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What Is the Terahertz (THz) Wave?

l-‘l ECTRONICS TERAHERTZ PHOTONICS

Radio ; : Mllllmclcr Terahertz Far Mid Near

waves Microwaves waves waves mfrared infrared  infrared  Visible v X rays
10 GHz 100 GHz | THZ 10 THz 100 THz | PHz
100 ps 10 ps I ps 100 fs 10 fs 115
| 1 lllllll 1 1 llllll| 1 1 lllllll 1 | llllllI 1 1 lllllll 1 1 II 1 L L
] ll”lll ] | Ill'll | 5 ] Illllll ] 1 Illlll | RY | 1 'lll]l | | Il 1 1 ]llllll
100 mm 10 mm | mm 100 um 10 pm | um 100 nm
0.1 em™! | em™! 10 cny! 100 em™ 1000 e 10,000 cm™! 100,000 cm™!

Terahertz wave (THz or T-ray), which is electromagnetic radiation in a frequency
interval from 0.1 to 10 THz (3 mm to 30 nm), lies a frequency range with rich science

but limited technology. 1 THz =300 nm = 1 ps = 33 cm-?




Applications of THz Radiations

w medical imaging; security technologies; communication; pharmaceuticals
d THz radiation enables imaging capabilities complementary to X -ray imaging

w THz/optical pump probe; THz/x -ray pump probe
0 THz pulse can drive nonlinear response in matter

w Manipulate and control material properties
dultrashort, coherent light with Ep> 100 kV/cm is required)
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Ref: U. Frihling et. al., Nat. Photon. (2009)




Overview of Available THz Sources

U laser based
Photoconductive switch (antenna)

To

THz pulse

To

Nonlinear crystal L

d optical rectification (OR)

ddifference frequency generation (DFG)

A Gas or air plasma

U accelerator based

A Single-pass accelerator based
dcoherent undulator radiation (CUR)
dcoherent transition radiation (CTR)
dcherenkov radiation
dsmith -purcell radiation
dfree electron laser

A Storage-ring based

dcoherent synchrotron radiation




Laser-Based Intense THz Sources

Optical rectification Tilted Pulse Front technique
E—iratingf g,
2” dﬂ, « Pump pulse

Pulsed laser
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ZnTe, LiINDO;et c é .
THz generation in air plasma

THz pulse
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Accelerator -Based Coherent THz Sources

1. bending magnet: dipole + edge radiation

- Source type : OS upreadi g1
- sources
E
2 Overall properties
8 el U Pulse energy: up to mJ regime (in
2. Coherent transition/diffraction screens 800 — princip|e maSSiVe|y Sca|ab|e!)
~metal” foil  Vacuum 600 | g / \/\w\y . .
= ——— E — field: F ool | . i U Spectral bandwidth : tunable narrow
ectron bunc s ' R it : :
— Elg g w H B B, k bandwidth or broad spectral bandwidth
/A Diamond 2 open || W . .
' » \\ e U Repetition rate: few Hz to MHz
. : v
Tz radiation” g P I P —— (depending on rep. rate of accelerator)
3. Undulator  Coherent undulator radiation - . -
g 7 THz s 197 THz " 16.8 THz 5: // 16 THz . . .
e e e e | NONIlINEAr dynamics, diagnostics
A f\ /A\ (electron bunch/X -rays), THz control




Outline

. Development of superradiant THz FEL atNSRRC

A NSRRQigh-brightness photo-injector system




NSRRChigh-brightness Photo -injector System 0
a Test Accelerator for Light Source Development

nwm- . .
Linac solenoid '
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Production of High Brightness Electron Beam

> T

Do To I

high brightness electron beam, high brilliant light sources q
(short electron bunch, high charge, and loswnittance) /
€ B 5 4/5)

Free electron laser (FEL)
B ~ 18%10®A/m?is required to drive short wavelength SASE FEL®
(I, > several hundreds of &< 1 &m) i
THz Coherent synchrotron radiation (CSR),
THz Coherent transition radiation (CTR)

short electron bunch relative to radiation wavelength
A sufficient form factor to enhance CR

THz image of tumor of breast cancer.
[ref] P.C. Ashworth et al., Opt. Express
17 (2009 12444, A.J. Fitzgeld et al.,
Radiology, 239 (2006) 533.

10

15

The LCLS and a diffraction
pattern of a single mini virus

particle .
[ref] http ://xray .bmc.uu.se/hajdu/

Key issue of injector design:
1. beam production 2. bunch compression
3. transport and preserve high brightness beam




Photocathode RF Gun

N

A Design is based on the 1.6 cebbandrf gun developed at
BNL DUV FEL.

Cu cathode

A Copper (Cu) photoathode

A Operating at temperature 5%, vacuum < 5 x 1®mbar

Parameter Value

Frequency 2.99822 GHz (@55C)
Q ~8000 Fo;glvard and reverse power of the Gun
Coupling coefficient 0.7 . N
Peak field at the cathode 55 MV/m S .,
Beam energy after gun 2.5 MeV f 2o
UV laser pulse duration 3 ps ) o
Cathode quantum efficiency ~1 x 10° 0.0

1.0 14 1.8 2.2 2.6 3.0

Time (ps) I




Drive Laser for the Photocathode RF Gun

- .. ﬂ | UV laser
:% ' 266 nm, 220 pJ

0.8~ 10 ps @10 Hz

regenerative -
amplifier
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 Compressor Stretcher |

797 nm, 85 fs
@74.95 MHz

UV stretcher

oscillator
Mira-900
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Pulsed Klystron System for the Photo -injector

\\ 2 — - Inside the oll tan|_<

7y

¥#= 7 the Thales TH 2100A
3 GHz, 35 MW pulsed
Klystron

The ThalesTH2100A in focusing magnet output power

with X -ray shielding.The background is a
80 MW home -made line -type modulator.

\ Modulator
Voltage




Canon Pulsed Klystron System

CanonE37310Aklystron Canon klystron Homemade line -type Modulator

AT Klystron voltage (kV) 281 9 sections PFNnetwork
: Klystron current (A) 307 PFNvoltage, max (kV) 40
Output power (MW) 35 PFN characterimpedance (Y) 2.8
Pulse width (Cs) 2 PFN capacitance (CF) 0.1x9
Tekkun | [y : : Trigd Pulse width @50 %(Cs) 6.5
I, 3 . AN "

Homemade Modulator
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U TheThaleklystronsystenwasreplacedby - , _;
that of the Canoncompanyto offer higher Loolaid TR EIy
rf powerin 2020.




Photo-injector Linac and Focusing Solenoid

Homemade solenoid

solenoid

2998 MHz, DESXype 156-cell copper, constant
gradient

acceleratinggradient>11 MV/m, total length5.2 m
Linac solenoidfor more beam size and emittance |
control!



Bunch Compression Scheme

<
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Chicane /

Step 1. RF chirp

Step 2. dispersive section

space for two -stage process

wide range of adopted beam energy
Issue >

A nonlineartity
A emittance degradation é

= g )

>

2///
|

Linac 1 Linac 2

Magnetic Bunching \

U Velocity Bunching
A 1 step in accelerating structure:
acceleration + compression
A compact and simple operation

A suitable for low energy beam

< Issue >

A nonlineartity

A emittance

compensati on

i
0!




RF Bunch Compression in an Accelerator 0 Velocity Bunching

A Proposedby Prof. Serafini and Ferrario in 2001 for photoinjector system.
A DUWFELfacility at BNL, SPARCGN INFN-LNF, PLEADESacility at LLNL, FLASHin DESY

1.Beam injection near the rf zero crossing phase

2.Phase slippage due to velocity difference between electron beam and rf field

3.Rotation of longitudinal phase space

4.Compression and acceleration simultaneously in the accelerating structure

U Velocity difference of energy modulated beam A velocity bunching

1. 2.

Head ‘ Tail
Vp,beam < Vp,RF =C

3.

~

A phase slippage

Tail
(faster)

Head

OA

Vv

Compressed and
accelerated beam




Velocity Bunching in an Accelerator

Velocity Bunching
A the deformation of longitudinal phase space during phase slippage
A bunch is compressed and accelerated simultaneously through the accelerating structure

E=15MVim,L=3m,2856 MHz

60 ;
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\ bunch length pg
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/ 1 : _ . Lo .
V=pHc /1 2’7 A For high energy beam ( >>1,1 ~1), the particle velocity is saturated to c. There is

no velocity difference between electron beam and rf field. It meansthis scheme
works only for low energy beam (f <1).




Ultrashort Bunch by Velocity Bunching

Phase space at Ly Exit w/o linac solenoid

35.0

position=5.5478, ls=0

34.51

T, =82.9fs,

E = 33.6 MeV, T,/ n =0.80 %

e

Phase space at Ly Exit with lin
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position=5.5478, ls=0

Q,=2.75 mm-mrad
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X (mm)

position=6.5478, Is=40000

qX: 2.56 mm-mrad

Guncondition
Ep=65MV/m,

Dp=10

Lasercondition (uniform)
Tewnv3 PS, r =1.0 mm,
Q=100pC

LINAQ,, condition

deg Bp=1300Gauss

Ep=15MV/m,
Bs= 502Gauss;3 m longsolenoid

Power
Supply

Power Cooling
Supply Water

1%t Solenoid Set

2 Solenoid Set

Power
Supply

Power Cooling
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Commissioning of the High-brightness Photo-injector System

- 3 > AV i 3 VU [/ 18 &=
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subsystem Parameters " The first beam
Peakfield 50 MV/m :
observed in 2015
ML Electron energy 2.5 MeV

Laser Laser pulse length (FWHM) 3 ps
UV energy 110 QJ (@cathode)

Linac E field gradient 12.5 MV/m
Electron Energy 60 MeV
Bunch charge Up to 600 pC

SN [DEET Bunch length (rms) 240 fs

Repetition rate 10 Hz




Outline

. Development of superradiant THz FEL atNSRRC

A Superradiant THz free electron laser




Accelerator -Based Coherent Radiations

electrons radiate electrons radiate radiation power from a bunch of electrons
incoherently coherently

05 0,5 0 p @) 06QS
W incoherent coherent
0, 5 :radiated power from a single electron

N: electron number
"Q5 : bunch form factor

bunch length ° , << radiated wavelength R

@) Q £V Qi

“Yi ): 3D patrticle distribution
for a Gaussian bunch
@) |[Qongt . N |

Form Factor

The power of coherent radiation will be about
21 BEiI B." N2 times larger than that of one electron.
10> 107 10™ 10° (~ 10 times enhancement for 100 pC bunch)




Coherent Transition Radiation

.. . : : : Backward TR
A Transition radiation (TR) is emitted when a charged particle \ o
passes through the boundary of two media with different .~
dielectric constant. Forward TR and backward TR occur N
simultaneously. v — - -j:"_,rl
A Spectral angular distribution of the emitted TRis given by P =S T
& Forward TR
ITI :E 4e-035 — / o
—is the emission angle with respect to the electron j 035
beam axis. ER
A The radiation intensity increases from zero in the forward E; ] e
direction to a broad peak at an angle —= | Tt 1
O (rad)

A When the wavelength of the radiation becomes larger than the bunch length, the radiation
becomeso COHE RENIT0)

A Measurementsof the radiation spectrum give the information about the bunch length.

Ref: C.S. Thongbai and T. Vilaithong , Nucl. Instr. And Meth. A. 581 (2007) 874



Coherent Undualtor Radiation

Coherent Synchrotron Radiation Coherent Undulator Radiation (CUR
(CSR) Superradiant Free Electron Laser

“ — radiation wavelength
,s':,ill‘\‘;?“
" critical energy e
- [ 3 o OI’(:) 1 : undulator period
C U : undulator strength
2.218—— 0 =0.933% [T]} [cni

 —




NSRRC U100 undulator

| U100 _
<(mm) 100
Nperiod 18
£ L (m) 2.2
& a, 1.02
gap (mm) 24
) B, (T) 0.945
0 0.5 1 2 (m) 1.5 2 2.5 K}{nax 88
1 . : . . . 10
B, = 2.93"expl(-g/% )(5.08-154g/2. )]
08F . K=93_4*By*7\,u.. s s .18
Gap =40 mm
= :
-_; : X
m
04 14
The U100 undulator built by the NSRRCmagnet ol 1,
group more than 25 years ago is used for the '
superradiant THz FEL(pre-bunched THz FEL.
% 20 60 80 100 120 .







TLS 1.5GeV
Storage Ring

NSRRC THz User

Facility

TPS 3GeV
Storage Ring




Accelerator Test Area

First operation of the photo-cathode RFgunin 2013 at
the TLSBooster.

Construction of the photoinjector system at the
Accelerator Test Area since 2014.

In 2015 the 60 MeV photoinjector is in operation.
Demonstration of generation of coherent THz sources
in 2017.




Layout of the Coherent THz Radiation Sources

UV Laser Faraday Cup

Photo-cathode & Solenoides
RF gun& Q; Al foil U100 undulator
™ ¥ Y 1 .l S-band RF Linac |l ﬂ/ I/ _L_I ' CUR THz
&l ‘ " B B ] K :";'éTR L / diagnostics
| | THz Test BPM / ¢
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“panoramic view
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Output Diagnostics for Superradiant THz FEL

) ) ) ) ) S

Hz dlagnostlcs statloF ‘ THz spectrum

THz

: diagnostics

station

THz Si wafer
Lens




Setup of THz CTR Measurement

Measurements of the CTRinterferogram give the information
about the bunch length.

e




