THz light couples to electronic, vibrational and magnetic excitations

Optical pump
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&Y - THz control of matter

Nucleae/lattice Electrons

Nonlinear phononics Impact ionization

Macromolecules Intervalley scattering
Molecular alignment Zener tunneling

Reaction pathways Franz-Keldysh

Spins

Ultrafast magnetic switching
Precession

1 MV/cm ~ 0.3 Tesla
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q Sicotone Fluence-dependent spectroscopy

detection via

_ electro optic
THz polarizers sampling

THz pump-pulses
(CTR source)

2
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q Dirac materials

Graphene TMDs

Topological Insulators Black phosphorus

Saturable Harmonics
Absorption Generation

Andrea Perucchi — «Gilberto Vlaic» XVII School on Synchrotron Radiation - September 42, 2024 — Muggia 39



Elettra
Sincrotrone

THz nonlinearities in graphene
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Time-dependent :
conductiviy o(40.) — 10°E , . . : %

temporal current modulation

i(t) = o(AQ.8)Eft) 0.0 05 1.0 15 20 2.

Frequency (THz)

A. Hafez et al., Advanced Optical Materials (2022)
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Integrated transmittance
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v, (k) (THz)
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P. Di Pietro et al., Nature Nano. 2013
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s« Fluence-dependent THz properties
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q THz-pump/IR-probe

THz pump-pulses

photodiode for (CTR source)

REFLECTION
y
|&
“ / photodiode for
———— ¢ TRANSMISSION
780 NIR « <

fs probe-pulses 1

reference beam to photodiodes

Normal incidence geometry
Simultaneous measurement of reflectance and transmittance
Terahertz Kerr configuration also available
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THz control of the O, defect

q Tiese state in TiO,

Valuable properties of titanium dioxide

Brilliant Resistant Protective

Non-toxic Powerful

Chemical doping arising from oxygen

vacancies induces the creation of in-gap Using THz to control and modulate on
defect states (DS) ultrafast timescales the photoexcitation of the
ARPES measurements confirm the Defect State

existence of both localized (IG) and
delocalized (2DEG) electronic states with
Ti3* and Ti** character, respectively.
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THz control of the O, defect
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Trieste

q Soaravone Narrowband THz

Superradiant undulator
TELBE
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Elettra " L
q Sincrotone THz Higgs modes in superconductors
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R. Shimano & N. Tsuji, Ann. Rev. Cond. Mat. Phys. 2020
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H. Chu et al., Nat. Comm 2020
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q Soaravone Narrowband THz
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Serotone Nanoscale THz phonon polaritons
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flake edges. This reveals PhPs propagating with strongly in-plane
anisotropic character.

i Near-field images show periodic signals (fringes) parallel to specific
SZQ

v=1117.THs At 9.22 THz the polariton wavelength is 2.82 um << Ao = 32.5 ym

9.22 THz

At 11.7 THz the polariton wavelength is 3.9 um << Ao = 26.8 ym
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&Y - Terahertz Irradiation
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normal cell:

cancer cell:

Cancer cells can show

enhanced

DNA Methylation
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THz irradiation

THz-induced demethylation

Methyl groups

Intense resonant THz
radiation induces DNA
demethylation

Treatment
60 minutes of THz High Field Irradiation @TeraFERMI

I 37°C

Cells pellet
In colture medium

MDA-MB-231 cells

Probe

SR-IR @SISSI on single cells

Control
Irradiated

Dos om0t awm o0 oo oot o

TeraFERMI

F. Piccirilli, M. Pachetti et al. (2021)
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q THz irradiation
Sincrotrone
e Virus inactivation through THz irradiation

RNA modes resonate at THz frequencies

=>» Inducing RNA damage while keeping the capsid intact

=» vaccines

Most plastics are transparent to THz radiation
Unbreakable sample holders can be used
Virus is sealed within 2 plastic containers
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