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{ Introduction of Free-electron Lasers (FELSs) J
What are FELs ?

Why they matter compared with conventional lasers?




Laser (Light Amplification by Stimulated Emission of Radiation)

LASER LIGHT

NON-LASER LIGHT (e.g., Flashlight)

Monochromaticity
(single wavelength)

Coherence
(correlation of waves)

Directionality
(spread of beam)

High brightness
(intensity per area
and solid angle)
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Bound-electron Lasers

A

Conventional “bound-electron lasers” produce beam
light with a specific wavelength by exciting ,:" laser crystal ’— >
electrons within atoms (or molecules) to jump |
between atomic energy levels highly reflecting T T T T T T output
mirror coupler
pump light
E3 |
Pump Es R - Laser components
Laser transition . .
- 1. Gain medium: atoms
1
2. Energy pump (to create population inversion)
Mirror Permeable mirror 3. Optical resonator

Photons are interacted with atoms in 3 ways
\Tl T T T TT/ 1. Absorption of radiation
nergy pump
Optical resonator

2.Spontaneous emission

3. Stimulated emission
Source: P. Schmuser, et al. "Free-electron lasers in the ultraviolet and X-ray
regime." Springer Tracts in Modern Physics 258 (2014).




Free-electron Laser (FEL)

FEL is produced from relativistic electron beam
» Electrons oscillate in undulator and emit radiation
» Radiation bunches electrons into microbunches
» Microbunched electrons emit intense coherent light

Electrons bunched at
radiation wavelength:
coherent emission

Random electron phase:
incoherent emission

Source: www.astec.stfc.ac.uk/Pages/ALICE-free-electron-laser.aspx

FEL components

e Electron source

e Accelerator

e Undulator (wiggler)

e Electron beam transport & diagnostics
e Radiation output system

FEL mechanism

€@ Spontaneous emission
@ Microbunching

€ Coherent emission

@ Optical amplification
© Saturation




Comparison

[ 3
Conventional Lasers Energy input
(optical pumping)
Quantized energy levels
(atomic/molecular) i Inciderit Stimulated
‘ emission K i
Energy pump . ey,point

creates population inversion = /\/\/\/\/" — P LASER — b/\/\/\/\/\/—-b Energy is stored

Stimulated emission (energy reservoir) in the medium

of radiation 5 (energy reservoir).
: | J

Optical resonator (cavity)

Optical resonator
(cavity with mirrors)
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Free-Electron Lasers (FELs)

Electron energy
not quantized

Incident Stimulated
wave emission

Energy source: Key point

inetic energy o ‘ The electron beam

electron beam

itself provides

Stimulated emission
the energy.

0000

of radiation Undulator
; 3 Bending (wiggler)

Optical resonator " Electron beam maguiet 99

or SASE (self-amplified  (energy reservoir)

spontaneous emission)




Fundamentals of FELs

| |

How do FELs works?
Advantages over conventional light sources




How do FELs work?

Electron acceleration 9 Microbunching
Accelerates electrons to cee—~ @~ &> | Electrons bunch at the
relativistic energy. . _ radiation wavelength.
Undulator (Wiggler) 9 I | Coherent amplification
Alternating magnets make V Mlcrobunc.hes emit intense
electrons oscillate. o ) coherent light.
7 N oge
Spontaneous emission @ ® Tunablllty.
Oscillating electrons - Viaveiphan Smmedihg
it radi gt' " ® y beam energy and the undulator.
S, ~Jemit radaiation.




Electron acceleration

o W—’ €@ | Accelerates electrons to

relativistic energy.

* RF energy forms a standing wave
Klystron inside the cavity
l TE,, -— » No RF power extraction
rr T rrrrrrrrrirrrorTrmT L . . go
M I A A A AR A A A A A A A A Ot « Used mainly as an RF amplifier
Electron source at a fixed frequency
DC gun k ’
RF gun f ?
klystron * RF energy propagates as a
traveling wave
| —
1 T T T T T T T T » RF power is extracted through
S T T T A T A A A A A A Y e an output coupler and absorbed
™, I TE, in an external load
L E . :
+ Wide bandwidth, used for
absorber high-power applications




Undulator (Wiggler)

Alternating magnets make
electrons oscillate.

Magnetic field (B) Permanent magnet Emitted
light pulse
y ria>1 T« 2> ] et b >
JLX, |
z
Electron : :
trajectory 5 :
s K8 KR KR AR -
e o
[ }\0 |
@ e 2 )
Magnetic field (B) v Electron trajectory

* Electrons oscillate in the

* Alternating vertical field
generated by the /\/ horizontal direction while : /_XY[_\ =55
moving forward along z. z

permanent magnets.




Spontaneous emission r )

9 LXTNENE N Oscillating electrons Emitted Iight

emit radiation. * The oscillating electrons emit
electromagnetic radiation in '/‘\,/\,/\_/_>
I I

the forward (z) direction.

'—>

Beam frame

Radiation in the beam frame is .
isotropic and follows the 1§ A = radiation wavelength g

dipole radiation pattern.

: i
Doppler shift causes the Resonance wavelength
wavelength to shorten by 2y* )
and transforms the radiation A K
pattern into a narrow cone in = 2 Y
the direction of e- beam’s travel. 2}’ 2
A : radiation wavelength /1,, : undulator period
¥ : relativistic factor K :undulator parameter @ : angle
N y,
i Undulat t 1
Central cone angles Solid angle WAL paramerer
g o 2mmyc
y | N N, L

" B, : peak magnetic field

€ : electron charge my :electron rest mass

= C d of light
: L speed of lig




0 Microbunching
cee— @~ > | Electrons bunch at the

radiation wavelength.

Energy modulation Density modulation (bunching with period of resonant wavelength)
T T 1 T T 0.01 0.01
- & - 3 FEL buckets z2=0.2Lg {
Electrons gain energy PR g |
& o
Q 5
c g
wJ E
- -0.01
Electrons lose energy o ~ v
01F
!‘oo EODL ;
Resonance wavelength pr '_0 F ; 2
l K2 T
u 202 oz a A
=2t (145 +y%0%) il
2}/ 2 At entrance to the undulator Exponential gain regime Saturation{maximum bunching)

Source: P. Schmueser, Lecture “Free Electron Lasers”, University of Hamburg ﬂ



9 Coherent amplification

Microbunches emit intense
coherent light.

i
At entrance to the undulator Exponential gain regime Saturation(maximum bunching)
Unbunched beam Incoherent undulator radiation
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J . ‘ 4
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Spectrum at monochromator—setting 86 nm (average from row 443 to 477)

G o Tunability
o Wavelength is tuned by tof-

® beam energy and the undulator. §3 vm

T C el fre kovel

pr FEy

Higher electron energy (y) = shorter wavelength ]

Intensity [Counts/Pixel]

© R i L
Resonance wavelength v‘[’\ W W W
W
ﬁ 718 7‘9 a;'s Rl1 RIQ A3 RLA RS

Spectrum at monochromator-setting 180 nm (average from row 196 to 394)

A : radiation wavelength A, : undulator period

¥ : relativistic factor K :undulator parameter @ : angle r , (60 nm
\. >
\
s B : ‘
Undulator parameter
K= eByA, | |
B, : peak magnetic field | : , : i . ;

172
€ : electron charge My, :electron rest mass
L ¢ : speed of light

n
v
T

Intensity [Counts/Pixel]
o 3
T
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[

1292 104 198 12

Source: P. Schmueser, Lecture “Free Electron Lasers”, University of Hamburg



Advantages of FELs

4 N\ N A

Broad Tunability High Peak Power Short Pulse Duration
Wavelength adjustment by MW-GW levels of peak power FEL pulses with fs/ps scale are
changing electron beam enables study of multi-photon suitable for high-resolution

energy or magnetic field. processes.

\_ AN

time-resolved spectroscopy.

AN /

Conventional lasers Free-electron lasers
Tunability Narrow / Discrete lines Broad / Continuous
Peak power Low (mW to W) Ultra-high (MW to GW)
Gain medium Crystal / Gas / Semiconductor Relativistic electron beam
Wavelength range Limited by energy bandgap THz to X-ray




Advantages of FELs: Light Sources

é-‘

Wireless Data

~2.4 GHz
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Advantages of FELs: Synchrotron vs. FEL

Narrow band

10% fs - ps pulse |
Source Intensity Spectrum hw o 4™ generation light sources A F
= FELs
: X Ngjectrons 1025
Bending magnet < - ~1010 times
hw e
r L ps - ns pulse
;1020 - 3rd generation light sources
o — ring based .
x Nelectronsx Npoles ¥ g — i /)V\E»V\M/Tﬁ: l
E B Broadband
= 1015— - —————D .
8 - Bend Magnet
2
X Nelectronsx (Npoles) F s - oo
B -
Undulator hes s - -~
& 1010 20)
§ -
2 2 pge— X Ray Tube
_.m X (Nelectrons) X (Npoles) F ‘ g = -
) = e
Free Electron Laser A, ' 10° = wwismen
fi : =
102 =

Source: T. Shea, Overview of Beam Diagnostics, USPASQ9, Albuquerque NM, June 23-26, 2009“



Em Particle Physics <> Accelerator Science <> FELs

Accelerator Science: The foundation of FELs
Common technologies: Particle Physics € FELs

Skills transfer: Particle Physics - Photon Science




Accelerator Science : Foundation of FELs

FEL performance is determined by electron-beam quality before the undulator.

X )
Key accelerator requirements Main message

High-brightness electron beam Without accelerator science, FELs cannot exist.

Low emittance and small energy spread
Improving beam quality directly improves
FEL intensity, bandwidth, and stability.

Precise timing, RF stability, and diagnostics

Beam matching to the undulator

\_ I X J
S S—— Electron beam quality is built and optimized _ _ _ _ _ _ _ _ _ _ _ _ _ __ .
' through each accelerator stage |
v \/
Electron Source RF Acceleration Bunch Compression Beam Transport
Generates electrons Accelerates electrons Shortens the bunch Preserves beam Electrons emit High-quality electron
with high brightness » while controlling » length to increase » quality while » coherent light » beam produces
and low emittance. energy spread and peak current and delivering the beam through interaction bright, coherent
stability. brightness. to the undulator. with the undulator. radiation.

. F Y 4 K & % i K K m



Common Technologies:

Particle Physics € FELs

Accelerator technologies
support both high-energy
& photon-science facilities.

colliders /
injectors

RF guns &
linacs

magnets &
optics

undulator

S

Particle Physics

<>
FELs

beam
diagnostics

large
facilities

FEL
optimization

RF timing
systems

large
facilities

high stability
operation

vacuum &
controls

pulse
synchronization

user light
sources




Skills Transfer: From Particle Physics to Photon Science

Beam dynamics RF cavities

Understanding and | :: | Design, operation,
W and optimization of

controlling particle

Magnets

Design and
operation of

beams RF systems accelerator
magnets
T
Vacuum systems Diagnostics TN Timing & controls
et ol
Vacuum technology Beam measurement "" ' 5‘:&??\. Synchronization,
for high-performance and instrumentation é(}" control systems, and
accelerators techniques . ~  feedback

- MM -
=WV Free-Electron Lasers

%*év Photon Science



[m Scientific Applications of FELs

FEL configurations }
X-FELs key properties
IR/THz-FELs key properties

N
IR/THz-FEL applications: Material sciences

» Material sciences, Biology & Chemistry, Astrophysics
\_ /




Reflecting mirror

FEL Configurations

¢ 1977: First FEL oscillator @ Oscillator - ﬁm
Stanford University (43 MeV, (Undulator + Optical cavity)
3.4 um IR)

/

%* Optical cavity is not possible
for wavelengths <100 nm.

Undulator ("wiggler")

- Out-coupling mirror
1. Electron accelerator

, (high-energy end)

IR out 2. £-beam bending magnets

100§ e

E Source: www.sciencedirect.com/topics/engineering/free-electron

Au I EeT:\ 'R ANMEY: NI  SASE (Self-Amplified Spontaneous Emission)

Long undulator

@ o]
o o
T T

B
o
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Reflectivity at normal incidence (%)
N
o
S ——

accelerator

_J

55 4 5678 23 4 5678
10 100 1000

Photon wavelength (nm) electrons

<&

L)

» 2000: First VUV FEL @ TESLA Test Facility or TTF (DESY)
2005: First XUV & soft X-ray FEL user facility @ FLASH (DESY)
» 2009: First hard X-FEL @ LCLS (SLAC, Stanford)

J
0’0 L)

4

D)

L)

Source: www.psi.ch/en/swissfel/how-it-works




X-FELs Key Properties

g ™ ( = = SR < N Y W
1. Wavelength 2. Peak Brightness 3. Pulse Duration 5. High Peak Power 6. Pulse Energy
Tunable from soft to Up to 1033-1035 Ultrashort pulses in the Highly coherent in Gigawatt (10° W) to Microjoule (uJ) to
hard X-rays photons/s/mm?/mrad?/ femtosecond regime space and time terawatt (10" W) millijoule (mJ)
(~0.1 - 25 keV) 0.1% BW Spatial cotierence peak power per pulse
Incoherent X-FEL -1
100 =
|| & 0= Eanetan oomy| 1
&6 _ 106 m
IR uv X-ray y-ray & 2 1.0 10. ( )
= e @ W 10% _| times brighter " . ) )
i 2 & 0 T T T 1 103 J
(=] =
| &5 191 10" 102 10° 10° 10 | T | coh ol Tyeien
T T - == 2 T K ’E lnco::e?:t)ra - eren;eFEL -6 T
$ & 10% ] Time (s z 106y 4
10 100 10° 105 | | =81 e z z 14
g £ Peak Power (W) el
Wavelength/(m) % 10%° . X-FELs deliver pulses g = i
- X e o as short as ~10 fs | 3 1094 L ¥
(Z5): SoufEes L Time Time (1nJ)
- /J \. o7 AN J N J J

Advantages of X-FELs

A (o K

1. Ultrafast time resolution 2. Atomic-scale imaging 3. Non-linear X-ray science 4. Access to extreme states 5. Element specificity 6. Versatility
Femtosecond pulses enable Coherent, short-wavelength Extremely high peak Enables studies of matter Tunable photon energy Wide range of applications
“movie” imaging of atomic X-rays achieve Angstrom intensity allows observation under extreme conditions allows element-selective across physics, chemistry,
and electronic dynamics. (107"° m) resolution. of non-linear and muiti-photon (pressure, temperature, (chemical-specific) materials, biology, and
processes. density). investigations. medicine.
o | Absorption
n L d
~ t £ NGOG
S SEEEME RO ‘ 2 ! ! 4 @ »‘« =]
| ¥ T 0 ‘
| * =y = oy RS PR
Ofs 10fs 50fs 100fs A y (S | ! i
~ A resolution 1 | H Photon Energy (V)




Examples of X-FEL Facilities

* European XFEL. Germany (. ~ 0.1-1.6 nm)
* FLASH @ DESY, Germany (~ ~ 0.1-7 nm)
* SPARC, ltaly (. ~ 0.6-40 nm)

« FERMI @ Elettra, Italy (2~ ~ 10-100 nm)

» SwissFEL, Switzerland (. ~ 0.1-7 nm)

1..—,:.r.«/5"
— 4

/ r"l ) R
~ : ‘,36 >, '\_:P,enrmr
") s, o CLPIRIIOH
2 ) P

2 4 ¥y

|
! Experimental s A S Vs o
- Y -
Hall ~ ’,Lb’ 'lf"
| AT 3 ﬂ‘i’t\"ﬂh &l

)} Undulator

« LCLS FEL @ SLAC, USA _»* +SACLAXFEL @ Spring-8, Japan

. . > 0.1 nm)
(7 ~ 0.15-1.5nm) A |
- HGHG FEL @ NSLS, BNL, USA Hhanghal BE.

(% ~ 193 nm) * Pohang XFEL m



1. Wavelength Range

Covers the infrared to
terahertz region

IR MIR THz

1 I

I
1 012 1013 1 014
Frequency (Hz)

Wavelength:
~1um -3 mm
(0.1 - 300 THz)

Brightness
(photnogs/mmm¥/mmrad?/0J % BW)

IR-THz FELs Key Properties

2. High Brightness

High brightness far beyond
thermal and synchrotron

sources
10% -
10" 104 - 108
times brighter
1076 -

10™

10'2 -

1094

IR-THz Synchrotron Thermal
FELs Sources  Sources

1. Access to Unique
Spectral Region

Bridges the gap between
lasers (IR) and microwaves,
providing unique photon
energies for many materials
and biological systems.

2. Probes Low-Energy
Excitations

j

Ideal for studying vibrational,
rotational, lattice, and
collective excitations

in matter.

3. Ultrafast Pulses

Ultrashort pulse duration

enables time-resolved
measurements

-

~ps-fs

Typical pulse duration:
~1ps-100fs

3. Time-Resolved
Studies

O 111,

Ultrafast pulses enable
observation of dynamics
in real time on ps-fs
timescales.

4. Tunability

Wavelength continuously
tunable by adjusting
electron beam energy
and undulator

Undulator
parameter (K)

Electron energy

Wide and continuous
tuning

Advantages of IR-THz FELs

4. Non-Destructive
& Penetrating

THz and mid-IR radiation
penetrate many materials
without damaging samples,
suitable for in-situ studies.

5. High Coherence

High spatial and temporal
coherence for precise
experiments

Spatial coherence
FEL

Temporal coherence

Incoherent FEL
SN
t > }

Time Time

6. High Peak Power

High peak power in a
wide mid-IR to THz range

2

f

] 1 1 |
108 108 10 10"
Peak Power (W)

Up to GW peak power
in many systems

5. High Sensitivity
& Coherence

- Signal
- Noise
—— +. -

High brightness and coherence

provide excellent signal-to-

noise ratio for weak or subtle

phenomena.

6. Broad Applications

Ar

Materials Science Biology

Ll
rac] =
5 ©

Semiconductors Security

1

Applicable to materials,
chemistry, biology, medicine,
semiconductors, and
security screening.



Motivation & Importance of IR/THz FELs

» Enabling access to nonlinear light—-matter experiments

(Driving Strong Fields )

IR/THz FELs produce strong
electric fields (>100 kV/cm),
driving systems beyond
linear response.

- J

\_

(¢

~

oherent Control of Solids

High-intensity pulses can drive
and control collective modes,
such as in superconductors and
magnetic materials. J

> Need for ultrafast light sources in science

-

Capturing Transient States

Ultrafast pulses allow real-time
observation of atomic and
molecular motion on
ps/fs timescales.

\_

~N

J

4 Investigating Strongly\
Correlated Electrons

IR/THz FELs manipulate
crystal lattices and electronic

(

Understanding

Fundamental Quanta

Energy of THz/MIR aligns with
energy scales of excitations, e.g.
lattice phonons, superconducting

\ gaps, spin dynamics.

\

v

properties, enabling control of
material properties. j

Non-equilibrium Physics

Exciting systems away from
equilibrium to reveal hidden

phases of matter.
J




Importance of IR/THz Radiation

<———|€——————>|<———>|——>
I‘V!icrnwave : Terahm:tz : Mid—infrared: Near-infrared

<€

Molecular rotations (gas) : >

<€ )‘ Overté:-nes and
Low frequency : combination bands
bond vibrations :

< : : >

.
@

@Z:rystalline phonon
: vibrations (solid) : %
<€ . : >

Hydrcégen-bonding 5tretc§hes
and torsions (gas and liquids)

: >
High frequency:bond
vibrations;'
i I L} Illllli | | | ill]ll.] 1 | lllllli 1 I Illllli
0.01 0.1 1 10 100
Frequency (THz)
L] IIIIIII | ] IIIIIII L] L] I[IIIII L] | IIIIIII L} 1 ]
1 10 100 1000

Wavenumber (cm-1)

Modified from E. Pickwell, V. P. Wallace , Journal of Physics D: Applied Physic 39, 2006



Key Applications of IR/THz Radiation

MIR (Mid-Infrared)
2—-20pum (500 - 50 meV)

. \/ \/ \V

2 um 5 um 10 ym 20 pm

L | 1 |

50 um

THz (Terahertz)

20 um =3 mm (50 meV - 0.4 meV)

100 pm

300 um

1T mm 3 mm

Molecular Fingerprints & Bond Vibrations

Rotations, Low-Energy Excitations & Collective Dynamics

Key Applications

Biomolecules
& Proteins

' 5 , H,;Q
X - > \” y
® , Ty £33
3 7 {
\ )1 (\’ <JI‘ b
— | A ?g
- -

Ultrafast bond breaking
and formation

Molecular Spectroscopy Chemical Dynamics

Secondary structure,
protein folding,
amide I-lIl analysis

Vibrational fingerprints,
isomer identification,

reaction intermediates
e.g., photodissociation,

energy flow, conical
intersections

e.g., fibrils, hydration,
drug-target interactions

e.g., astrochemistry,
combustion, catalysis

THz Spectroscopy

Absorption
o

0 T T T

08 1 2 3 6

Frequency (THz)

Rotational transitions,
hydrogen bonding,
lattice vibrations

e.g., gases, clusters,
crystals, liquids

Condensed Matter
& Materials

Phonons, magnons,
excitons, charge
dynamics

e.g., superconductors,
2D materials, oxides

Imaging &
Sensing

Non-destructive,
chemical contrast
imaging

e.g., pharmaceuticals,
semiconductors,
biological tissues




MIR FEL Applications: Molecular Vibrational Fingerprints

Methodology: Structural characterization > G_aS'Pf‘aﬁe infrared multiple photon
of mass-selected ions in trap dissociation (IRMPD) spectroscopy of mass-

selected molecular ions
h; focusing

™ N
e-beam mirror

uv
R )

ToF-mMs (.
m@& cP

Result: Experimental vibrational "fingerprint" compared
with DFT calculations for structure determination

undulator
magnets

gun

» This technique allows detailed studies of Q

cavity

molecular vibrations and chemical structures

ion trap MS
FELIX

> Structural Identification of

z, d = z J}-( zy ;
Electron Transfer Dissociation j.q '}’(’3_( S"K _{?g‘

Products in Mass Spectrometry
using Infrared lon Spectroscopy

e =0
V OQ T
/ 600 800 1000 1200
wavenumbers (cm-T)

T
1400 1600

Fig. 5. IRMPD spectrum of cationic triphenylene compared with B3LYP/
D95(d,p) calculated spectra for the two structures distorted to C,, symmetry:
the 2B1 minimum energy structure and the 2A2 saddle point structure.

J. Martens et al., Nat. Commun. 7
(2016) 11754.

| UM 26) ™
|

/
/ ET0-msms V) 1

150 200 280 30 2% 400 4580 &M J. Oomens et al., Int. J. Mass
e Spectrom. 254 (2006) 1-19.




MIR FEL Applications: Dissociation of Protein Fibrils

Structural transformation: from stable, stacked #sheet structure (amyloid fibrils) into a~helix

Mechanism: This change is triggered by IR-FEL irradiation tuned to the amide | band (6.1 - 6.2 um), which targets the
vibration of peptide bonds.

.‘ 6.15 um
: N B . .
Easlieel a-helix 6.0um) |i| < Prhedt T. Kawasaki et al., Int J Mol Sci
’ —~ | a-Helix
% IR-FEL - 5 | others = /71| \ 14(4) (2023) 3686.
”(\L, o L By 4 3 L\ g
) > ;jj s
‘Lh;?“!:/ ?é,?r_né(_jge Lm) Ao a1 é’ —~| Non-irradiation
=
c . _ae
Fibril After irradiation 2 ~|lrradiation at 5.0 ym
3
< ~|Irradiation at 6.5 pym

Irradiation at 6.1 ym

1

55 6.0 6.5 7.0

Wavelength (um)

Morphological change
= Fibril (before irradiation): Long, fibrous strands (typical of Alzheimer's disease-related aggregates)
= After Irradiation: Fibrous structure has been disrupted and broken down into smaller, non-fibrillar particles.

» This application illustrates how MIR-FELs can manipulate biomolecular structures,
offering potential for biomedical research




MIR FEL Applications: lon Reorganization

FEL Exposure on Quantum dots (QDs)

" |[mplications
= No pH change

= OH-/H* balance intact after exposure

[e2]
o

" 10 nm reduction in DLS Rl gl T
= Tighter ion binds after exposure E:: i vm X . 4
= 30-50 mV positive shift on I 1 i
: ¢ o)
Zeta Potential 5 I ' § wl
= |on species change during £ S u
bombardment gof S O g A
= This was semi-permanent R Tioz as TGaDs B odos | Tozaps | Ticaps

QD Condition .
QD Condition

= Application = Passivation
change of QDs without chemical alteration through FEL!

" This can be used to tailor charge balances when QDs are applied in applications
Source: S. Sucharitakul, et al. Nanomaterials 15 (2025



THz FEL Applications: Material Control

“Terahertz-induced martensitic
transformation in partially
stabilized zirconia”

M. Nagai et al., Communications
Physics 6 (2023) 88.

2. Experimental setup

3. Irradiation scars (4.2 THz)

1. Concept THz pulse
Excitation of specific phonon — _JA/\/\/\,; i
TA phonon via Klemens process — "'

Shear deformation — ,

Martensitic transformation t-ZrO, m-ZrO,

(t-ZI’02 - m_zroz) (Tetragonal) (Monoclinic)
@zZr 00

4. Raman spectroscopy

—29mJ

+ 29 mJ spectrum shows
" THz-FEL 59mJ 7.5mJ 22mJ 29 mJ —75mJ new peaks at 170, 184,
m macropulse & & — Wio and 369 cm"!
. . H g (m-Zr0,).
' i \ ‘ g E% E » Indicates martensitic
f 2 transformation from
200 pm s = t-Zr0, to m-ZrO,.
g 1-2rO, sample o _é ¢ z
w
c
_ 29 mJ Height profile (29 mJ) g
* THz-FEL (4.2 THz, resonant with lowest 2
infrared-active phonon) £ 1 t-2r0, |
« Macropulse energy: up to ~29 mJ f S E, BigAg E; By Eg
+ Partially stabilized t-ZrO, (3.5 mol% Y,0,) ] % 0 mzr0, + -+ +
+ Single-shot irradiation ] \d T P T U .
2 200 ym 0 200 400 600 800 0 200 400 600 800

Distance (um) Wavenumber (cm™')

» This demonstrates the potential of THz FELs for ultrafast, non-equilibrium control of materials,
enabling studies of phase transitions, strain engineering, and lattice dynamics.




THz-FEL Applications: Magnetic Domain Control

“Reconfiguration of magnetic
domain structures of ErFeO3 by
intense terahertz free electron
laser Pulses”

Intense THz pulses from THz-FEL
interact with ferromagnetic domains
and locally reconfigure domain shapes.

THz-FEL
pulse

Local thermal gradient and depinning effect —
Domain boundary moves — Permanent reshaping

Sample: ErFeQ, single crystal (ferromagnetic)

(/

Macro pulse (a)
200 ms

< >
< >

Frequency (THz) (b)
4 3
T T

ST/ Us
/37 ns.3

¢ o
e
T T T THw

-
-
-
-

S
60 80 100 120

THz-FEL

. Wavelength (um)
Micro pulse

)

He-Ne laser Beam
(632.8nm) expander

Polarizer parabolic \
mirror

(a-d) Before — After (Pulse energy ~-4 mJ) (e-i) Higher pulse energy (~8 mJ)

(a) (a) ® () () (d)
A \ Scan direction

After

200 um

THz spot scanned along domain boundary —
Domain arm expands in the scan direction

Stronger pulse energy — Larger domain expansion

» This demonstrates the potential of THz FELs for ultrafast spin manipulation and THz spintronic
applications, providing a tool for studying thermally induced spin dynamics in solids.




THz-FEL Applications: High-Sensitivity Spectral Imaging

“Spatially Resolved Spectral
Imaging by A THz-FEL”

Total measuring time
+ Wavelength tunable by undulator gap within 30 minutes.
« Monochromatic in each mode Visible

image

A
images
+ Macro-pulse (= 4 us) contains many micro-pulses

« Micro-pulse interval: 9.2 ns (108 MHz mode)

+ Sub-harmonic micro-pulse option: 37 ns (27 MHz mode)

Imaging
area

3. Spectral Imaging Setup

+ Each micro-pulse has high peak power After monochromator As generated e dALrhil o e
up to 10 mJ/macro-puIse (27 MHz mode) j\ imaging size: 20x20 mm, step: 0.5 mm 1 picture: 6 minutes
| g @
» THz FELs provide quasi- FEL spectrum FEL spectrum Leaf #2 (dried)
- - ° - 2 Elapse 10 hours in air
monochromatic, high-intensity L - __
i detect Ne—TTN /\ " T oo
pulse.s, aIIo.wmg.faster study of s M //g\g}\ ﬂ S
non-linear imaging phenomena, alignment lens X E
» Provides detailed chemical I ens PAVZA\ 3
b4 , P
° e . . . <) —_— '
mapping, and biological imaging. Tl }.}rfs | P P-4
raster o
scanning detector Amz = 67 pm 83 um
reflectmg Monochromator imaging size: 25X32.5 mm, step: 0.5 mm 1 picture: 11 minutes
alignment

(b)

A. Irizawa, et. al., Condens. Matter 5 (2020) 38.



How IR/THz FELs Contribute to Astrophysics?

IR/THz radiation probes the same energy scale as molecular vibrations, rotations, phonons, and ice chemistry.

® “
*Yk ..ogo.. CQ
®-Ve®
A‘ ' ,Fﬁ ce v ,
Molecular Interstellar Cosmic Planetary
clouds ice dust atmospheres
@ rotational lines e H,0O, CO, CO, ® silicates ® methane
® vibrational modes ® NH; CH,;0OH ® carbon materials ® ammonia
® molecular IDs ® cryogenic chemistry ® PAHs ® water vapor
Energy /
Wavelength THz Far-IR Mid-IR Near-IR

(mm-submm) (30 - 300 um) (3 -30 um) (0.7 - 3 um)




APPLICATIONS OF INFRARED AND TERAHERTZ (THz/F-IR) RADIATION IN ASTROPHYSICS

From: The Role of Terahertz and Far-IR Spectroscopy in Understanding the Formation and Evolution of Interstellar Prebiotic Molecules
Mifsud et al., Frontiers in Astronomy and Space Sciences, 2021

OBSERVATIONAL APPLICATIONS LABORATORY ASTROCHEMISTRY

Detecting and characterizing molecules in space Reproducing and studying interstellar environments

Molecular Identification
Rotational and vibrational
spectral lines in the THz/F-IR
enable unambiguous detection
of interstellar molecules.

Ice Analogue Studies

Ices (e.g., H,0, CO, CO,, CH,0H,
NH; mixtures) are prepared at
10-20 K to simulate interstellar
grain mantles.

Physical Conditions

Line intensities and profiles
constrain temperature, density,
column density, and kinematics
of astrophysical sources.

Irradiation & Processing
IR/THz photons drive photolysis,
photodesorption, and chemical
reactions in ices and on surfaces.

Absorbarrce / Imtensity

Chemical Inventory In-Situ Diagnostics

Surveys with facilities such as Example: FELIX-LISA end-station TH2/F-IR spectroscopy monitors
ALMA, SOFIA, and Herschel for THz/F-IR irradiation and structural and compositional
reveal the molecular richness in-situ measurements. changes in ices in real time.

of diverse astronomical regions.

Tracing the pathways from simple to complex molecules

MOLECULAR STRUCTURE & INTERACTIONS

_‘_MR

Probing the nature of complex molecules

v Rotational Transitions
’}{ @ THz spectroscopy measures
pure rotational transitions,
\ revealing molecular geometry
v and dipole moment.

9

Isotopologues & Conformers

05 1.0

Frequency (THz)

15 2:0 2j5 Sensitive to isotopic substitution
and different conformations of
astrophysical molecules.

CHEMICAL EVOLUTION ACROSS ASTROPHYSICAL ENVIRONMENTS KEY MOLECULES & SCIENTIFIC IMPACT

Enabling the origins of life studies

Diffuse Clouds Dense Clouds Star-Forming Regions Pratoplanetary Disks Protontary Systems Important Molecular Families Scientific Impact

(10102 cm?) (10°-108 cm*?) (108-10% cm™?) (10%-10"2 cm3) (10°-10% cm?)

-

« lons & radicals:

Atoms, ions, simple molecules Molecules freeze on grains, Ices processed by UV/IR, Complex organic molecules Delivery to planets/comets, « Complex organics (COMs):
(e.q., H, C*, CH, OH) ice mantle formation cosmic rays, shocks in gas and ices prebiotic chemistry CH3OH, HCOOH, CH3CN,
THz/F-IR: detect key ions and THz/F-IR: probe ice composition TH2/F-IR: prolow ice processing TH2/F-IR: detect COMs and THz/F-IR: link chemistry to the amino acids, nucleobases
small molecules and structure and desorption products molecular inventories origin of life

« Simple molecules:
H,0, CO, CO,, NH;, CH,

OH*, H,0*, CH*, C*, etc.

* PAHs and fullerenes

THz/F-IR observations and laboratory studies provide critical constraints on the formation
and evolution of prebiotic molecules throughout the life cycle of matter in the universe.

Prebiotic Chemistry

to the origin of life.

Astrochemical Models
refine chemical models.

Future Missions

QOO0

Intermolecular Interactions
Low-frequency lattice modes
diagnose hydrogen bonding,
clustering, and ice structure.

Identifies and tracks molecules relevant

Provides essential data to test and

Supports interpretation of current and
next-generation space observatories.




[m IR/THz FEL Facilities

Global benchmark facilities
CMU MIR/THz FEL facility

. /




Examples: FELIX Laboratory (The Netherlands)

Global benchmark in wide-range MIR, FIR, THz tuning

» 4 multi-laser stations: FELIX-1, FELIX-2, FELICE,
FLARE to cover comprehensive spectra

» Large tuning span: MIR - THz (3 - 1500 um)

— @p, | FELCFELL ,’

m’ B\l

/ FELIX-FEL2

» Astrophysics: Integrated with end-stations to examine deep-
space molecular ice chemistry

» Applications: Molecular
and solid-state research




Examples: FELBE & TELBE (HZDR, Germany)

Global benchmark in superconducting repetition rate

» ELBE superconducting linear accelerator: drives
both continuous-pulse IR emissions (FELBE) and
coherent super-radiant THz waves (TELBE)

» Creates ultra-fast, high-average-power
radiation at high pulse rates up to 13 MHz

» Tuning span: MIR to FIR (4 -250 um) and THz
spectral ranges

> Applications: pump-probe experiments for
solid-state physics, magnetism, and
superconductor research




Examples: Precision Spectroscopy Hosts

CLIO (Orsay, France) FHI FEL (Berlin, Germany)

» Operates on a warm linac » Operates on a warm linac

» MIR (3 to 120 um) » MIR/FIR (3 to 165 pum)

> Applications: physical chemistry, material and > Applications: gas-phase spectroscopy, surface
biophysics research, vibrational molecular science, physical chemistry, complex molecular

spectroscopy clusters

e- beam Brewster
o (] coupling plate FEL mirror

dump

1‘:,

users line

FEL diagnostics room




Examples: KU-FEL (Kyoto, Japan)

e

leéfl;fiilliic 3-m Accelerator Tube
RF G '
Global MIR-FEL benchmark -
» Achieved 9.4% extraction efficiency, far @ Quadrupole
exceeding typical 1-5% limitations of traditional @ 45deg. Bend Beam Dump
oscillator FELs @ 60 deg. Bend (%| 1.8-m Undulator

» Ultra-intense MIR pulses (~100 w micropulse energy) > Optical Resonator

» Tuning span: MIR (3.4 to 26 um)
and THz (0.16 — 0.6 THz)

» Applications: physical ablation, non-linear optical
spectroscopy, polysaccharide and biopolymer science




Facility Comparison

Facility
Name

FELIX

FELBE

CLIO

FHI FEL

KU FEL

Country :::\"ge;e‘(zf:‘?
Netherlands 3 —-1,500 um
Germany 4 —250 um
France 3-120 pm
Germany 3—165 um
Japan 3.4—-26 um

Repetition Rate

25 MHz /1 GHz

13 MHz (Continuous)

62.5 MHz

1st Dual-Color
(500 MHz)

2,856 MHz

Primary Specialization
Molecular science, solid-state
physics

Ultrafast pump-probe dynamics,
condensed matter, semiconductors

Vibrational physical chemistry

Surface science, gas-phase &
cluster spectroscopy, molecular
cluster spectroscopy

Physical ablation, non-linear optical

spectroscopy



IR-THz FEL Facility Worldwide

FHI FEL
PITZ THz FEL
FELBH NovoFEL

ALICE FEL FELIX

CLIO FEL

FELIChEM

FEL-SUT
LEBRA
KU FEL

-y

NSRRCTHz FEL

PCELL FEL ¥ /}

(under development)




CMU Research Group [sietsesteiau BN UL Beam&s

LASER TECHNOLOGY
RESEARCH GROUP

1 Electron Linear Accelerator & IRITHz FELs J 2 | Ultrashort-pulsed Laser and
* . Advanced Spectroscopy Platforms

MIR/THz FEL irradiation station & Astrochemistry station Time-rsolved THz spectroscopy

1. Electron linac for MIR/THz free-electron lasers, electron beam irradiation and
accelerator-based technologies 4 | Examples of Collaborative

) Research
2. Ultrashort-pulsed laser and advanced spectroscopy platforms for frontier
research and users applications in materials science, biology, chemistry,
agriculture, astrochemistry, etc.
. . . . . = Sextupole magnet prototype for
3. lon beam tandem & implanters for applications in gemstones, agriculture, FGC-ee: CERN
semiconductors, materials science etc. M _
» Muon Research: RIKEN

4. Collaborative research with domestic & international collaboration n

= MIR FEL: Kyoto University
» THz FEL: DESY, Tohoku University




2. Femtosecond laser-based light sources

Mai Tai SP

J - —_—) Femtosecond laser oscillator:
N \' (e.g., THz time-domain
A spectroscopy

Central theme: Two advanced light sources
can both reveal ultrafast material behavior
and actively tailor material properties.

Femtosecond laser amplifier:
(e.g., Time-resolve spectroscopy)




PARTICLE ACCELERATORS

AND

LASER TECHNOLOGY
RESEARCH GROUP

IR/THz FEL Facility @ CMU

“!* Homemade accelerator
ELL components with help
Lo g | _ - from collaborators
k .

mmnnm-_ f

s ‘*w‘ O

: ; !: oy ] ... .1 i
: ‘ Stanford \ \eg/
’ ’ University & S

W2 Thal
- SYNCHROTRON

¥ NATIONAL LAB



Accelerator & Light Sources

Electron beam irradiation station  THz transition radiation (THz-TR)

T

Compact accelerator: 25 MeV (max.)
Capabilities:

= Ultrashort electron bunches

* MIR/THz FEL beamlines

= Coherent THz transition radiation

\|‘

‘T

® High-dose-rate pulsed electron beams

MIR free-electron laser (MIR-FEL)




Accelerator System

Accelerator system was developed for generation of fs electron bunches (~200 fs).
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THz Transition Radiation (THz-TR)

fs electron bunches are used to generate coherent THz-TR . s Freélue““y (T4H52) ) .
Al-foil radiator 1x10' I I I
| 1x10° =
e bunch =
1x10" =
THz TR radiation 2 -
9 1x10 5 SR (1 GeV, 500 mA, 1.2T)
5 1x10” g
e 1x10" . BB (2000 K)
10
Parabolic Ix10
mirror 1x10’
" TR (300 fs) TR (200 fs) TR (100 fs)
Ix10" = | | | |

0 50 100 150 200 250
Wavenumber (cm'!)

Broadband, coherent & intense THz radiation

Beam energy (design) 22 MeV
Electron bunch charge 60 pC
- Electron rms bunch length 200-300fs
O e Radiation wavelength 150 — 1000 um
d’r o7 e ISRt CSR Radiation frequency 0.3-2.5THz
do 40 :':__[N[l - f(':l’]:j ’i‘ N'ﬂ{ﬂ]]; Pulse energy 0.17 — 0.25 pJ
e e Peak power 0.9-1.5MW




Electron Beam Irradiation Station

quadrupole
magnets

screen

Sample chamber
and motor

Specifications:

= Beam energy: 6 - 25 MeV

Beam pulse length: 1 -5 microsecond
Electron dose: up to ~40 Gy/s

Repetition rate: 10 Hz

Irradiation environment: in-air

Electron dose and beam size can be adjusted

FLASH radiotherapy involves the ultra-fast delivery of
radiotherapy at dose rates several orders of magnitude
higher than conventional radiotherapy.

Time (s) )
Physical Step
lonizations and excitations
10-15
Physico-chemical step m
Molecular dissociations ;
w
10-12 =
Heterogeneous Chemical Step
Ri i and diffusi
S
106 2
Homogenous Chemical Step
Reacti and diffusi
1
Biochemical Step
DNA Repair Enzymatic
3600

Biological Step

Cellular and tissue response

Chronology of events occurring after

irradiation in biological tissue. n




Upgrades toward IR-THz FEL

2.5

Section I .
Section 11

Ek(Mei)

Beam dynamic simulations (ASTRA)
& radiation simulations for THz/MIR FEL

Section 111
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Upgraded Facility

MIR-FEL beamline & diagnostic station

THz-FEL beamline

I( 'fng

=

Electron beam
irradiation station

Beam diagnostics
for MIR/THz-FEL

Electron accelerator & MIR/THz FEL beamlines MIR/THz-FEL experimental station



IR-THz FEL Parameters

1. MIR-FEL (Mid-Infrared Free-Electron Laser) 2. THz-FEL (Terahertz Free-Electron Laser)

Oscillator FEL light source in the mid-infrared region

Parameter MIR-FEL

Wavelength range (um) 9.98 - 11.85 ym

Pulse duration 0.3 - 0.6 ps

Pulse energy 0.12 - 0.54 pJ
Peak power 0.15 - .15 MW
Repetition rate 10 Hz

Electron Beam Parameters (MIR-FEL)

Electron energy 22 - 25 MeV
Charge per bunch 10 - 50 pC
Bunch length (FWHM) ~ 200 fs
Repetition rate 10 Hz

THz FEL based on
Coherent Undulator Radiation

Parameter THz-FEL
Frequency range 1-3 THz
Pulse duration 200 - 300 fs
Pulse energy 0.07 pJ
Peak power (;: :::)
Repetition rate 10 Hz

Electron Beam Parameters (THz-FEL)

Electron energy 10 - 16 MeV
Charge per bunch 50 pC
Bunch length (FWHM) 200 - 300 fs
Repetition rate 10 Hz




Two complementary light sources

( ) ( )
@ IR-THz Free-Electron Laser Femtosecond laser system
* Tunable and coherent IR-THz radiation = Ultrafast pump and probe pulses
u H|gh‘f|EId excitation of vibrational / phonon [ Opt|ca| excitation and nonlinear Optical
modes measurements
= Suitable for selective spectroscopy and = Time-domain access to transient states
materials modification = Synchronization with THz / IR probing schemes

= Accelerator-based source with flexible pulse
parameters

[spectral selectivity [ coherence [ modification] [pump—probe [nonlinear optics]

. J

synergy




Motivation : Femtosecond laser

Advantages spectroscopy,

fs time resolution
Capture ultrafast carrier, exciton, phonon, and spin dynamics

High peak intensity
%’ (1 /100 fs = 10 MW with mW average power)

Access nonlinear optics and strong-field excitation regimes

Low thermal diffusion

Localize energy deposition and reduce heat-affected zones

Broad compatibility

Combine with THz-TDS, pump-probe, microscopy, spectroscopy B

J Ulseq siwo®
laser dep©

Source: S. Niu et al., Photonics, 11(9) (2024) 857 n

-
&
(
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THz Time-domain Spectroscopy (THz TDS)

...................

""""

..........................................

Emitter

= Provide both electric field amplitude and phase (rocarvar) ¥
" Characterize complex optical properties of materials |, &
0.10 » -~ 120

= | ™ 3 100

§ 0.05 Fr 'g ' ]

g 0.00 ~\Jr¢ AP —_—> g_ 2 " g

g’ g | jeo 8

o 005} é t Ja0 :::
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time (ps) frequency (THz)
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M-
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§

% fs laser

THz emitter

THz detector
Maximum scan range
Operation mode
Spectral range
Spectral resolution

Operating temperature

e Wavelength: 780 nm - 800 nm
* Pulse width: 25 fs - 100 fs

¢ Rep. Rate: 84 MHz

e Average Power: 650 mW -1W
Photoconductive Antenna (PCA)
Photoconductive Antenna (PCA)
1470 ps

Transmission

0.05 - 2.5 THz

0.68 GHz (at maximum scan range)

20°C-30°C

CcMU

CHIANG MAI UNIVERSITY

j‘l
NEeECTeC

a member of NSTDA

Vad

Y %4
7?4

Future upgrade

© measuring at cryogenic temperature




A
Time-resolved THz spectroscopy | i
: . °”° : Complex state:
[ I bonds break & form
Ll o 3 ‘[ :
1. Optical-pump / Optical-probe (1-color pump-probe) 5 ® O | :
2. Optical-pump / THz-probe (2-color pump-probe) i gl |
: ; x
e Products
PUMP ( Sample At /\ PROBE Time duration ~fs to ~ps
excites sample —_—y measures response
> | Reaction coordinate .
& i N
PUMP PULSES PROBE PULSES
Generated by Non-collinear Generated by
Optical Parametric Amplification (NOPA) Difference Frequency Generation (DFG)
A\  Wavelength: 500-700 nm (( ° )) Frequency range: 0.1-3 THz )
-G} Center wavelength: 586 nm @ Pulse duration: 1ps ’ 0 =
@ Pulse duration: 100 fs * Pulse energy: 0.005-0.01 pJ
; p . fa My - -
ulse energy: 0.005-0.01 mJ x_s Repetition rate: 1 kHz
O Repetition rate: 1kHz J @ Time resolution: 100 fs
- ¥,




Bench-top Stations : THz-FTIR Spectrometer

@  sPECTRALRANGE

e MEASUREMENT MODES 9 SAMPLE ENVIRONMENT

MIR FIR/ THz

/\/\/\/\/\/\ —> —p  Transmission =
2um 30 um 1mm @ 2 "!"

= MiRiwauelengthiiatge:2-20m Attenuated Total Invacuum In air Dry N, Gas cell
 FIR / THz wavelength range: 30 pm-1mm Reflection (ATR)

¢ Equivalent frequency: 0.3-10 THz

data analysis service ;
external experimental setups

@ DETECTOR AND ANALYSIS O cexccrventaccomeameiry @) FUTURE UPGRADE
o Mercury Cadmium
Telluride (MCT) detector @ / @ 1 L i
! - | }----- % I»--- - = measurements at
. cryogenic
M ® ATR-FTIR library for Optics adaptable to temperatures

Astrochemistry station:

= Space-like condition in chamber
= Study the original of life in

interstellar medium




The useful measurement space

IR-THz FELs add spectral selectivity; femtosecond lasers add temporal selectivity.

4 (@ B @ Higher up = higher
photon energy / frequency
near-IR / visible f.s laser_
carrier / exciton | . @ Further right =
dynamics ‘ longer time scale
L 1, IR-FEL resonant driving
mid-IR 1] phonons / molecular modes
\

low-energy excitations

relaxation / transport
THz

photon energy / frequency

t t t : 1 >
fs 10 fs 100 fs 1ps 10 ps ns

time scale




Shared Faci|ity @ CMU | ELL PARTICLE ACCELERATORS

AND

LASER TECHNOLOGY
= RESEARCH GROUP

s “Shared research infrastructure for users
Vision g and hub for accelerator-based science

.. Establishment of electron accelerator and IR FEL laboratory for frontier research,
Mission S : -
applications, innovation, and human resource development.

Materials S Energy Materials -’W Industrial
Goalj - \_m__] Bipthching o8 m Dimensional Materials ‘ Products

Accelerator-based Infrastructure Ultrashort Laser & Spectroscopic Infrastructure
Advanced || . ﬁ"" “’i’=*
Research g
Platform bk
!
for ‘n,u!
Accelerator || © V"
and
Photon THz time-domain spectroscopy
i Electron beam irradiation & FLASH study Visible/THz/UV Time-resolved spectroscopy
Science
MIR/THz FEL irradiation Femtosecond laser stereolithography
THz CTR research FTIR spectroscopy with customized research setup
Linear & non-linear transient spectroscopy Cryocooler setup with temperature control
\. A
Pilot THz Solar Cell ||  Astro- ] Complex
riculture
Applications Emitter/Detector || & Storage 1 chemistry | DNA/Cell Liquids N




www.infraredfel-thailand.org

Human Development: Education & Training

=

A i ,

$
Learn-by-building Hands-on training: Early-career |

approach for students design » modeling - researcher involvement ’
construction —» experiments

/‘D\»//‘_/\q@-» M|

Design Modeling Construction Experiments
Conceptual Simulation and Build and Test, validate,

Q Students learn by designing, design and modeling to integrate and analyze 0 Engage and empower early-career
building, and testing real systems, specifications optimize components experimental researchers through real-world
bridging theory and practice. performance and systems results research experience and mentorship.

Q Encourages creativity, problem-solving, Q Promote leadership, collaboration,
and critical thinking. and interdisciplinary skills.

x Develop practical skills and a deep understanding
0 Builds confidence and ownership O ; : ° Strengthen the next generation
( ) of real-world research and engineering.

through hands-on experience. of scientists, engineers,

and innovators.

Investing in people through practical training and research involvement

builds a strong foundation for innovation, sustainability, and national progress.




06 Conclusion: Accelerator Technology - Many Scientific Frontiers

Particle Physics

(Accelerators)

Exploring the fundamental
constituents of matter

Accelerator Science

Developing and advancing
accelerator technology

Free-Electron Lasers
(IR/ THz)

Bright, coherent, tunable,
ultrafast light sources

v v

@ Materials Science | ‘ Chemistry & Biology | @ Astrophysics

e Structure and phase transitions ¢ Molecular spectroscopy ¢ Interstellar molecules
* Reaction dynamics } ’ 3 e Ices, dust, and PAHs

"
G

 Ultrafast dynamics

¢ Functional materials ¢ Biomolecular structure 6 ¢ Planetary atmospheres




CMU Conclusion

Two complementary light sources to
investigate, control, and tailor materials
at ultrafast and molecular scales.

Integrated facility & collaboration network

25 MeV compact electron accelerator
0 Accelerator  for MIR/THz FELs, THz-TR, and high-
dose-rate pulsed electron beams.

IR-THz FEL + ultrashort laser facility ‘A THz-FTIR, THz-TDS, and time-resolved
° Fs laser spectroscopy provide amplitude,
phase, and fs—ps dynamics.

Shared|research infrastructure for users i _
and hub for accelerator-based science

i of electron and IR FEL y for frontier
applications, innovation, and human resource development.
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Shared platform supports materials,
biology, chemistry, agriculture,
astrochemistry, and user
collaboration.
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