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THz region :(0.1 ~ 10 THz; 30um ~ 3mm)
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Type: Broadband (B), Monochromatic (M)

Methods of THz generation

Peak power
'+ Photoconductive antenna with fs-laser ) i
| _ _ 100nw~10mW |
'+ Nonlinear crystal with fs-laser (B) or (M) :
i « Parametric Oscillation (TPO, is-TPG) (M) 10mW~1W i
Accelerator based High Peak Power
'« Free electron laser (FEL) (M) > 1 kW (up to MW)

. Coherent radiation with ultra-short electron bunch (B) > 1 kW (upto MW)

Academic : Measurement of complex dielectric constant, reflective index

(organic electroluminescence(EL), polymer...) ...etc
Security :  Inspection of explosives, illegal drug, handgun, knives ...etc
Medical : Diagnostics of skin/ breast cancer ...etc

Application
Fields

However, THz radiation is strongly absorbed by the atmosphere (water)!

I Low peak power THz source can not be applied to industrial uses.

For the in-situ measurement and the solvation sample measurement,
High peak-power THz source is strongly required.
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Coherent THz radiation

Coherent radiation methods Critical frequencyw,
Coherent Synchrotron radiation (CSR) a)c = 72'(?/01
5#’ Intensity of Coherent radiation
- ey _
[tot _ [inc (1 + (N _ l)f(a)))
10'° —r—rrrrr———1—

~. @40MeV

Coherent Transition radiation (CTR)

10°

-
: S 106 .
backward forward S
N— -
2 (o
In our case % 10 \ y
) \
THz CSR has been developed for 2 ——0.5ps (rms) | \
. . . . S 100 -—— 1ps(rms) | ! .
THz imaging (only measure intensity deference | -— 5ps(rms) | ! \
THz CTR has been developed for — (”“s,l) .
THz time domain spectroscopy (TDS) . })_0] Y S e
(Fourier limited pulse, small spot size) Frequency (THz)

To generate the coherent THz radiation,
the electron bunch should be compressed to less than 0.5 ps.
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AIST THz beam lines summary at AIST NA-PAC 2013@Pasadena, 2¢ October, 2013
Electron beam specification THz beamlines

Application beam line

Electron energy (tunable) 10 — 42 MeV THz-CSR & LCS-X-ray
Energy spread (rms) 0.2 -—few %
Electron charge 0.5-5nC THz-TDS system

i I

Bunch number /macro pulse | 1-100

Electron bunch length 300 fs — 3 ps

Macro pulse rep. rate 1-350Hz = :
Ti:Sa laser
Electron peak current >1kA (@1nC, 1ps) (fs, CPA)
EA0gA: e =
Electron average current (2nCx100 bunches@S0 Hz) 1ea

Achromatic arc section .-~
(Bunch compressor) .-

\ni,
i
’
-
-
-

S-band comapct electron linac at AIST

” @2THz|

Explosive inspection
Inside of Envelope

THz freq.: 0.1 ~ 2 THz (up to 5 THz)

Pulse energy: >100 nd

Peak power: >10 kW

Source: CSR for imaging _
CTR for spectroscopy 0 hour 10 hours 14 hours

# _____________ Envelope '
Cs-Te photocathode rf gun syste i ! -.
THz specification e ! ! Isomers
n-siiu water 1 !
distribution imaging : : 2,42,634 PN T
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Measurement of THz-CTR characteristics

THz-CTR Profile measurement
with THz Camera (made by NEC corp.)

Table . Specifications of product of handy THz camera
l I Array sensor Uncooled microbolometer FPA
Array format 320 (H) x 240 (V)
Pixel pitch 23.5 pm
Al Field of view ca. 15° (H) x 11° (V)
AIZO3 Output USB
Backward . :
Weight ca. 600g (excl. lens and filter)
iz 72 mm (W) x 62 mm (H) x 108 mm (D)
Forward (D 165 mm with lens) . .
Hz-CTR View area :7.5mm x5.6mm
Frame rate: 30Hz
. : =
\/
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THz-CTR Profile measurement

THz-CTR Polarization measurement
with THz Camera (made by NEC corp.)
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THz-CTR Profile measurement

THz-CTR Polarization measurement
with THz Camera (made by NEC corp.)

Linearly Polarizer
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THz-CTR Profile measurement

THz-CTR Polarization measurement
with THz Camera (made by NEC corp.)

Linearly Polarizer
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THz-CTR Profile measurement

THz-CTR Polarization measurement
with THz Camera (made by NEC corp.)

M A with Linearly Polarizer

Linearly Polarizer
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THz-CTR Profile measurement

THz-CTR Polarization measurement
with THz Camera (made by NEC corp.)

M A with Linearly Polarizer
_ Radial polarization

Linearly Polarizer
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THz-CTR Profile measurement with BPF

THz-CTR measurement
with THz Camera (made by NEC corp.)
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THz-CTR Profile measurement with BPF

THz-CTR measurement
with THz Camera (made by NEC corp.)

= TYDEX®

BPF SN dJd.s.Cco.
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THz-CTR Profile measurement with BPF

THz-CTR measurement
with THz Camera (made by NEC corp.)

| i
v

=1 TYDEX®

BPF N Jd.s.Cco.
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THz-CTR Profile measurement with BPF

THz-CTR measurement
with THz Camera (made by NEC corp.)

| i
v

ZATYDEX® (1.0- 5.0 THz)

BPF N Jd.s.Cco.

aniona instirute o ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 1 8



AIST NA-PAC 2013@Pasadena, 2@ October, 2013

Outline

* Introduction
* Instruction of THz region
» Methods of THz generation
» Coherent THz radiation (CSR, CTR in our case)

* S-band compact linac and THz beam lines summary at AIST

e Measurement of THz-CTR characteristics

THz-CTR Profile, Polarization, Frequency-range measurements
with THz real-time camera, Polarizer and BPFs

* Present status of THz-CTR Time-domain spectroscopy (TDS)
Setup of THz-CTR-TDS, Preliminary experiment results of THz-TDS with samples

 Summary

In collaborating with Central Custom Laboratory
(Japan Custom)
of Ministry of Finance Japan

nariona instirute o ADVANCED INDUSTRIAL SCIENCE AND TECHNOLOGY (AIST) 20



NA-PAC 2013@Pasadena, 2" October, 2013

THz-CTR Time Domain Spectroscopy(TDS)
with EO sampling method

THz time-domain spectroscopy (THz-TDS) has recently emerged as a useful probe for
the investigation of illegal materials such as explosives and drugs.

Amplitude, nA

(Temporal decoding)

Time domain

Fourier
transform

:

Amplitude, a.u.

1E-10

Frequency domain

WW\MS

0

mmeps  fs-laser based THz-TDS system ™™
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Principle of EO sampling method for THz-TDS

Irradiated THz can make Pockels effect in EO crystal
:> Measurement of the phase difference I’

27d
=

3
nora1ETm

Photo Detector 1 (1)

| YA :
Photo Detector 2 (1) - Ellipsoid of Refractive index ' [0,0,7] THz E_field,
A4 wave plate ) . -~ - :
Probe laser E field - <+ - [-1,1,0]
(horizontaly linear _ - T
polarized) :

_________________________________________________________________________________________

- Initial E_field of probe laser

1 «—horizontal
E in — E 0 )
«—vertical

- Qutput E_field of probe laser
r

B, — EO[ cos L ] < horizontal
@ —vertical
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Setup of THz-CTR
Time-domain spectroscopy (TDS)
with EO sampling method
(pump-probe technique)

In Vacuum

THz-CTR

In Air

Sample
- EO crystal
> (ZnTe 1mmt) PD
| .
» & 2—» PD

Polarizer

)

Ultra-short
electron beam

\& TN,

{ THz Spectrum

Probe beam
time del
(fs laser) —
Time domain Frequency domain
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THz-TDS Result with Polyethylene(PE) sample
To demonstrate the THz-TDS system,

the refractive index measurement has been done using the well-known sample (PE)
It is well-known that PE has about 1.5 refractive index from optical to THz region.

0.015 3000 —
Ly Reference signal 2500 - —— Refer signal 4
2 001 ——w/ PE sample i — mpl
E 2000 | i Aé }
E 0.005 - E
£ > 1500 | 4
% 0 S | E 1000 |- 4
(i
0005 Lo v oo 500 - 1 ample
. NV < Polyethylene(PE) plate
0 0.5 1 1.5 2
@ FT Frequency [THz] (1 mmt)
"° -
Reference signal
107 P ——w/ PE sample
5 10°
nc_’ 10
Calculated
10"
Refractive index
LT T RS B
0 0.5 1 1.5 2
Frequency [THz]
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THz-TDS Result with Polyethylene(PE) sample

To demonstrate the THz-TDS system,
the refractive index measurement has been done using the well-known sample (PE)
It is well-known that PE has about 1.5 refractive index from optical to THz region.

Relatlve Intensity [a.u.]

Power [a.u.]

3000

Frequency [THz]

0015 8000
Reference signal 2500 - —— Refer signal 4
0.01 | —w/ PE sample —waE mpl
0.005 E
1500 |- i
0 S | E 1000 | i
500 |- ] ample
B T T T T w—"
Time [ps] L — POIyetherne(PE) plate
0.5 1 15 2
@ FT Frequency [THz] (1 mmt)
10.5 """"""""""""" 2 777
‘ Refractive Index n of PE I
Reference signal
107 D ——w/ PE sample 15 X/\_,——-"\—-"‘_“—"\,.—_
10%° | %
g ¢ .
10° | E PE: n = 15@01 -2THZ
Calculated £ .|
10" |
Refractive index
ot e o b o oy

Frequency [THz]
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THz-TDS Result with Polyethylene(PE) sample

To demonstrate the THz-TDS system,

the refractive index measurement has been done using the well-known sample (PE)
It is well-known that PE has about 1.5 refractive index from optical to THz region.

Relatlve Intensity [a.u.]

Power [a.u.]

3000 11—
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001 | T WPE sampie 20 e e 1 lTl |T|
0.005 | E - . (l:_cl:
0 g : 1000 |- - H H n
D005 Lo v ot 500 - 1 5363177[)I69:
.20 10 0 ﬁmlu[ps] 20 20 40 ) R Polyethy[ene(PE) p[ate
@ FT Frequency [THz] ( 1 mmt)
o’ N We have checked the performance of THz-CTR-TDS.
/3 | PE:n=15@0.1- 2THz
Calculated £ .|
Refractive index
Frequency [THz] Frequency [THz]
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Relatlve Intensity [a.u.]

0.02 : .
Reference signal

0.015 |- ——w/ MPA sample ||
0.01 | i
0.005 =

0 Pt
-0.005 L. [ I I L I

-20 10 0 10 20 30

Time [ps]
10° : : —
Reference signal
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5 10°
&
s
g 10°
o

.."J-H}
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THz-TDS Result with drug sample (MPA)

(Imitation Drug of Methamphetamine)

6’&.

Pellet (1 mmt) of

a0 Methoxyphenamine hydrochloride (MPA)

Absorption spectrum

Calculated
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THz-TDS Result with drug sample (MPA)

e (Imitation Drug of Methamphetamine)

6’&.

Pellet (1 mmt) of

20 30 a0 Methoxyphenamine hydrochloride (MPA)

T

Absorbance of MPA sample .

Absorption spectrum

Absorbance

-

Calculated

Frequency [THz]

Frequency [THz]

NATION.
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THz-TDS Result with drug sample (MPA)

0.02 L B B (Imitation Drug of Methamphetamine)
3 oosr  aimpAsampie T 4"“ N
£ oo1f § 3 : H
"N
= 0.005 | ]
S .
o005 L. . ... 12 temporal waverorm Pellet (1 mmt) of
20 10 0 _ "“[ ] 20 30 40 Methoxyphenamine hydrochloride (MPA)
me [ps
< b FT )
10{"....,....,....,.... T T T e
107 _iﬁﬁ;in::ms;?enal i 4 - ‘ Absorbance of MPA sample -

Absorption spectrum

The sample absorption has been successfully measured in atmosphere.
However, the accuracy of the THz-TDS system should be improved.
One of the solutions is the single-shot measurement

with the chirped pulse laser (spectral decoding).
Now, we are preparing the single-shot scheme.

risyusiley | 1no)

3+

r[a.u.]
orbance
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Summary

1. High peak power THz source has been developed with CSR, CTR techniques
on the basis of the S-band compact electron linac at AIST.

2. THz-CTR characteristics (Profiles, Polarization, Frequency range)
have been measured with the real-time THz camera, Polarizer and BPFs

THz frequency range: 0.1 — 5.0 THz

3. THz-CTR Time-domain spectroscopy (TDS) has been demonstrated in freq.
range between 0.1 — 2 THz. The refractive index (PE) and the absorption

(MPA) measurements have also successfully performed in atmosphere.

n near future, single-shot measurement ‘ In-situ Security Inspection

|
E> (Spectral decoding) will be performed. (Investigation of explosives
and illegal drugs)

Colleagques of THz research
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" RISE, Waseda University, Japan,
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4 RIKEN, SPring-8 Center, Japan
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Summary

1. High peak power THz source has been developed with CSR, CTR techniques
on the basis of the S-band compact electron linac at AIST.

2. THz-CTR characteristics (Profiles, Polarization, Frequency range)
have been measured with the real-time THz camera, Polarizer and BPFs
THz frequency range: 0.1 — 5.0 THz
3. THz-CTR Time-domain spectroscopy (TDS) has been demonstrated in freq.
range between 0.1 — 2 THz. The refractive index (PE) and the absorption
(MPA) measurements have also successfully performed in atmosphere.

E> In near future, single-shot measurement ‘ In-situ Security Inspection
(Spectral decoding) will be performed. (Investigation of explosives

\Q@I drugs)

Thank you
for your attention !

. Tomizawa*

- Y
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