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Research topics

(1) Intelligent THz instrumentation and application
*Adaptive sampling dual THz comb spectroscopy (M2)
*Broadband THz synthesizer (M2)
*THz-comb-referenced spectrum analyzer (M2)
*THz digital holography (B4, just start)
*THz ghost imaging (M1, not start)
(2) Novel optical comb measurement and application
*Full-field confocal optical-comb microscopy (M2)
*Discrete Fourier transform infrared spectroscopy (Hsieh)
(in collaboration with AIST)
*CARS gas analysis (Harsono, not start)
*Sensing comb for photoacoustic imaging (M1, just start)
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(1) Adaptive sampling dual
THz comb spectroscopy
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THz gas spectroscopy

(1) Rotational transitions of polar molecules
v" Rich spectral fingerprints
v" High selectivity and high sensitivity
v High discrimination at low pressure
due to narrow Doppler linewidth (~1MHz) YR
5~Multiple gas analysis

B : | Vu"';"

(2) Less scattering ,‘;:m-w'
v’ Ay, >> particle diameter s
5"Possible to analyze gas
mixed with aerosols

(fog, cloud, smoke, soot, etc)

Ref)http://www.nature.nps.gov/air/agbasics/sources.cfm
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THz spectral fingerprints

Atmospheric gas molecule
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To discriminate the target gas
correctly, high resolution, high

accuracy, and broadband spectrum
are required!!
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Optical comb and THz comb

mode-locked freq.=f Fourier } Vet Vm Vinag Optical
transform e, COMDb
time I Vm-nfl I .Vm+nf
. - —— >
mode-locked optical pulse train f Opt.
< ><¢ >< ><¢ ><¢ > freq'

Precise frequency marker

for broadband THz spectrum

mode-locked freq.=f Fourier THz comb

: transform
t|>me
— | 14 THz
O f2f oooooooooooooooooooooo nf freq

mode-locked THz pulse train

Simple, broadband selectivity, high spectral purity,

and absolute frequency calibration



- How to measure mode-resolved
THz comb spectrum

Traditional THz-TDS equipped with mechanical time-delay scanning
4 Single THz pulse

1Uf P R
E ' ' THz continuous
O i i LR E spectrum
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Time window >
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Time-window-extended THz-TDS

4 THz pulse train
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—fb| e THz comb

spectrum
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Electric field
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Time window >

Time Freq.
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Asynchronous-optical- samplmg THz- TDS

(ASOPS-THz-TDS)

Slightly difference of
mode—-|ocked frequency

;

fs laser #1

Y

fs laser #2

A=f, -f,

f2
/

THz pulse probe light

s

THz emitter

detector Oscnloscope

ref) T. Yasui, Appl. Phys. Lett. 87, 061101 (2005).

*No need for mechanical
time-delay scanning

Overlap timing between THz and
probe pulses is automatically
shifted every pulse 1 1 A

1/f+ 72_71 £f,

THz pulse

probe pluse

w

- -
1 Y 1

| 1A (A=f1-F2) |

<€

measured
signal

Time scale of ps THz pulse is
linearly expanded to us order

*No limitation for size of time

window

Temporal magnification factor
(TMF) = f,/Af
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Use of free-running, dual fs lasers
in dual THz comb spectroscopy

\ 4

Expand the application fields of
dual THz comb spectroscopy

¥

However, timing |jitter between free-running dual

fs lasers distorts the linearity of time and
frequency scales due to fluctuation of TMF!
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Influence of timing jitter in ASOPS

THz region

RF region (ASOPS signal)

Time

Frequency
downscaling

Electric field

Frequency
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Electric field
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Nonlinearity of time scale.
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Nonlinearity of frequency scale limits

Frequency
calibration

> [MHz]

spectral resolution and accuracy!!

Nonlinearity of frequency scale.




Adaptive sampling method ”

Ref) T. Ideguchi, Nat. Comm., 5, 3375 (2014).
Conventional method Proposed method
(constant sampling) (Adaptive sampling)

N

Data acquisition ||||||I|II|||I||||||||||||I||I ||||||||||||||III LA LA
timing Adaptive clock Time
reflecting timing jitter

Sampled signal by
ASOPS

Constant clock

Temporal waveform llnearlty of time scale
is still distorted!! is recovered!!

S ) R e

Adaptive clock can be generated by beat signal between
dual THz comb modes!!




University of Tokushima

| L

Generation of THz s |
: |
THz-comb-refere

CW-THz | ~

source NPC-THz | 1995 2.000
Frequency [MHz]

fiber laser #2

_____________________________

THzART F _,(%‘;

Adaptive
sampling
clock

' |fiber laser #1
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Setup for dual THz comb spectroscop;

Laser B -| PPLN

Laser A -| PPLN

Adaptive clock
generator

timing

——— W

Purging with
nitrogen gas

THz signal

\4

Digitizer

gas cell

|

|

|

| Current

|PCA ‘_;I preamplifier ;I PCA
I ,’ll \\‘ H \

|

|

Pass length : 400mm, diameter: 50mm
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Integrated temporal waveform of THz pulses

Integration number=10000
=5

] o0io| | Signal disappeared!!
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Mode-resolved THz comb spectrum

Constant clock Adaptive clock
with stabilized lasers with free-running lasers
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Water vapor at low pressure

Rotational transition |,,<I1,; @ 0.556936THz

Pressure broadening linewidth = 200MHz

Constant clock Adaptive clock
with stabilized lasers with free- runnlng Iasers
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Acetonitrile gas at low pressure(1kPa)

Acetonitrile (CH;CN)

*One of VOCs

-Very abundant species in
interstellar medium
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(2) Full-field confocal
optical-comb microscopy
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Optical microscopy
p N (

. Point detector
Imaging sensor ‘

Imaging
plane

— H 1 Pinhole 2

\/
Y\

L Je
1

Imaging lens

Beam |
splitter ZI N Point
- | source
Light ? (Laser with
Objective source : Pinhole 1)
lens '

http://bioimaging.jp/learn/023/
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Confocal optical microscop

Light coming from the
focal plane can pass
through the pinhole

Confocal
Pinhole

Obtain
information at
the focal plane

LEFE

Focal plane V

Detect signal at focal plane
-No stray light
- Depth resolution

- Applicable for thick sample = r/ %

http://bioimaging.jp/learn/023/ Confocal microscopy
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Confocal laser mlcroscopy

Laser
1
Collimating lens 5
| .
Mechanical @h 1) Point
. o 1
scanning 4 i detector
of laser beam # #——— __

(4!

! l\
<\ Confocal pinhole
Relay

I
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Objective T Pupil of objective

A

Scanning direttion

Optical configuration

http://bioimaging.jp/learn/023/index 2.html
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Raster scanning of a
focused laser spot

http://bioimaging.jp/learn/023/

Faster image acquisition ! Higher spatial resolution!
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Fast confocal microscopy

:

Serial imaging based on
mechanical scanning

Proposel IR

One-shot imaging based on
Optical comb parallel data acquisition
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Dimension-converting comb

Optical comb
Temporal , P

Spatial Conversion to
Polarization | MEMESIEY

etc Information is superimposed
on each comb mode

Dual comb spectroscopy

Number of comb mode

= Tremendous channel number Mod ved
Linewidth of comb mode ode-resolve

= |nfinitesimal sampling interval comb spectrum
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Single-shot imaging based on bidirection;iv
conversion between wavelength and 2D space

2D-space/Wavelength conversion

Spectral shape reflects 2D image (Superimposing 2D image
over rainbow spectrum)

(Illllllllllllllll
A L 2D rainbow spectrum

Output light with broad spectrum <€essssssssssnnn

Objective

Input light with broad spectrum grating

‘ k Wavelength/2D-space conversion

(Mapping rainbow spectrum
over 2D space)

4 )// F /4
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Optical-comb confocal micros

Optcal
comb

Laser

Collimating lens
Point

Mechanical '3: 2D '
detector

scanning oy, i grating -
% i - A Dual optical
of laser beam A== T I\;] ; "“""'&’}?’"'{F{"ﬁ'gjx comb spectroscopy

Qj

_ j Confocal
C:! c:l pinhole
Relay | Confocal pinhole Wavelength : Wavelength
lens [ _ ! i 1
T Beam splitter 2D space 2D image
1 'If //
Objective A~ Pupil of objective ’j ;

&

Scanning direttion 2D array of rainbow focal spots

(Discrete disctribution of each comb mode)

No mechanical scanning, single-shot imaging, super resolution
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Optical setup for line imaging with OSA

1
2= Il IR 'l'l';; .......... Fourier plane

3 [ gemp s
f=150
'\fi150
Sample : Test Target
(1951USAF negative)
BS
IMURA
fs Laser Grating

2000/mm
A2

OSA

a= |l = i iz 2

5=l e U
6= Il |||=1
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Results (1)
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(3) Discrete Fourier transform
Infrared spectroscopy
(in collaboration with AIST)



Fourier transform of transient signal h(t)

Formula

of FT [ H(f)= [ _*:h<r>-exp<—2mft>dr}
/‘ ﬂ Transient signal h(t)

“ X
Frequency signal cos2rrft

\ J

Y
Time integration

Actual spectral resolution is determined by observed time window.

Pulse train of Upper limit of time window
THz electric field = repetition period of THz pulse
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FT of transient signals induced by THz pulse train

Relaxation time Repetition period of

THz pulse train

>

of transient signal

e.g. FID signal
Transient signal h(t)

Periodic A A A A A

excitation

' Repetition
period
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FT of transient signals induced by THz pulse train

Relaxation time Repetition period of
of transient signal THz pulse train
Signal before Signal before Signal before Latest Transient
three periods two periods one period signal signal
ey : : : h(t)
| | Iy || VAR VAN |
: . I AT T A Y
RRAN a a s
A A A A Periodic
| | | < s excitation
Pulse before Pulse before Pulse before R .
three periods two periods one period epetition

period
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FT of transient signals induced by THz pulse train

>

Relaxation time
of transient signal

Repetition period of
THz pulse train

‘\“

<Repetition>
period

Focus on pieces of different transient
sighals included in the same one period




Observed time window ——— - —
= One repetition period IIS IndUCed by THZ pU|Se tra|n

Each piece can be temporally connected!

,A Latest
signal | | | | |

Signal
4 , before h(y
1 period
J — | < >: %
T .One period | i .

Signal coszmit \/\/V\/V\/V\/\/\/V\/VV\/\/\/\/\/\/V\/VVV\/V\/\/
before L

2 periods Time integration

_I_

Sg%{,‘f‘; Equivalent to integration of h(t).cos2mft

VWANY 3 periods within infinite time window!
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Discrete Fourier transform spectrum

Frequency of {f _ " n: number of data plot }

each plot T  T: repetition period
A
1/T
<>
f, f, f, f,  eeessessssssssssccccccccsccsens £ Freq.

Each plot has infinite spectral resolution due to infinite time window.

However, discrete distribution limits spectral resolution to plot interval.
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Sweeplng of discrete FT spectrum

I I l l ] l [ I I Spectrally
| interleaving

Changlng repetltlon perlod Freq spectrum

Spectral

il 5

Changlng repetltlon perlod L Freq. Freq.

v v
| |
‘ |

A N Gaps between data plots
HHHHI can be filled in

I >
Freq.
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Experimental setup

~ |
I|Rbf . standard [+
| o Y ) =1550nm, AT=50fs, P,,, =500mW,
! l lfrep1-250MHz frepo= 250MHz+50Hz
1 |Laser control | Afep™ FropoTrept™ 50Hz
I ] l l LRMS timing jitter<150fs [0.5~500kHz]
/ i Fiber laser #1 Fiber Iaser#Z_A
o (pump laser) (probe laser) | | I
Pupm ignt OE@U‘IZ‘[ k----m--_-,‘.@géjw ut Probe ignt
(EDFA output) o SFG-XC tﬂ (EDFA output)
Optical |
el . .
Purging with nitrogen gas '
S SHG SHG o ! | ook
<DL LD frigger]  lcloc

AMP —»{ Digitizer

' Resolution = 20 bit
! Sampling rate = 2 MS/s

PCAT (L = 500 mm, Dia. = f40 mm) "~'& R
Low-pressure gas cell

Sampling number = 108
Sampling interval = 100 fs
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Relation between time window and repetition period

(Relaxation time > repetition period)

Rotational transition of H,O at 0.557 THz (H,O0@6 Pa&N,@140 Pa)
Expected pressure broadening linewidth = 10.6 MHz
Relaxation time of absorption = 94ns (25 periods)

Time window = 1 period Time window = 0.9995 period

15— — 15— —

Correctly measured!

®

| Spectral shape
is distorted!

Ab
Absol

05 — 05

() a & ' ) S v & ® S ; J
0.5560 0.5565 0.5570 0.5575 0.5580 0.5560 0.5565 0.5570 0.5575 0.5580

Frequency [THz] Frequency [THz]




Relation between time window and repetition period
(Relaxation time > repetition period)

s Latest Temporal dlscontmmty
signal |
h(t)i
+ Signal
4 , before :
! 1 period _ : | : :
/ | < > | X : :
: One perlod: . : :
T Signal cos2mft | ' ' ' ,
before ’ ’ ' ' '
2 periods _ _ _
A St Each piece of different transient
Igna .
begfore signhals can not be connected!

VWA 3 periods
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Relation between time window and repetition period

15 T T T T T I ! 15 T T I
S 1| 1 S 11 ]
S 8 |
O @]
205 l 205 ]
0555 0556 0557  0.558  0.559 0555 0556 0857 . 0558 0559
Freauencv (THz) Frequency (THz)
1.5 —
9 4 Il Time window = 1 period
C
@®
0 .
S Data for 0.9995period
o 051 N
< +
) ' ' Null for 0.005period

0555 0556 0557 0558  0.559
Frequency (THz)
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Relation between time window and repetition period

(Relaxation time < repetition period)

Rotational transition of H,O at 0.557 THz (H,O@1kPa &N, @3.5kPa)
Expected pressure broadening linewidth = 500 MHz
Relaxation time of absorption = 2 ns (0.5periods)

Time window = 1 period Time window = 0.9995 period

1.5 . , . , . , . 1.5

S 1t S 1+t
[ C

g g

2 2

< 0.5 < 0.5

0.555 0.556 0.557 0.558 0.559 0.555 0.556 0.557 0.558 0.559
Frequency (THz) Frequency (THz)
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Pressure broademng characteristics of H,O

10 T ' T T T
N
L 3 F |—@®—dFTS
= 10 E | —&— Spectral interleaving interval
Z Expected pressure broadening
----- Expected Doppler broadenin
5 102 L P PP g
= :
) 1 [
£ 10" [
S 0 T
o 10
QO
L To L T R E SR
0 1 2 3 4
10 10 10 10 10

Total pressure (Pa)

Spectral interleaving interval limits spectral resolution
independent of time window size
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Absorbance

Spectroscopy of multiple absorption Iineﬁ;

Symmetric top molecule with rotational constant B of 9.2GHz

Sample gas: CH;CN@30Pa

1.4
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1.0

0.8

0.60
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0.1 THz P
17 0
< >
10 9 8 7 6 5 432~ L
! I . ) — T T ' 1 T ' 7 aho 60x10
J=32 J=35 1 y=36 7 RS .
B — : ® ru —50 a§
1 Ll 3
1 (s S’
B —_ . | 1 Q@ I:n —1 40 —
J=3FRh. 3 o4l g
B 7T [le | 1 Y
18.4 GHz =34 1T B A 2
1\ 1 < ! o
! &
! 3
I 410 3
O ~4 =g
D N, S
¥ o
1 WD
0.62 0.0n= 0.66 0.68 0.70 0.6420 0.6424 0.6428 o.é(taa \\
\/
Freauency [THz] Frequency (THz) j
A
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Spectroscopy of multiple absorption Iineg

70 MHz
< .
K 1 0 i
1.0 T T T i T T 60x10
1 |
1 1 5
J=34-35 ' i _ &
N J-34-35 i 12MHz, o0 3
o
® —1 40 %
‘é 0.6 — %
o _ S
0 g
o 04}
< : o
—20 3
2
0.2 '_ _ 10 _§’:
g
0.0 . | | | . 0
0.64323 0.64324 0.64325 0.64326 0.64327 0.64328 0.64329 0.64330

Frequency (THz)

K | Literature value (THz)

Experimental value

Discrepancy

(THz) (MHz)
1 0.643 2576220 0.643 257 498 7 0.12
0) 0.643 269 866 7 0.643 268 764 0 1.10
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Experimental setup

-------------------------------------------------------

! (b) F )
. : abry-Perot cavity !
---------------------------- S o aa G :
(a) Laser Source | reus ;
i (Dual optical comb) ! | S Local :
' 1 5 g Oscillator |
i Cwllaser | a Mixer (O ~) 5MHz |
1 1
’ | | 5 i
i Comb (LO)] 1 | Comb (Sig.) EE ® A E
1
: . | i m— i
E Microwave E E Faraday ;
: frequency standard } 1 M2 Isolator M2 ;
‘ NN 0 Iy com kb Acetylene |
. Microwave ; E o .;‘ 0 I z ] |frequency-stabilized laser | ;
1
i Frequency standard E O F_)?_S __________________________________ !
i T I eieeiebebgrigrigrigebgnhpehpehpehpehpehpebpebpebpebp byttt ~
i ¥ i { PBS W2 PBS ‘:
1l S . 1 ' JIN\ AMP LPF ]
E g _ Signal comb : @ : ,‘.‘ TR . E
| 23 1 Circulator | -
i £ i ircula orE ° :
i| 23 : : ™ i
: <z'3 44 Local comb ; !
1 . 1 [E—— 1
; ' i I
‘ ; :  (C) Interferometer ;

fon 10=48,350,631Hz

Top_ 5= 48,350,676Hz

re
Afep fep L0= 45HZ

rep S~



University of Tokushima .

Result

. f

re

* Af=44.99513Hz

N W b
l

Amplitude [a. u.]

O_a

188 192 196 12
Frequency [Hz] 200x10

The resonance mode In

Fabry-Perot cavity

D, s=48.350676MHz=»48.350685MHz, 100 times sweep

T

1,"‘"{ .h
<€ >
/ FSR=566MHz

|

18935255 189.5260x10 ' °

1.6:,:-‘-*, _VN * e _‘.'.. |
1 .2 . " - ‘::.,- J-:,.: ..:.‘;‘ e
0.8 —fl— Av_=2.2MHz
0.4 '

Frequency [Hz]

189.52600 189.52605
Frequency [THz]
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Summary

(1) Intelligent THz instrumentation and application
*Adaptive sampling dual THz comb spectroscopy
(CLEO, to be submitted in this year)

*THz-comb-referenced spectrum analyzer (CLEO)

(2) Novel optical comb measurement and
application

Full-field confocal optical-comb microscopy
(Patent preparation)

Discrete Fourier transform infrared spectroscopy
(CLEOQO)




