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What is Terahertz̙

ÅBetween microwave and infrared

Å Frequency: 0.1-10 THz 

ÅWavelength: 3-0.03 mm 

ÅWavenumber: 3.33-333.33 cm-1

Å Photo energy: 0.41-41.4 meV

ÅñTerahertz Gapò

=˂c/ f

k =1/˂

E=hẗf

h=6.62606896¦10ҍопJs
h=4.13566743¦10ҍмрeV s
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Main properties of THz

01 02

03 04

05 06

No ionizing radiation effect 

with low energy photons;

Safety for cells and tissues

Fingerprint spectrum

Similar energy level with 

vibration and rotation of most 

moleculas

Large bandwidth, large 

capacity, high speed

Reflection at metal surface̕
Absorption by water, oxide

High penetration capability for 

non-polar materials

Short pulse; coherence;

High time and space 

resolution
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Methodologies of Terahertz

Terahertz

Spectroscopy Imaging

Control Others

Crystalline and non-

crystalline solid,

liquid crystal,

polymers,

atom and molecule 

spectroscopy, 

nonlinear

spectroscopy, é

THz imaging, 

near-field THz imaging, 

biomedical imaging, 

clinical imaging, 

tomography, 

THz scanning tunnelling 

microscopy, 

security imaging, é.

Strong magnetic/electric 

field, 

ultrafast, é

Communication, 

metrology, 

astronomy, é
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Application examples
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Application examples

Å Harmless to humans

Å The imaging is clear

Å Cancer detection in living organisms

Å The edges are clearly visible
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Application examples

Å large bandwidth, huge information

Ÿsecure communication over short distances

Å The THz band has a water window

Ÿground and space communications
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Application examples

Quasi-particle is an emergent phenomena that arises from the collective behavior of particles in

certain physical systems, such as solids or superconductors.

It behaves like a particle with its own properties, but it is not a fundamental particle like those found in

particle physics.

Most of the characteristic energies of quasi-particles are located in the terahertz frequency band, so the

correlation with the characteristic physical properties of functional materials is universal!

0.1    THz    1.0 Objective Functional 

materials

Magnetons Magnetic materials

Migration rate Semiconductor 

materials

Band gap Superconducting 

materials

Electromagnetic 

oscillators

Multiferroic material

Plasmons Metamaterials

é
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Some references

Å Terahertz Techniques, Springer Series in Optical Sciences 151

Å Principles of Terahertz Sciences and Technologies, Springer

Å Terahertz Spectroscopy and imaging, Springer Series in Optical Sciences 171

Å Convergence of Terahertz Sciences in Biomedical Systems, Springer

Å The 2017 terahertz science and technology roadmap, Journal of Physics D: Applied Physics

Å The 2023 Terahertz Science and Technology Roadmap, Journal of Physics D: Applied Physics

Å Rev. Mod. Phys., 83, 471(2011)

éé
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ü Twenty years ago, developed countries, such as the United States and 

Japan, recognized the importance of Terahertz science and technology,  

which should be an innovative technology in new century.

ü In the past 20 years, Terahertz science and technology have made rapid 

progress, but in my personal opinion, there is still a gap compared to 

expectations due to THz gap
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THz Gap

Source 

and 

Detection

Theory

limitation

Applications

Efficient and stable coherent terahertz generation

Insufficient theoretical description: limitations of 

microwave theory and optical theory

Low conversion rate from theory and experiments to application

It's not a natural band gap in the spectrum 

It's the special stage limited by technological development

Highly sensitive terahertz detection

The mechanism of interaction with matter is not well 

understood

13



Vacuum 

electronics 

technology

Photonics 

technology

THz sources
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THz Vacuum Electronic Device

ü In a vacuum environment, the electron beam is accelerated through a specific 

structure (resonant cavity, slow-wave structure). Energy coupling occurs with the 

electromagnetic field, and the kinetic energy of electrons is transferred to the 

electromagnetic field, which directly generates or enhances the Terahertz band 

electromagnetic fields.

ü Advantages̔High output power; Good working stability

ü Disadvantages̔Large size and weight; High power consumption; Higher cost; 

The frequency is limited to the low THz band

ü Application scenarios̔radar, Meteorological and environmental remote sensing,

Long-range terahertz communication, Security imaging, Industrial material defect 

detection, Deep space exploration, Nuclear industry testing
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Typical THz VEDs

Travelling Wave Tubes(TWTs)/

Backward Wave Oscillator (BWOs)̔
Straight-edge connected planar helix TWTs,

Folded waveguide and coupled cavity TWT/BWO,

Staggered double vane arrays TWT

Klystrons:

THz nano-reflex klystron,

Multi-cavity sheet beam klystron,é

Gyrotrons:

DNP-NMR Gyrotrons,

THz Gyrotrons,é
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Typical THz VEDs

Microwave Frequency Multipliers, based on Gunn diodes and 

impact ionization avalanche transit-time diodes, IMPATT

New type: 

dielectric Cherenkov radiation sources, 

multi-beam devices using photonic crystal resonators, 

Metamaterial-embedded THz VEDs 17



Laser-based THz sources

Å Photo-conductive antenna, a terahertz generator based on the photoelectric 

effect of semiconductors. Fast laser irradiation excites carriers, the carrier accelerates 

to produce a transient current, then produces a broadband terahertz pulse. Saturation 

power limit; Efficiency limitations.

Å Photo-rectification, femtosecond lasers act on second-order nonlinear 

crystals(for example, lithium niobate, Zinc telluride), the broadband spectral component 

of the pulse undergoes differential frequency oscillation in the medium and produces 

terahertz waves. Damage threshold; Efficiency limitations

Å Photo-dember emitters, ultrashort laser pulses irradiate semiconductors to form 

transient carrier gradients, its asymmetric diffusion forms a transient electric dipole 

moment, produces terahertz waves

Å Parametric amplification, a process that utilizes energy transfer in a nonlinear 

medium, the energy from the pump light is transferred to the signal light. Including 

optical rectification, differential frequency generation, and Optical Parametric 

Oscillation(OPO)

Å Terahertz generation in air(plasma) . High damage threshold; High efficiency

Broadband THz
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Laser-based THz sources

Å Photo mixing, two lasers with a slight difference in center frequency are 

introduced into materials with high second-order nonlinear optical coefficients(for 

examples, GaAsȁLiNbOϝ), sum and differential frequency signals will be generated 

when the laser interacts in a nonlinear material. The difference frequency signal may 

be THz wave determined by source laser frequency.

Å Difference frequency generation, its core is based on second-order nonlinear 

optical effects. When two beams of pump light with similar frequencies are incident 

into a nonlinear medium, due to response through the second-order polarization of 

the medium, a terahertz wave with a frequency of the difference between the optical 

frequencies of the two pumps is produced

Å Narrowband Terahertz generation in quasi-phase-matching 

crystals(Phase Matching with tilted optical pulses in Lithium Niobate)

Narrowband THz
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THz lasers

Å Gas Lasers: The principle of terahertz gas laser is that the light pump excites the 

rotational energy level transition of gas molecules, realizes the reversal of the 

number of particles, and produces terahertz laser through stimulated radiation and 

resonant amplification. Including  electrically excited gas lasers, optically excited 

gas lasers

Å Quantum cascade laser: electron transition between bands based on 

semiconductor-coupled quantum well (non-traditional p-n junction composite 

luminescence), a single electron can generate multiple photons through a 

cascading structure, achieving high power output

Å P-type Germanium lasers

20

Narrowband THz



21

Schematic diagrams



Non-accelerator THz sources

ü Improve performance(THz spectrum, power, repetition frequency, electric 

field) with rapidly progress of

picosecond and femtosecond laser technologies,  

high repetition laser technologies, 

functional materials technologies, 

é

ü In most cases,  their relatively  low cost and small scale, are more suitable 

as laboratory instruments
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Photo rectification

Pulse energy 13.9mJ,

Converting efficiency 1.2%

Peak electric field 7.5 MV/cm

Ref: Generation of 13.9mJ Terahertz radiation from lithium Niobate material, Advanced Materials 23



Accelerator-based THz sources

ü Transition radiation, a type of electromagnetic radiation that occurs when a 

charged particle, such as an electron, passes through a boundary between two 

media with different dielectric constants or conductivities.

ü Diffraction radiation, an electromagnetic phenomenon that occurs when a 

charged particle moves near an edge or aperture of an ideally conducting screen in a 

vacuum. Diffraction of the particle's self-field by the obstacle, governed by 

electromagnetic wave diffraction principles (e.g., Huygens-Fresnel theory and 

Kirchhoff's diffraction formula)

ü Synchrotron radiation, electromagnetic radiation emitted when charged particles, 

such as electrons, are accelerated radially in a magnetic field at velocities close to 

the speed of light.

ü Edge radiation, a specific type of electromagnetic radiation emitted when 

relativistic charged particles interact with magnetic field geometry. The abrupt 

variation in the magnetic field or material boundaries can lead to enhanced radiation 

emission

ü Cherenkov radiation, a charged particle moves through a transparent medium at 

velocity v exceeding the speed of light in that medium (v > c/n)

Broadband THz
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Accelerator-based THz sources

Å Undulator radiation, electromagnetic radiation emitted by charged particles 

(typically electrons) when they are forced to oscillate periodically through a spatially 

varying magnetic field in a device called an undulator. This periodic motion causes 

the particles to emit radiation with specific characteristics, such as high brightness, 

polarization, and tunable wavelength, depending on the undulator's magnetic field 

strength and the particle energy

Å Smith-Purcell radiation, as charged particles pass near the grating, they disturb 

the electromagnetic fields near its surface. The periodic structure of the grating 

diffracts or "scatters" this disturbance, converting the kinetic energy of the moving 

charges into emitted photons

Å FEL radiation, is a type of laser that generates coherent electromagnetic radiation 

by utilizing relativistic free electrons as the lasing medium, rather than bound 

electrons in atoms or molecules

Narrowband THz
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Accelerator based THz sources

ü Storage ring-based THz sources:

low alpha operation mode, laser-slicing technique, 

controllable microbunching process, laser-modulated electron beam é

ü Normal conducting linac based THz sources:

transition radiation̆undulator radiationé
Compressing bunch length to enhance radiation, such as velocity 

compression, magnetic compression,é

ü Superconducting linac based THz sources, similar to NC driven THz 

sources, but with higher repetition rate, resulting high average power

ü Energy recovery linac based THz sources: 

superconducting ERL or normal conducting ERL  increase converting 

efficiency and enhance average power.
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[Ref: Stable coherent terahertz synchrotron radiation from 

controlled relativistic electron bunches, Nature physics]

[Ref: Continuously tunable narrowband pulses in the THz gap 

from laser-modulated electron bunches in a storage ring, PRAB]

Storage ring based THz sources

Limitations of low Ŭmode:

Å Spectrum

Å Peak power

Å Compatibility with other 

experimental stations

New ideas:

Å Controllable 

microbunching process 

with feedback

Å Laser-modulated electron 

beam

Å é
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SLAC-FACET

28
Ref: Intense terahertz pulses from SLAC electron beams using coherent transition radiation., Rev. Sci. Instum

FACET The New User Facility at SLAC, Christine Clarke

FACET: Facility for Advanced Accelerator Experimental Test

Å Beam energy : ~20 GeV 

Å Coherent transition radiation from two 1-um-thick Ti foils

Å Energy: ~ 0.5mJ

Å Bunch length: ~25 fs

Å Spectrum: ~1THz

Å Electric fields: ~ 6MV/cm



Novosobirsk THz FEL

Ref: The Novosibirsk Free Electron Laser-unique source of terahertz and infrared 

coherent radiation, Physics Procedia 

ü Room-temperature RF cavity-based energy recovery linac, 187MHz

ü Spectral range: 90-240 um, 37-80 um, 5-20 um

ü Average power: 100 W order
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The Jefferson IR-FEL 

30Ref: The VUV/IR/THz free electron laser program at Jefferson Lab, NIMA

Progress at the Jefferson laboratory FEL, PAC09

ü Superconducting RF cavity-based energy recovery linac (100MeV, 10mA)

ü MHz repetition rate

ü 10kW order radiation power at IR

IR-FEL UV-FEL

Photon energy range of 

fundamental (eV)
0.1-1.4 1-3.4

Photon energy per pulse (uJ) 100 20

Repetition rate (MHz) 4.678-74.85 4.678-74.85

Photon pulse length (FWHM) 100 fs-2 ps 100 fs-2 ps

Nominal pulse bandwidth (%) 1 <1

Electron beam energy (MeV) 80-140 80-140

Charge per electron bunch (pC) 135 60



C(hinese)T(erahertz)FEL
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The superconducting linac based THz-FEL

Å Spectral range

Å High repetition

Å High average power



CTFEL-upgrade

32

Å Extension of spectrum to infrared

Å Enhancement of average power

Å Potential of energy recovery operation

Ref: Status and upgrade plan of CAEP THz-FEL facility, High Power Lasers and Particle Beams 



FELIX/FELICE/FLARE

Room temperature linac based IR-THz FEL

Å FELIX:  15-50 MeV, 20uJ/100mJ/100MW

Å FLARE: 10-15 MeV,5uJ/100mJ/10MW

Å FELICE: 18-50 MeV, 1mJ/5GW

Ref: Introduction to the infrared and THz user facility FELIX, Britta Redlich 
33



Brief summary

ü So far, Terahertz source technologies have made significant progress, manifest 

in the terahertz coverage band, average power, peak power, ultra-fast, etc.

ü Fruitful results have been achieved in various research and application fields

ü VED sources based on a low-energy electron beam, Terahertz sources based 

on laser technology, Terahertz lasersé

ü The terahertz sources based on the accelerator still have many advantages: 

spectral coverage, peak power/average power, ultra-fast, spectral tuning 

capability, reliability, etc.

ü A number of terahertz source user facilities were built, especially on large-scale 

light sources

ü Many THz sources based on low energy accelerator were operated for special 

application fields

ü Its scale and cost limit its wide application, and miniaturization is an urgent need
34



Å A desktop THz Free Electron Laser scheme from Korea

Å Oscillator FEL with waveguide

Å Microtron as driver

Ref: A compact THz FEL at KAERI: the project and the status, FEL2017

An example

35
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What is Free Electron Laser?

Unlike general lasers, such as solid-state lasers, gas-lasers, the working medium of 

FEL is ófree electronsô, especially ultra-relativistic electron beam
37

FEL: an energy transformer, 

from wall plug power to photons



Comparisons 

Conventional Laser

Light amplification by Stimulated Emission of Radiation

Electrons in bound states ïdiscrete energy levels

Waste heat in medium ejected at speed of Sound

ŸLimited tunability, Limited Power

Free Electron Laser

Light amplification by Synchronized Electron Retardation

Electrons free ïcontinuum of energy levels

Waste heat in electron beam ejected at speed of Light

ŸContinuoustunability, High Power

38



Undulators

Ref: Undulator radiation, J.B.Murphy & J.Wu

Three types of undulators
Empirical formula for estimation of 

magnetic field 

When K » 1, it is named wiggler. Its radiation properties is different. 

39

Parameter SmCo5 NdFeB

a 3.33 3.44

b 5.47 5.08

C 1.8 1.54

Å Pure SmCo5: B0[T] = - 1.55 Exp[- ǵ/ ɚu]

Å Hybrid: B0[T] = 0.95 a Exp[-g/ ɚu(b-c g/ ɚu)]

where a, b and c are given in the table above for 

two types of materials when 0.07 Ò g/ ɚu Ò 0.7.

Undulator Strength Parameter, K = 0.934 ɚu [cm] B0[T]



Undulator radiation

Radiation Power

Ref: The physics of x-ray free electron lasers, Review of modern physics

Radiation wavelength

Linewidth

Spectral distribution in forward direction
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Principle of coherent radiation

Total radiation

Bunching factor

ü The coherent radiation is very powerful when high charge bunch with effective bunching.

ü Bunching process:  Oscillator-FEL, SASE-FEL, Pre-bunched FEL
41
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Review of oscillator THz-FEL

Ref: Introduction to Free Electron Lasers, Neil Thompson

ü Oscillator FEL uses a combination of low current electron beam and an optical cavity to trap the 

optical pulse in several passes through the undulator. Each pass involves a new electron bunch 

interaction with the optical field and undergoing microbunching at the end of the undulator. 

ü The optical intensity grows by a small amount (low gain) in each pass with an amplification factor of 

1+gss̆gss is proportional to the cube of number of undulator period, Nw

ü At high intensity, the electrons rotate in phase space and absorb light near the end of the undulator, 

and the large signal gain is reduced compared to gss. Saturation occurs when gain is equal to total 

cavity losses. 

ü Oscillator FELôs extraction efficiency is approximately one divided by 2.4Nw. 

42

Electron
beam

Optical
cavity mirror 

Radiation
field

Partial 
mirror

Outcoupled
field



ü FEL power builds up from noise to saturation in N passes inside an 

optical cavity. 

ü In the Nth pass, a fresh bunch of randomly distributed electrons interacts 

with the optical beam and develops microbunching with period ɚ

43



Small Signal Gain

Nw, number of undulator periods, 

ɔ , relative energy factor, 

[JJ] reduction factor of FEL interaction in a planar undulator, 

aw, dimensionless undulator parameters, 

ɚw, undulator period, 

rb, electron beam radius (usually smaller than optical beam)

I, peak beam current,

IA, Alfven current, 17kA,

amplification factor Pout/Pin=1+gss

Small signal gain should be higher than total round trip losses. 

44
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With dimensionless FEL (Pierce) parameter 

The small signal gain can be rewritten as:

Aw and ɔ can be tuned to vary radiation wavelength

45
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Madey Theory

ü Madey theorem: the FEL gain curves is obtained by taking the negative derivative of the 

line-shape curve of undulator radiation

ü Madey's theorem mainly reveals the internal relationship between stimulated radiation 

and spontaneous radiation

ü The stimulated radiation gain is directly proportional to the derivative of the spontaneous 

radiation spectrum

ü Energy conversion efficiency or gain

46
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Maximum gain and efficiency

ü For maximum gain, energy detuning (electron beam energy minus FEL 

resonance energy) should be slightly positive. 

ü Conversely, at a fixed beam energy, the lasing wavelength is longer than 

the resonance wavelength

Energy detuning

Efficiency
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Typical power grow curves 

As the optical intensity increase, the large signal gain decrease until FEL gain is 

equal to the total cavity losses and FEL power saturates.

At pass 50, intracavity power increases with z3

At pass 150, the power at undulator exit is decreased due to over-bunching 48



Saturation

ü For zero cavity loss, intensity would increase indefinitely

ü In practice, several loss mechanisms: diffraction(especially for THz range), 

absorption, outcoupling

ü Power loss is proportional to cavity intensity

ü Finite extraction efficiency

ü When gain is equals to cavity loss, no more growth, SATURATION

49



Outcoupling

Various methods for getting the light out of the cavity: 

ü hole in mirror, partially transmitting mirror, Brewster Plate, Scraper Mirror, é

ü Hole in mirror is used in most cases.  

ü Broadband, simple;  Outcoupling fraction changes with wavelength; mode distortion

Pout=(1-Rout)(1-A)Pcav

Outcoupling Rout should be reasonable

Absorption  A must be very low

Usually intracavity power is higher, Pout/(1-Rout)

50



Resonator design

ü The optical resonator consists of two concave mirrors with radii of curvatures R1 and 

R2. The mirrors are separated by a distance D

ü Cavity length: the round-trip time should be matched with electron bunch separation, 

usually it is difficult to achieve small cavity length due to beamline elements

ü Concentric and Confocal

51



Different properties

Concentric resonator is 

preferred, due to

Å large spot size at mirrors 

small spot size at waist

Å released thermal effects

Å effective interaction 

between electron beams 

and optical fields

52



Stability

Analog to beam optics, the trace of round-trip transfer matrix M

Stability condition

For symmetric resonator 

Rayleigh length

Gaussian mode area at waist
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Optimized Rayleigh length 

At undulator center

At undulator exit

At mirrors

ü Optical mode diameters at the undulator entrance and exit should be 

smaller than aperture limitation of vacuum tube

ü Effective interaction between electron beam and optical field through 

whole undulators
54
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Angular sensitivity of near-

concentric resonators

Angular sensitivity for symmetric resonator

For THz range, it is not particularly demanding requirements (~µrads )
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Un-desired effects: Slippage

ü Resonance condition: electrons slip back by one radiation wavelength per undulator 

period

ü Slippage per undulator traverse = Nu times wavelength, Nu*ɚis slippage length

ü For short electron bunch or long wavelength, slippage length ~ bunch length, will 

results in effective interaction length reduced and gain degraded. 

56



Un-desired effects: Lethargy

The electrons slip back over the optical pulse, bunching increases, the maximum emission 

occurs at the end of undulator where bunching is strongest. 

Optical pulse peaks at rear and centroid of pulse has velocity < c, synchronism between 

pulses and electron bunch on next pass is not perfect

Lethargy can be reduced by cavity length detuning

But as intensity increase, the back of pulse saturates first, then rest of pulse saturates, 

returning centroid velocity to c

Different detuning is necessary for gain optimization and power optimization

Other effects: beam emittance, beam energy spread,é
57



Parameters optimization

ü Electron beam parameters: energy, peak current, emittance, energy spread, bunch 

length

ü Undulator parameters: K, number of period, period length

ü Resonator parameters: length, mirror radius of curvature

ü Considering : resonance condition, small signal gain, beam quality, slippage and 

lethargy 

ü Usually, a long enough undulator to allow sufficient interaction

ü A good peak current and tightly focused electron beam to provide high charge density

ü A small optical cross section to provide high E field

ü Slippage and lethargy should pay attentions for THz-FEL

ü Simulation code (for example, Genesis+OPC) and Intelligence algorithms can be used 

to make complex parameter optimization.

Taper undulator, zero slippage waveguide, desynchronization of cavity lengthé can be 

used to improve THz-FEL performance 58



Review of high gain THz-FEL

Ref. Linac-based Free Electron Lases, JOTG Rossbach

Self-Amplified Spontaneous Emission

ü SASE FEL uses a combination of high current electron beam and a long 

undulator to reach saturation in a single pass. 

ü SASE starts up from the random positions of electrons in the bunch, i.e. 

noise. 

ü The initial interaction is linear, that is electrons outside the separatrix 

interaction with the optical field become bunched and amplify the optical field. 

ü SASE power grows exponentially(exponential gain) along the undulator with 

the power gain length. 

ü At higher intensity, the electrons becomes nonlinear. Saturation occurs when 

the over-bunched electrons at the bottom at the bucket rotate upward. SASE 

extraction efficiency is approximately the same as the gain coefficient ɟ. 

ü SASE FEL is fully coherent transversely and only partially coherent 

longitudinally. 

ü Shot-to-shot energy fluctuations are large in the exponential gain region. 

59



SASE physics summary 

FEL parameter

Power gain length

(Exponential growth rate)

Saturation power

Undulator saturation length

Line width

Cooperation length

Number of spikes
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Three dimensional effects

M.Xieôsparameterization is 

used to calculate 3D gain length, 

based on the 1D gain length 

results.

The result is longer than 1D 

gain length due 3D effects.

Diffraction

Emittance

Energy spread
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PITZ: SASE THz FEL

The Photo Injector Test facility at DESY,  Zeuthen site

High brightness electron sources for linac-based FEL

Prototype demonstration for pump-probe experiments at the European XFEL.

62

Parameter Sim.5 Meas.

Bunch charge [nC] 4.0 4.0

Average momentum [MeV/c] 15.1 15.2

Momentum spread [keV/c] 134.7 50.9

Average slice momentum spread [keV/c] 6.2 28.5

Projected &n,x[um] 7.9 7.1

Projected &n,y [um] 7.6 11.1

Average slice &n,x [um] 3.1 10.9

Average slice &n.y[um] 3.1 -

Peak current [A] 195 183

Bunch length [mm] 2.0 3.0



PITZ: SASE THz FEL

63

Psat [MW] Lsat[m] Esat[p]]

100 um, 

sim.beam
67 3.74 650

100 um, 

meas.beam
29 4.16 390

20 um, 

sim.beam
143 4.60 570

20 um, 

meas.beam
101 4.92 480



ü Purpose: tunable  THz source prototype for pump-probe experiments at the European 

XFEL.

ü The first lasing at a center wavelength of 100 µm was observed in the summer of 2022. 

ü The lasing of the narrowband THz source was achieved using an electron beam with 

an energy of ~17 MeV and a bunch charge up to several nC. 

ü Optimization of beam transport and matching resulted in the measurement of THz 

radiation with a pulse energy of tens of µJ, measured with pyroelectric detectors . 

Ref: PITZ  team, Commissioning status of the THz FEL at PITZ, Simulation and experiments on THz FEL at PITZ,

THz SASEFEL based on high brightness photo injector PITZ: lasing at a wavelength of 100 um,é 

PITZ: SASE THz FEL
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Review of pre-bunched THz-FEL

ü Unlike Oscillator FEL and SASE FEL, where the micro-bunch structures were 

formed in radiation process due to interaction between electron beam and 

optical field, the micro-bunch structures were preformed before entrance to 

radiators by artificial methods. The THz frequency information in micro-

bunches will enhance coherent THz radiation significantly. 

ü Without optical cavity

ü Short undulator

ü More preferred to compact THz sources
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Coherent radiation power

Form factor for Gaussian bunch 

Bunch trains produced by comb laser

Bunching factor 

66

Example: Comb-like lasers
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Ref: Desktop megawatt super radiant free-electron laser at terahertz frequencies, Applied physics letters



Methods of bunch train 

production

Transformation of transverse space modulation to longitudinal density modulation 

Electron bunch with linear E-t correction

In the middle of dispersion section, electron 

transverse position are correlated with energy, then 

with longitudinal position. A multiple slit is used to 

produce transverse modulated electron bunch. At the 

exit of dispersion section, the longitudinal density 

modulated is produced.  

Entrance of dispersion section: transversely 

shaped electron bunch

Middle of dispersion section: deflecting cavity, 

different kick at different longitudinal position

Exit of dispersion section: longitudinal density 

modulation electron bunch 

67Ref: Tunable sub-picosecond electron bunch train generation using a transverse to longitudinal phase space 

exchange technique, PRL



Direct modulation on 

photocathode

Pulse stacking method

ü Using Ŭ-BBO crystal with different thickness.  The optical axis is parallel to the 

crystal surface and perpendicular/parallel to the incident surface: the o-light and e-

light have the same direction but different velocities,

ü Using polarizing beam splitter plus delay loop

Ref: Generation of pre-bunched electron beams in photocathode RF gun for THz-FEL super-radiation, NIMA
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Laser pulse beating technology

ü Chirped laser pulse beating plus delay loop

ü Double chirped laser pulse beating plus delay loop

Ref: Pre-bunched Terahertz Coherent Radiation Source Based on Photocathode RF Gun, Wang Wenxing
69

Direct modulation on 

photocathode



70

Comparison with other 

methods



Two color THz pulses

71
Ref: Generation of two Terahertz radiation pulses with continuously tunable frequency and time delay, IPAC2019



Ref: Widely tunable electron bunch trains for the generation of high power narrowband 1-10THz radiation, Nature Photonics

Using Ŭ-BBO crystal to produce electron bunch train with fixed bunch separation,  

then using tunable energy chirp along electron bunch and dispersion section to 

adjust the separation of bunch trains, finally the central frequency of THz 

radiation is tunable

72

Improvement of tunability

Parameter Value Unit

Beam charge 200 PC

Beam energy 27-34 MeV

Bunching 

tunability
1-10 THz

Measured 

bunching factor
0.15-0.35

Measured 

bunching 

bandwidth

-9.3%



THz wave from laser-

modulated electron beam

Ref: Enhanced tunable narrow-band THz emission from laser-modulated electron beams, PRAB

Continuously tunable narrowband pulses in the THz gap from laser-modulated electron bunches in a storage ring, PRAB

Echo-enabled tunable terahertz radiation generation with a laser modulated relativistic electron beam, PRAB

ü Energy modulation is produced in modulator with a strong lasers or other 

methods (wakefield, plasmas).

ü Then converts to density modulation after passing dispersion section with 

carefully optimized R56 and electron bunch train were formed. 

ü The coherent radiation is radiated when it passes the undulators.

Several schemes for density modulated electron beam production
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Numerical example

Ref: Generation of high power, tunable Terahertz radiation from laser interaction with a relativistic electron beam, Zhen Zhang 

and Zhirong Huang, IPAC2018

The final bunching frequency is determined by initial modulation frequency and beam 

compression factor 

Keeping above optimum condition, energy chirp controlled by linac and laser 

power are used to control compression factor and  obtain target bunching 

frequency.

74
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Compact accelerator, ~ 50MeV; Modulated laser, 800 nm

Laser- electron interaction through 3rf harmonic(for a planar undulator with fundamental 

resonant wavelength 2.4um)

75

E-beam charge 1 nC

Beam energy 50 MeV

RMS beam size 0.2 mm

Bunch length (flattop) 10 ps

Modulator

Undulator period 2.5 cm

Peak field/ K value 0.56 T /1.29

Undulator length/period 0.25 m / 10

Laser wavelength 800 nm

Laser RMS spot size 0.5 mm

Laser stacking separation 0.5 ps (2 THz)

Laser peak power 100 MW



Å Relatively low beam energy,  moderate requirements on lasers and 

electron beam, more compact layout

Å High THz pulse energy, good tunability 
76
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Ref: Generation of tunable 10-mJ-level Terahertz pulses through nonlinear plasma wakefield modulation, Physical 

Review Applied

Proposal: passing through plasma and interacting with self-excited nonlinear 

plasma wake, beam gains ósawtoothô energy modulation. After dispersion 

section, it is converted in density modulation.

High bunching factor

77

Energy modulation from wake



Brief summary

ü The accelerator-driven THz Free Electron Laser has been developed rapidly with its 

excellent frequency coverage and tuning capabilities, excellent peak power 

and average power

ü The development of accelerator technology and the improvement of accelerator 

performance have promoted the performance improvement of THz Free Electron 

Laser , such as high average power and miniaturization.

ü The development of the THz Free Electron Laser principle, in addition to the classic 

low-gain oscillator THz-FEL, SASE type high-gain THz-FEL, pre-bunched THz-FEL 

(including direct laser modulation on the photocathode, electron beam density 

modulation converting from energy modulation from laser), seeded THz-FEL 

amplifier,é

ü But, in most cases, due to scale and cost, THz-FEL is used as a laboratory-

scale instrument rather than a desktop instrument like traditional lasers
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InfraRed 

Free

Electron 

Lasers

Detection of key intermediates at the 

surface interface

chemical 

reaction

Channel 

regulation

Molecular 

clusters

Structural 

analysis

The essence of chemical reactions 

at the atomic and molecular levels

Wide spectrum 

tuning range;

High power;

Narrowband;

Reliable

FELiChEM: Specialized facility for 
Energy chemistry
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Requirements for IRFEL

Å Spectral range: mid infrared to THz, 

120-1.5THz/ 2.5um-200um

Å High power for macro bunch and 

micro bunch

Å repetition frequency of micro bunch is 

adjustable, 238,119,59.5MHz

Å In existing shielded tunnels  é

Experimental station:

Å Photo dissociation-high 

pulse energy

Å Photo excitation-high pulse 

energy

Å Photo  detection- stability, 

tuning ability, synchronization, 

bandwidth

Major scientific instrument projects of the 

National Natural Science Foundation of China

IRFEL: light source of FELiChEM
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The 3D drawing
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Three types experiments

Å Photo dissociation

Å Photo excitation

Å Photo  

detection(Surface-

interface spectra, spatial 

resolution spectra, 

temporal resolution 

spectra)

Six beamline

Five for experiments

One for on-line 

diagnostics



Technical route and schemes

Oscillator THz FEL
Å Excellent performance: radiation power, bandwidth, tunability

Å Relatively compact layout

Å Moderate cost

Å Mature technologies: driven electron accelerator, resonators, undulators,é

Driven electron accelerators:
Å Linear accelerators: good beam quality,  energy tunability

Å NC travelling wave accelerating tube: low cost, mature technology

Å Grid-controlled thermal cathode electron gun: low cost, high charge, good reliability 

and repeatability; special gate-control power supply to achieve high repetition 

frequency of micro-bunch

Å Repetition frequency of macro-bunch is limited by Klystron and constant-temperature 

water system

It is difficult to cover 1.5-120THz in one resonatorððtwo oscillators are used

Question: parameters optimization of resonators and linac
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Resoant wavelength

Small signal gain 

Correction for 3D effect

Undulator magnetic field

Undulator parameters



Used formula in design 
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Cavity length Lc should be matched with micro-bunch separationЇ
curvature of mirrors

Stability factor of cavity 1 2
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Design parameters -MIR

Cavity length 5.04 m

Curvature of mirror 2.756 m

Outcoupling hole 1.0̆1.5̆2.5̆3.5 mm

Reyleigh length 0.77 m

Stability factor 0.69

Beam waist 0.78-3.5 mm

Spot size at mirrors 9-42 mm

divergence 1.02-4.55 mrad

Period length 46 mm

Period number 50

Minimum gap 16 mm

Undulator K 0.5-3.2

Peak magnetic field 0.1-0.72 T
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Oscillator parameters Undulator parameters
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Choosing 4 beam energy, the radiation pulse energies were simulated 

tuning undulator parameters  

Simulation results
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ü Electron beamЕbeam emittance, beam energy spread, beam energy shift, 

beam alignment

üUndulatorsЕfirst and second integral of magnetic field, phase error, peak to 

peak magnetic field error

ü ResonatorЕcavity lengthЇcurvature of mirror, reflectivity of mirror, alignmet

of mirrors

ü Analytical formulaЕsmall signal formula

ü Numerical simulationЕGENESIS+OPC simulation

Error effects

88



Error effects
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Error effects 
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Beam 

emittance

Beam 

energy

Beam 

alignment

Curvature of 

mirror

Reflectivity 

of mirror

Tilt angle of 

mirror



Design parameters -FIR

Cavity length /Lc 5.04 m

Curvature of mirror 3.018 m

Outcoupling hole 1.0̆2.0̆4.0 mm

Reyleigh length 1.12 m̂Lu /2̃

Stability factor /g2 0.45

Beam waist /w0 3.77-8.44 mm

Spot size at mirror 32-72 mm

Divergence angle 3.37-7.54 mrad

Period length 56 mm

Period number 40

Minimum gap 20 mm

Undulator  K 0.5-3.6

Peak magnetic field/B0 0.12-0.7 T
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Resonator parameters Undulator parameters



FEL rariation

Wavelength 2.5-50 umЇ40-200 um

Polarization Horizontal linear polarization

Bandwidth 0.3%-3%

Time structure Macro-bunch + micro-bunch

Macro-

bunch

Length 5-10 ms

Pulse energy 10-100 mJ

Repetition frequency 20 Hz

Micro-

bunch 

Length 5-10 ps

Pulse energy 5-100 uJ

Peak power 1-10 MW

Repetition frequency 476Ї238Ї119Ї59.5é MHz92

Design parameters of FEL 



Electron energy/E Max: 60 MeV

Energy spread/ DE <240 keV

Normalized emittance <30 mm·mrad

Micro-

bunch

Charge /Q ~1 nC

Peak current/Ip >95 A

Length 2-5 ps

Repetition frequency 476Ї238Ї119Ї59.5é MHz

Macro-

bunch

Length MaxЕ13 ms

Mean current <300 mA (beam loading limitation)

Repetition frequency 20 Hz 93

Parameters of e linac



Time structure of IRFEL

~9.8ms

8.4 ns

Macro pulse repetition rate 10Hz

Macro pulse maximum width 10ɛs

The repetition rate of micropulses in 

macro pulses is 119MHz

Micro pulse width ~2ps
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Measured energy at endstation

95
MIR performance is better, at long wavelength is weaker 

There is bandgap in tuning curve, where the radiation energy is lower than neighborhood 


