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What are FELs ?

Why they matter compared with conventional lasers?

01 Introduction of Free-electron Lasers (FELs)
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Laser (Light Amplification by Stimulated Emission of Radiation)



Bound-electron Lasers
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Source: P. Schmüser, et al. "Free-electron lasers in the ultraviolet and X-ray 

regime." Springer Tracts in Modern Physics 258 (2014).

Conventional “bound-electron lasers” produce 
light with a specific wavelength by exciting 
electrons within atoms (or molecules) to jump 
between atomic energy levels 

Laser components  
1. Gain medium: atoms
2. Energy pump (to create population inversion)
3. Optical resonator

Photons are interacted with atoms in 3 ways
1. Absorption of radiation
2. Spontaneous emission
3. Stimulated emission



Free-electron Laser (FEL)
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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

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



Comparison
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How do FELs works?

Advantages over conventional light sources

02 Fundamentals of FELs



How do FELs work?
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Density modulation (bunching with period of resonant wavelength) 

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

Energy modulation
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17Source: P. Schmueser, Lecture “Free Electron Lasers”, University of Hamburg
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Broad Tunability

Wavelength adjustment by 
changing electron beam 
energy or magnetic field.

High Peak Power
MW-GW levels of peak power 
enables study of multi-photon 

processes.

Short Pulse Duration
FEL pulses with fs/ps scale are 

suitable for high-resolution 
time-resolved spectroscopy.

Feature 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



Advantages of FELs: Light Sources
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Advantages of FELs: Synchrotron vs. FEL
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~1010 times

fs - ps pulse

ps - ns pulse

Broadband

Narrow band

Source: T. Shea, Overview of Beam Diagnostics, USPAS09, Albuquerque NM, June 23‐26, 2009
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Accelerator Science: The foundation of FELs

03 Particle Physics  Accelerator Science  FELs

Common technologies: Particle Physics  FELs

Skills transfer: Particle Physics → Photon Science



Accelerator Science : Foundation of FELs
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Common Technologies: 
Particle Physics  FELs
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Accelerator technologies 
support both high-energy 
& photon-science facilities.



Skills Transfer: From Particle Physics to Photon Science

Examples:
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X-FELs key properties

IR/THz-FELs key properties

04 Scientific Applications of FELs

FEL configurations

IR/THz-FEL applications: Material sciences

➢ Material sciences, Biology & Chemistry, Astrophysics



FEL Configurations
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❖ 1977: First FEL oscillator @ 
Stanford University (43 MeV, 
3.4 μm IR)

❖ Optical cavity is not possible 
for wavelengths <100 nm.

Oscillator 
(Undulator + Optical cavity)

Long undulator

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

SASE (Self-Amplified Spontaneous Emission)

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

❖ 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)
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X-FELs Key Properties



Examples of X-FEL Facilities
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IR-THz FELs Key Properties



Motivation & Importance of IR/THz FELs
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Driving Strong Fields

IR/THz FELs produce strong 
electric fields (>100 kV/cm), 

driving systems beyond 
linear response.

Coherent Control of Solids

High-intensity pulses can drive 
and control collective modes, 

such as in superconductors and 
magnetic materials.

Investigating Strongly 
Correlated Electrons

IR/THz FELs manipulate     
crystal lattices and electronic 

properties, enabling control of 
material properties.

➢ Enabling access to nonlinear light–matter experiments

Capturing Transient States

Ultrafast pulses allow real-time 
observation of atomic and 

molecular motion on 
ps/fs timescales.

Understanding 
Fundamental Quanta 

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

lattice phonons, superconducting 
gaps, spin dynamics.

➢ Need for ultrafast light sources in science

Non-equilibrium Physics 

Exciting systems away from 
equilibrium to reveal hidden 

phases of matter.



Importance of IR/THz Radiation

31Modified from E. Pickwell, V. P. Wallace , Journal of Physics D: Applied Physic 39, 2006



Key Applications of IR/THz Radiation
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MIR FEL Applications: Molecular Vibrational Fingerprints 

J. Oomens et al., Int. J. Mass 
Spectrom. 254 (2006) 1–19.

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

➢ This technique allows detailed studies of 
molecular vibrations and chemical structures

Methodology: Structural characterization 
of mass-selected ions in trap

➢ Structural Identification of
Electron Transfer Dissociation 
Products in Mass Spectrometry
using Infrared Ion Spectroscopy

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

➢ Gas-phase infrared multiple photon 
dissociation (IRMPD) spectroscopy of mass-
selected molecular ions
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MIR FEL Applications: Dissociation of Protein Fibrils 
Structural transformation: from stable, stacked 𝛃-sheet structure (amyloid fibrils) into 𝛂-helix

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

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.

T. Kawasaki et al., Int J Mol Sci 

14(4) (2023) 3686.

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



35

▪ Implications
▪ No pH change 

▪ OH-/H+ balance intact after exposure

▪ 10 nm reduction in DLS
▪ Tighter ion binds after exposure

▪ 30-50 mV positive shift on 

   Zeta Potential
▪ Ion species change during

bombardment

▪ This was semi-permanent

▪ 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) 1543

MIR FEL Applications: Ion Reorganization

FEL Exposure on Quantum dots (QDs) 
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THz FEL Applications: Material Control 

“Terahertz-induced martensitic 
transformation in partially 
stabilized zirconia”

M. Nagai et al., Communications 

Physics 6 (2023) 88.

➢  This demonstrates the potential of THz FELs for ultrafast, non-equilibrium control of materials, 
enabling studies of phase transitions, strain engineering, and lattice dynamics.
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THz-FEL Applications: Magnetic Domain Control 
“Reconfiguration of magnetic
domain structures of ErFeO3 by
intense terahertz free electron 
laser Pulses”

➢  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.
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THz-FEL Applications: High-Sensitivity Spectral Imaging 

“Spatially Resolved Spectral 
Imaging by A THz-FEL”

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

➢ THz FELs provide quasi-
monochromatic, high-intensity 
pulses, allowing faster study of 
non-linear imaging phenomena, 

➢ Provides detailed chemical 
mapping, and biological imaging.



How IR/THz FELs Contribute to Astrophysics?
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IR/THz radiation probes the same energy scale as molecular vibrations, rotations, phonons, and ice chemistry.
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Global benchmark facilities

CMU MIR/THz FEL facility

05 IR/THz FEL Facilities



Examples: FELIX Laboratory (The Netherlands)
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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 µm)

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

➢ Applications: Molecular 
and solid-state research
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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 µm) and THz 
spectral ranges

➢ Applications: pump-probe experiments for 
solid-state physics, magnetism, and 
superconductor research
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Examples: Precision Spectroscopy Hosts

CLIO (Orsay, France)
➢ Operates on a warm linac
➢ MIR (3 to 120 µm)
➢ Applications: physical chemistry, material and 

biophysics research, vibrational molecular 
spectroscopy 

FHI FEL (Berlin, Germany)
➢ Operates on a warm linac
➢ MIR/FIR (3 to 165 µm) 
➢ Applications: gas-phase spectroscopy, surface 

science, physical chemistry, complex molecular 
clusters
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Examples: KU-FEL (Kyoto, Japan)

Global MIR-FEL benchmark

➢ Achieved 9.4% extraction efficiency, far 
exceeding typical 1-5% limitations of traditional 
oscillator FELs

➢ Ultra-intense MIR pulses (~100 µJ micropulse energy)

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

➢ Tuning span: MIR (3.4  to 26 µm) 
and THz (0.16 – 0.6 THz)
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Facility Comparison

Facility 
Name

Country
Wavelength 
Range (µm)

Repetition Rate Primary Specialization

FELIX Netherlands 3 – 1,500 µm 25 MHz / 1 GHz
Molecular science, solid-state 
physics

FELBE Germany 4 – 250 µm 13 MHz (Continuous)
Ultrafast pump-probe dynamics, 
condensed matter, semiconductors

CLIO France 3 – 120 µm 62.5 MHz Vibrational physical chemistry

FHI FEL Germany 3 – 165 µm
1st Dual-Color 
(500 MHz)

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

KU FEL Japan 3.4 – 26 µm 2,856 MHz
Physical ablation, non-linear optical 
spectroscopy



IR-THz FEL Facility Worldwide
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CMU Research Group
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Electron Linear Accelerator & IR/THz FELs1 Ultrashort-pulsed Laser and 
Advanced Spectroscopy Platforms 

2
Ion Beam Facility

3

PIXE IL

e-gun

Sample holder

RBS

RBS/Channeling

4 Examples of Collaborative 
Research

▪ Sextupole magnet prototype for     
FCC-ee: CERN 

▪ Muon Research: RIKEN

▪ MIR FEL: Kyoto University

▪ THz FEL: DESY,  Tohoku University 

1. Electron linac for MIR/THz free-electron lasers, electron beam irradiation and 

accelerator-based technologies

2. Ultrashort-pulsed laser and advanced spectroscopy platforms for frontier 

research and users applications in materials science, biology,  chemistry, 

agriculture, astrochemistry, etc. 

3. Ion beam tandem & implanters for applications in gemstones, agriculture, 

semiconductors, materials science etc.

4. Collaborative research with domestic & international collaboration

Plasma and Beam 

Physics Facility 



Infrared-THz FEL and Ultrashort Laser Facility
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1. Electron beam accelerator & MIR/THz light sources

2. Femtosecond laser-based light sources

Femtosecond laser oscillator: 

(e.g., THz time-domain 
spectroscopy

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

Central theme: Two advanced light sources 
can both reveal ultrafast material behavior 

and actively tailor material properties.



IR/THz FEL Facility @ CMU 
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Homemade accelerator 
components with help 

from collaborators



Accelerator & Light Sources
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THz free-electron laser (THz-FEL)

MIR free-electron laser (MIR-FEL)

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

Compact accelerator: 25 MeV (max.)

Capabilities: 

▪ Ultrashort electron bunches

▪ MIR/THz FEL beamlines

▪ Coherent THz transition radiation

▪ High-dose-rate pulsed electron beams



Accelerator System
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Accelerator system was developed for generation of fs electron bunches (~200 fs).    



THz Transition Radiation (THz-TR)
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fs electron bunches are used to generate coherent THz-TR

Broadband, coherent & intense THz radiation
Beam energy (design) 22 MeV

Electron bunch charge 60 pC

Electron rms bunch length 200 – 300 fs

Radiation wavelength 150 – 1000 m

Radiation frequency 0.3 - 2.5 THz

Pulse energy 0.17 – 0.25 J

Peak power 0.9 – 1.5 MW



Electron Beam Irradiation Station
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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. 

Chronology of events occurring after 

irradiation in biological tissue. 
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Beam dynamic simulations (ASTRA) 

& radiation simulations for THz/MIR FEL

THz FEL (SPCETRA)

MIR FEL (Modified GENESIS 1.3)

Upgrades toward IR-THz FEL



Upgraded Facility
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 uadrupole 
magnets

  

screen

Sample c am er 
and motor

Electron accelerator & MIR/THz FEL beamlines

THz-FEL beamline
MIR-FEL beamline & diagnostic station

Electron beam 
irradiation station

Beam diagnostics 
for MIR/THz-FEL

MIR/THz-FEL experimental station



IR-THz FEL Parameters
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Two complementary light sources
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FEL IR–THz Free-Electron Laser

▪ Tunable and coherent IR–THz radiation
▪ High-field excitation of vibrational / phonon 

modes
▪ Suitable for selective spectroscopy and 

materials modification
▪ Accelerator-based source with flexible pulse 

parameters

spectral selectivity coherence modification

fs Femtosecond laser system

▪ Ultrafast pump and probe pulses
▪ Optical excitation and nonlinear optical 

measurements
▪ Time-domain access to transient states
▪  Synchronization with THz / IR probing schemes

temporal resolution pump–probe nonlinear optics

+
synergy



Motivation : Femtosecond laser

59

Advantages

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

High peak intensity  
(1 µJ / 100 fs ≈ 10 MW wit  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

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



THz Time-domain Spectroscopy (THz TDS) 
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▪ Provide both electric field amplitude and phase 
▪ Characterize complex optical properties of materials Emitter

Receiver
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Time-resolved THz spectroscopy

1. Optical-pump / Optical-probe (1-color pump-probe)
2. Optical-pump / THz-probe (2-color pump-probe)
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Bench-top Stations : THz-FTIR Spectrometer

Astrochemistry station:

▪ Space-like condition in chamber

▪ Study the original of life in 

interstellar medium 



 The useful measurement space
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IR–THz FELs add spectral selectivity; femtosecond lasers add temporal selectivity.



Shared Facility @ CMU
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Human Development: Education & Training 
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www.infraredfel-thailand.org



Conclusion: Accelerator Technology → Many Scientific Frontiers
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CMU Conclusion
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Integrated facility & collaboration network

IR–THz FEL + ultrashort laser facility

Shared facility + domestic/international partners

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

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

2 Fs laser
THz-FTIR, THz-TDS, and time-resolved 
spectroscopy provide amplitude, 
phase, and fs–ps dynamics.

3 Apply
Shared platform supports materials, 
biology, chemistry, agriculture, 
astrochemistry, and user 
collaboration.

Characterize Understand Modify Verify
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