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Visible light (400~800nm)

TEit He
Electri
Gamma-ray | X-ray UV || Infrared = Micro wave .
T T T

1024 102! 1018 1013 1012 10° 108 10° Frequency
Inm lpm Imm Im 1km 10Gm Wavelength
1012 1010 107 10* 10t 102 107 108 Wave number/cm
1.2*10° 1.2%#108% 1200 1.2 1.2*10°  1.2*10% 1.2*10° 1.2*10°'> Energy/eV
Electron excitation Molecular rotation i
Bonding energy of nucleus ﬁ Nuclear spifl

Bond of core electron Molecular vibration, Electron gpin

Molecular interaction, Ion
polarization

Terahertz wave lies between visible light and electric wave

— Features

*  Moderate transparency

*  Easy handling (components)
* Low energy, safety

* Spectroscopy

Terahertz applications
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Bwo  THzQCL

Lead Salt Laser

\ \
i
Photomixer
. (UTC-PD) -
0.01 |- -

0.001 L L L L
0.01 0.1 1 10 100 1000

Frequency (THz) .
B (Al BR R Al L—H—., e AFRM

Ref: Tonouchi, Nature Photonics, 2007.
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BHEFL—Y—, pBGe BHL—HF—, CO2HAL—H— FEMNKE, KEDKKHeZHET
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225 KTOEIEAYRER,

THz-QCL CW(Continuous Wave)T140 mW
FIBr RILA AL F—F (Resonant Tunneling Diodes:RTD) 1 THzZ B X AEFRFEIRLER
2z L L—H— KiZET7TF P & A THz-TDS. 43t&tA

R AFEREAVZREER(ERK. NSAMNYIRE) B—EiRBELHEICRE

HBRERAVTHZREE (FERBAEZNREFAT 510, T/NAAD
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Crystal

Tszaveﬂ
~_ p pllse
-

Nonlinear "““

optical crystal

“ Femtosecond pulse

A

OE—L2RRS:
QY= 7 (HEE) BAEICEVWTEIE—LUMNREEBELLG T NIELSAEL,

Cohei e\cel 1oth

e \\\\\\\\\\\\

fI+I*IlIII¥|f|*I HRE I

SHOG ourput

a) non Polarization reversal

Propagated distance

Optipediakl)
SRUGIHEEBESLEDFENANGNS

Ishizuki, Taira et al.,
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"""""""""""""" THz waves generate each point, when pump
beam propagate a NLO crystal

———————
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Nonljnear optical Y Az
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1
1
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1
1
1
1
\
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r‘lTHz

nopt

crystal cosO =
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_______
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AY
nonllnear\ : !
polarization_ Tl HER S .- i

1
1 1
1 1

~
~
~ -~
iiiiiiii

ERANZLRT DMELDCBREDN. BET DT INIVYRIYBRNESE (ny,,>
nopt) FILaOMBBRESHNESN BEDARIEAEDOED.

MEBRERHEBELGETLL,
REREEFALTOS=OFERICEDIRINLERTE S,

This is an appropriate method to generate THz waves, taking advantage of NLO crystal.

THz
2Lc A4,
nA,

THZ
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Prism-Coupled Cherenkov Phase-Matched
(PCCPM)THz wave generation

804
= O = r. arcsin( Mrisz sin(z ~Orrysta D
go & 2 Neta 2
ﬁ 60+ ‘\?‘\’b n n
= Ny =Z. arcsin[THZ sin(” - arccos(“’“]D
%‘a 2 nclad 2 IqTHz
S 404
> Ge B
3 - EU = arccos[n“‘“J
g 20 crystal U_x Nejad
6 \ﬂcnxul
6 Pumpmg waves >
I 2 3 4 5 6 7
Refractive index of a crystal
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== Pump Light
1560 nm, 100 mW, 17 fs

fs-Fiber ﬁ
laser

Rod Lens
f=1.5mm

Aspherical

DM: Dichroic mirror
BS: Beam splitter
PCA: Photoconductive antenna

=== Probe Light
780 nm, 10 mW, 30 fs

Pump Light

Si-prism
‘_. PET
3.5 um

MgO:LiNbO,
3.8 um

10
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/ S pulse width
S/N 60dB ] ;‘ I 232 fs
. QI
O O
23 | E
M— Z=HR/—TFHT o
<

L BRI | ‘

012345678910 0 2 4 6 8 10 12
Frequency [THZ] Time [ps]

B

@ E/HAIILDTINIVIINWARELZTHER
SFUBEEOBLTIANIILYNES SO4—D\TTHE
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However, there are still some problems on Cherenkov phase matching

Pump laser

Phase mismatch prevent effective THz wave generation in high frequency area
12
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= ]
There is a limit to reduce the diameter of pump beam

BOVEREAVSCETRIEEZES
Using waveguide which has thin thickness,
It is possible to reduce the beam width further

Decrease the
phase mismatch

High frequency
generation of THz waves

13



E— A (= crystal width)
EEHHE

Equation of surface generation

2
p 32W,yd2;LP,P,

3w —

n 0 N 1 N 2 AZ b
Wo :Wave impedance
ds3 :Nonlinear optical
coefficient
P1. P2 :Pump power
nQ :Refractive index at THz
region
N1, N2 :Refractive index at near-IR
A :Wavelength of THz waves
L :Crystal length

Solystdl VWIULH

J
Y.AVETISYAN, et.al, Appl. Phys. B 73, 511-514(2001)

Pump

>

beam

-

>E crystal width:b
Crystal length:L

-
ok
w

Conversion efficiency
m
N

Crystal width

Conversion efficiency and crystal width

Using narrow crystal,

THz waves generate effectively

N
Ridge crystal

14
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LiNbO, slab
waveguide

5molZMgO:LiNbO,

3Um ¢

LiNbO, 10 mm

Advantages of waveguide

LiNbO.ridged
3
waveguide -\ (5s)

5mol%MgO:LiNbO,

LiNbO3 1mm

v
*Suppress of phase mismatch
*Long interaction length

*Decrease an absorption by crystal
*High power density of pump
*High efficiency

=

Pump laser pulse

Si-lens

THz wave

PET-film

-

LiNbO; ridge waveguide as THz emitter

15
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D

1z wave

THz wave

Slab waveguide\

/ 1 \ Side-view

THz wave

/

Ridge waveguide
MgO:LiNbO,
Thickness: 3.8 um, -vi
Width: 5 pm Top il

g Length: 10 mm /

Ridge waveguide has higher efficiency, lower absorption




Experimental setup

= Pump
LiINDO,ridge 1560 nm, 230 mW, 4&hs, 70MHz
dichroic mirror A2 plate waveguide === Probe light
J - 805 nm, 10 mW, 93 fs, 70MHz
Femtosecond
fiber Laser

Delay line

A Lens f=4.5 mm
Parabolic mirror
Chopper FEL : 50.8 mm
(2kHz)
\"

Bolometer
€ rodam)

Aspheric mirror
f=18.4mm

Parabolic mirror
FEL : 50.8 mm

PET 3.5um*

Pump light )

MgO:LiNbO,
.8 pm*

20mm

. <>
Si-Lens

17
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THz output from ridge LiNbO; waveguide via time domain measurement

14

0025 H
. . 011
5 00201 S o001
2 0.015 - E 1E-2 4
o 00104 o 1E-41
-g 0.005 4 '% 1E-5+
B ] £ 16
o Q000 a .
€ -oo0s5 & e
< < 1E-8
0.010 e ]
—0.015 ' ' T TE-10h e
0 5 10 15 20 o 1 2 3 4 3 6 7 8
Time / ps Frequency / THz
Time domain Frequency spectrum
spectrum
Condition
*time constant: 3s
*step:3 um

-data points : 4096 points Dynamic range is over 80 dB,
. (1t .
average : 1 fimes frequency spectrum is up to 7 THz
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PCA

LiINbO; waveguide
Power Output Power by Si bolometer Power Output Power by Si bolometer
32.4 mW 5400 mV 15.7 mW 5.59 mV 966 times
< 10000
E
+~ 1000
>
2
3 ™)
a
£ 10}
< //—‘
£
~ T
u -
O L 1 1
— 10 20 30

Pump power (mW)

THz output power from waveguide (red) and PCA (black) against pump power. The
power was measured by a Si bolometer.

19
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PCA

(NEC, Tokyo, Japan) ﬁ

THz camera

No signal at focus point

0 — (a)
Waveguide LINbO, .

ZW,

THz camera

Signal is observable even at not focus point 20
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V" 4

LiNbO; waveguide

PCA

Power Output Power by Si bolometer Power Output Power by Si bolometer
32.4 mW 5400 mV 15.7 mW 5.59 mV 966 times
14
0.14 LiNbO,
0014 Output from LiNbO; waveguide is
. 1E-34 .
R ipa. 1000 times larger than that from
S~
3 :E_z PCA Further, DR is over 80 dB,
S 1E-7 m ﬁf‘ Al o frequency spectrum to 7 THz
< 1E-81 M i M'"
1E-9+
1E_10 T T T T T N T T T T
0 1 2 3 4 5 6 7 8

Frequency spectrum

21
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Figure of merit d2/n3(pm?2/V?)

BRIERAZCF%EaR: DAST

108 —
10° ¢

104 &

s e e e R R

101

E
Mero-MDB (d, ‘):
] MNBA (dq1)
DMNP (dj5)

Figure of merit of NLO crystals
/—I:_ DAST (dq4) l“
DAST (dy4) i
 — DANPH (d;5)
/CI MNA (d ) |
i MMONS (ds3)
- AANP (d34)
NPP (d34)
PNP (d5 1)

GaAs DAN (d;3) J

Organic crystal

| TINPH (do o)
3 LiNbO3 (d33) )

KNbO; (d33)

KNbO; (d;2)
KTP (d33)

KTP (d34)
B-BaB204 (d22)

KDP (d3¢)
o-quartz (dq4) _)

Inorganic crystal

102 l
100

500 1000 5000
Wavelength

(hm)

HyC”

N@\\ N CH,

H,C SO,

Structure formula of DAST(4-dimethylamino-N-
methyl-4-stilbazolium tosylate)

DAST crystal

DAST crystal has highest D constant
(However DAST crystal has strong absorption)

12p-B1-2 23
8
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OH1:2-(3-(4-Hydroxystyryl)-5,5-dimethylcyclohex-2-enylidene)malononitrile

CN E' 100
CN =]
o
‘ 3 "
OH &
| /CH,
CHj3 45 1
o
a) Structural formula b) An image §
OH1 crystal ~ 0.1
L
Features of OH1 crystal P oot ' . . .
- High figure of merit (c axis)/sv 0 2 4 6 g 10
d,;;,=120pm/V@1.9um Frequency [THz]
- K (easily change to air) THz generation from OH1 crystal using difference
A possibility to make thin film OH1 frequency mixing. H. Uchida, et al. Applied Physics B 111.
crystal using physical vapor 3 (2013): 489-493

deposition. ‘ OH1 crystal can generate broadband THz waves.

OH1 crystal has a potential of THz emitter as

waveguide structure o
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600 mm SN

Vacuum gauge

2 -way stopcock

2 -waystopcock | Semj-circular glass substrate

Vapor deposition

——»¢=> of OH1 film

C
Ar gas | >

Temperature Vacuum pump

OH1 thin filmemdineifacturing apparatus using
sublimation method with a tubular furnace

Making condition
Temperature A : 180 °C —H+— —
B:120°C
C:90°C
Pressure 0.07 MPa (Negative pressure)
Holding time 24 hours

Manufactured OH1 film

25



50 um

500 pm

Surface Side view

Optical microscope image of OH1 thin film

OH1 thin film 100~600 um
x
2715 pm
2~10 mm

schematic diagram of manufactured OH1

An OH1 thin film is made by a simple PVD.

26
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Optic axis and OH1 crystal habit
S. J. Kwon, et al. Cryst. Growth Des. 10 (2013): 1552-1558

An extinction ratio observation
using polarized light microscopy

An extinction ratio was
regularly changed with a
rotation of polarizing plate PR OH1 bulk

Minimum light Maximum light
Optic axis of OH1 bulk crystal and thin film

A single crystal thin film was Same extinction change was observed as bulk crystal

rown - Crystal habit is same as of bulk
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System DAST bulk

or OH1 bulk

Dichroic mirror A/2 plate or OH1 thin film

Aspheric lens 7-'

f=4.5 mm

fs laser

Chopper

(1kHz) y 4

Optical ve
2 Parabolic mirrors

Focal length:50.8

mm

Diamter: 50.8mm

805 nm, 10 mW, 93 fs, 70MHz

=m=. Probe pulse

Parabolic mirror
Focal length:50.8 mm
Size : 50.8mm

Aspheric lens
f=18.4mm

Photoconductive anntena

A coupling of crystals to Si lens
¢ OH1 is connected to slide glass plate

DAST bulk

OH1 bulk

OH1 thin film

28
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mount of OH1 crystal

1mm
Si lens and OH1 crystal

Amplitude / a.u.

Amplitude / a.u.

Time domain spectrum

0.020 4

0015 4

0.010 4

0.005

0000+

-0.005

T T T
i

4
Time / ps

o
|
=

1E-3 4

T
&
Tl

T
)
i

T
&
"

T
&
ul

=
|
=

Frequency spectrum

= rwd v v oo cornl ol o

Frequency / THz
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Hy

OH1E R &5

A mount of OH1 thin film

Si
OH1 thin film

| Glass substrate

— 200 pm

Si lens and OH1

DTINIVYEFE

8.E-04
4.E-04
0.E+00
-4.E-04
-8.E-04

Amplitude [V]

1.00E-08
1.00E-10
1.00E-12
1.00E-14
1.00E-16

Power [a.u.]

Pulse width: 130 fs

0

10 20
Optical Delay Time [psec]

Flat spectrum

012345678910

Frequency [THz]
30
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- Time domain spectrum

0.025 4

0.020+

00154

0.010+

0.0085 4

0.000 -

Amplitude / a.u.

-0.005 4

T T T T T T T T T
1] 2 4 [ g 10

Time / ps
Frequency spectrum

3

Si ©

(D)

' (PET) E

umm DAST =

S

— <
1mm

Side view of DAST crystal and Si lens Frequency / THz
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Amplitude / a.u.

e s (C K D IRIRDER

— THz output via Cherenkov phase
—— matching

THz output via usual method

Frequency / THz

Using Cherenkov phase matching, we achieve cancellation of
the absorption around 1.1 THz of DAST crystal

32
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THz wave .

L
\
-

Crystal
Pump pulse
A Nonlinear —~
[\ optical crystal 4
~" Femtosecond pulse “"M

P
<
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Coherent length is determined by

I, : coherent length
l C ¢ : light speed
c = v : THz frequency
2XVX |nTHZ (V) — Ny (/1)| Ny, : Refractive index of crystal at THz
n, : Group refractive index of light
_ A : wavelength

- 0.00008
o aE—LUbRS:
£ EEE% #+ um @ broad wave length
@ )
EE;"E Collinear phase matching on
a00001 2 LiNbO; is difficult

800 1000 1200 1400 1600 1800
wave length [nm]

(K. Takeya, Opt. Lett., 2018) 35
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Coherent length of DAST (a-axis)

1600
T 1400
E . : DAST crystal
£ 1200 4 - .
= IE || T * Coherent length :
[iH] =
T 1000 - — e overlmm@ 1200~1400 nm
= i 1 * Under 0.1 mm @ other wavelength

to select appropriate wavelength is important.

2 q G i 10 12
Frequency [THz]
Paul D. Cunningham, et. al.,, Optics Express, (2010)

Coherent lengths are generally short
—The selection of the wavelength is problem
—Effective THz generation is not easy in many crystals

If possible, wavelength free THz generation is good 36



Cherenkov phase matching

—— ~~d
e ~<
-

THz waves generate each point, when pump
beam propagate a NLO crystal

e ~<
-
R

--------
,,,,,

R

Nonlinear optical
crystal

Cherenkov angle: cos@ = "

Ny,

Voump > Viu, => the Cherenkov phase-matching condition is satisfied.

The directions of pump beam and THz waves are different, so that the phase
matching is probably determined by only Cherenkov angle.

37




Amplitude (arb. u.)

Results: pumped by 1560 nm

0.025 10°
0.020 A 10
0.015- ~ 10°]
0.010 % 10°]
0.005 bl 4

o 10 7
0.000 %

a 1074
—0.005

6
~0.010 104
10-7 T T T T T T T
-0.015+4—"—>F"—7FT"—"7———7—7—7—7
0 2 4 6 8 10 12 14 16 18 1 2 3 4 5 6 ! 8
. Frequency (THz)
Time (ps)
Time domain spectrum Frequency spectrum

THz output from LiNbO3 crystal with pump wavelength of 1560 nm



Amplitude (arb. u.)

Results: pumped by 800 nm

0.008 . . . . . . 10°3
10"
Pump power 3
0.006 | 1mw 2
— 5$W = 107 4
10 mW 3
0004f |—15 mw g 107
20 mwW S 4
——25mwW = 10" 5
30 mw
0002F | 3 mw % 10°
o
10° 4
0.000
10'7?
-0.002 1 1 108 1 1 1 1 1 1 1 1
0 1 2 0 1 2 3 4 5 7 8
Delay time (ps) Frequency (THz)
Time domain spectrum Frequency spectrum

THz output from LiNbO3 crystal with pump wavelength of 800 nm
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10°

7D Ihite;

10'11

)
=
S

3
ad

N
S,
&
-

IS

N
S,
s

Power (arb. u.

N
<
s

10°4

1

2

3 4 5
Frequency (THz)

6

7

8

Power (arb. u.)
8>

1

2

3 4 5
Frequency (THz)

RIZKABTHZR A D L #s

Pumped by 1560 nm (pulse width 65 fs)

Pumped by 805 nm (pulse width 130 fs)

Broadband THz output were observed at both
wavelength.



Pump power dependence of THz power

1.0 T T
- A Output power excited by 805 nm pulses
S —— Fitting line
o 0.8} @ Output power excited by 1560 nm pulses 4
] — Fitting line
N
S 06 7
; .
o
o
S 04p ]
(<)
<
©
o 0.2F 4
|_

0.0 L L

0 10 20 30

Pumping power (mW) (K. Takeya, Opt. Lett., 2018)

Incident light intensity dependence of generated THz waves. The results show pumping at
wavelengths of 1560 (gray) and 805 nm (black). Both show that they are proportional to the
square of the pump light intensity.



Conclusion
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