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Nonlinear wavelength conversion
in the Division of Research Innovation and Collaboration
~ Mainly on Mid-Infrared & Quasi Phase Matching ~
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BR2OL—Y—LEDIHA

$ WL~ — Bl ——

Gas laser Semiconductor laser Solid-state laser

He-Ne GaN Nd:YAG

CO, GaAs Yb:YAG

ArF InGaAs Ti:Sapphire
BRDIMTDL—Y— Various Lasers BROGH
RE - Wavelength « BN T
 SEFREI LA * CW or Pulse -BBE / Fon
c AR & KEFE - Shape and Size . JSEIE
X /] BEN * Price / Stability . PUH—
. i H » Applications AN WA

274 1\ —=L—Y5—
Fiber laser
Er-fiber
Yb-fiber
TmHo-fiber

Various applications

- Material processing
- Light / Display

« Communication
 Sensing

« Spectroscopy
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UV-C UV-B UV-A

100

BIE. ML, 7%

70 /94— krN1:10°m)

4

E R/ EREHF IR
E . TR
AT, 74 MY TS5
AR, 7TL—Yav, 2%

EXCH&BEERFA
BB, 7427 A
AIERICBIE. XT1 A, JEAEY
MI.%E

JeBIE/ER/ A
K774 N—&E
L——iT

DI, KX, etc

Industry, Basic Science

Industry, Daily life

Opt.Comm, Industry, Accademic

RIS UL & . ARD MV, N0 —, B4 XD E

Requirements (wavelength, spectrum, power, size, etc) depends on applications
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ABSORPTION, %

Absorption spectra of various gases

Absorption wavelength of various gases

|

| 1 | [ | | |

8000

3000 2000 1200 1000
SPECTRAL REGION,

800
cm-!

Type i Wavelength Type i Wavelength
E 6.27 ym E 9.024 ym
; ,  8.88um
: 2.66 um SO, 7
' 1.88um 1 4.001 ym
HZO 1 1
' 813 nm ! 300.1 nm
i 1
' 727 nm i 7.63 um
4 etc !
) 1 3.391 ym
: CH, ! ¥
| 9.508 um ,  3.27pum
O3 | 9504um ,  1.67um
i 253.6 nm ; 4.709 um
: cQ g
NO ,  5.265 uym ' 235um
i 5.215um ' 14.98 ym
E 6.229 um C02 E 4.28 um
NO, | 344ym | 4.26pm
I 1
i 448.2 nm | 2.75um
UE— MTARRH

s -

SFHK




L—H—RXRDLANER

Wavenumber [cm'1]

100000 10000 1000
' 9 8 5 4 3 2 . 9 8 7 6 5 4 3 2 . 9 8 7 6 5
|QPM-LN (PPLN)|
¢ ¢
e e 4 QPM-LT (PPLT)
S S i e R S e e e 4 QPM-KTP (PPKTP)
% >
QPM-Quartz QPM-GaAs O-------=---ccmmm i mm e e e e e m = O
7 R e b b e it o ek bk e s . O
CLBO BBO LBO >
Ll - [Nd:YAG/YVO,
8w Yb:YAG A Er:Glass/Fiber
" ’ A A Er-YAG
¢ <2 > < : < <
A .
Fo ArF KrF XeCl XeF AT';‘(‘:f(’:é co CO,
86 2w Ti:Sapphire i
Bi==>v=e BDescse== A Lb——A LH—A Cr:ZnSe Wayelength conversion
/— Ce:LiSAF A——2 CrLiSAF Solid State Laser
A—A Ce:LiICAF AH—A CrLiCAF Others
UV-C UV-B  UV-A VIS N-IR M-IR F-IR (THz
' 2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9 2
0-1 10

.
Wavelength [pm]

BHA (CW) FEEL——, QCL—H— (RREIR)

2HA (NLR) BEERL—Y— + BEREHR (RRER & TZ%)




L —Y —#iRes/ 180 & RERZ R

L—Y—RiRss 0SC

s Laser oscillation

L——SREMEE | | OSC

Amplified laser

- e e -

e - —

S S S S S e o)

T N TN N TN TN N SEN TN NN SN N NN N SN SN N S R

L—— SRR+ RRERE | pump

Converted wave (Laser)

-

‘Laser system

Residual pump



B2EAEFEE (SHG)
BIFPARFEE(THG)
FEKEF4E (SFG)

INGARNY O
aviI—v3>(PDC)

FINTG AN FFIRFE
(OPO/OPG)

Z=REF%E (DFG)

—r-

(1064)
Pump
YAG
@
o
Pump
YAG
(1064)
Pump @
YAG |(1064)
LD Signal

(1550)IE

ER DRRZER

Converted wave (Laser)

Residual pump

%H (532)
SHG THG [ THO7
Pump (SFG) @
]
_Qme,n
PDC - Idler (3393)
(OPO/OPG) Signal (1550)
osi00a]
DFG | DFG  (3393)
Do

2X| @] >[5
([@p] + 2o |->| Ds1)

[ @]+ |@sH|-->|@r|

|a)PI"> IwSiqnall it :Aaadler

[@e] — [@signal > | @br |



#E/z @&Egiﬁ 2

Converted wave
Furmp ;I e Residual pump

e L L L L rrrrrrr T

ZHNE Conversion efficiency 77 : depends on L2 d? 2 for SHG

e L L T T r T r T

g L :Device length [mm]
EREAFETEE 4 : Nonlinear coefficient [pm/V]
[ihAC o4 FE I  :Pumping intensity [W/cm?]

EREMBRDAIE Wavelength conversion available or not ?

Pump
Pump BPM : Birefringent Phase Matching
FERITAEES
MHEEBERDEITERIKE
Pump
Pump QPM : Quasi Phase Matching

BUGIHEES
A BHHEEHIE
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4 Birefringent Phase Matching E
HEEA A AES(BPM)
z-axish

n2 4&‘

nolm( 6) = nohu

n,

n(0)=ny

ne2(o( 0)

n(0)

- RBAIBIEIFTESRRITIKEF
- MEERE > KREHETREE
* dDRINMEd BB ERHTEE

-

Fundamental wave |

E sy

& _4

Sum of SH |

Quasi Phase Matching
#RLEUGHEES(QPM)

Poling period A = 2L,

- L ot

T 1T Without QPM

| e

* R A FE AN R ERIEIE R AL CRIR

(REBEWRERTIE RS EBOD REE)

- MRBERABEE TR REHR A6
c FEDAER . FEDRREHZEIRAT6E
+ dDEMED; (3 2d/

L}
' ]
D 1 -

10



RIRZ = TRTE

1 LN LBO K&
b=t LiNbO4 LiB,O5 SO,
fEREE Trigonal Orthorhombic Trigonal
J=§::3 3m mm2 32
E R R 0.33-5pum 0.16-2.6pum | 0.15-2.8um
n;=1.5656
=2.234 2 n, = 1.5341
B = @1.064 ym Mo = n, = 1.5905 =
n,=2144 nz —1.6055 n, = 1.5428
R None Low None
L—Y—1&{5RE ~300 MW/cm? 45 GW/cm? 700 GW/cm?
@1.064 ym @10 ns (c) @1.1 ns (b) @ 0.7 ns (a)
d31 — 4_6 d31 = 067
BRI AL FEL (pm/V) O3 = 25.2 dsp = 0.85 dy; =0.30
(d) (e) (d)
BPMICL% B R OK OK X
BREMICLZQPMAZ AL OK X X
i AENHNIC LD QPMAZ A X X OK
_ - . LiNbO,, LiTaO,;,  LBO, BBO,

(a) Opt.Express 25, 2369 (2017)

(b) JUAP 38,L129(1999)
(c) Authors

(d) JOSAB 14, 2268 (1997)

(e) JQE 28,2057 (1992)

Photo from Wikipedia
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LiINbO, & LiTaO, #& 5

Transmission

o
IS

1.0

0.8

e
=)

0.2

Photo from Yamaju ceramics

T T
E // a, 1mm thick sample[ !

LT

280 320 360
Wavelength [nm]

4002 3 4 5 6
Wavelength [um]

T

LN &MgLN
] ] | I |

7

8

LiNbOs, LiTaOs3

- IGLEBRE
LN 2330 nm ~ 5 pym
LT :280 nm ~ 5 pym
- REGFEJMAFER
LN : daz ~ 25 pm/V
LT : dyz ~ 14 pm/V

- BNLEESAEHN. SEAEHMRE
-EmE. KEERERATEE

- BIRBRER R TEDAENE

- Mgiimnlc &34 MER £

MqgiEn OVTLIY AR LiNbOs, LiTaOs
- BEAE DL K

- REEmEOR L

« REEIMEBRENIER (LN~21kV/mm, LT~21kV/mm)
MgLN (5mol%, RT): Ec ~5 kV/mm
MgLT (8mol%, RT) : Ec ~4 kV/mm

LiNbOs, LiTaOs: ZFELV=QPM E£F

« PP Mgi&mn a0V b LiINbO5; (PPMgLN)(PPLN)
« PP Mgi&in aAV5ILIV b LiTaO, (PPMgCLT)

« PP Mgiihn AR FAAR)YD LiTaO5 (PPSLT)

12



QPM=z*=F(PPMgLN)(c & SRR FEER

Wavelength [nm]

4600
4400
4200
4000
3800
3600
3400
3200
3000
2800
2600
2400
2200
2000
1800
1600
1400

Temperature [°C]

— LT T T T T T exbuys9yyav-va2(PDC)
——ig A=27.5 pm—-
B A =28.0 pm_ Pump AL
N um— Pump QPM! == Idler
\H%‘I“I—j\ (4) Signal
£ =29.0 um
Lo V¢
=\\MMA=M mtdlen o =@+ (@,
== A =304 um\\_ A / / As / )‘1 ) 1
A =30.6 u e — — =
A :30.8!m§m\_ 2k { e — s o
—~A=31.0um
A=31.2um e
— A (QPM period) in PPMgLN
i =27.5~32.4 um
/\.:32. un:‘ A =322 pm 1Y
%Effiggi/{. N Pumped by 1.064 ym
=rnrEEEe—— —signal - signal & Idler
e [Pump - 1.064 ym|— A=14~46pum
| | | | | | | | |
20 40 60 80 100 120 140 160 180 200

13



OPG (HirZE#L) & OPO (HikEBIHED)

OPG : J/\SAMIYORE
* YUTIRERL (Y VT IVINR)
* BTAVRBRNBE

= 3 BE RIRESE IR (- MCL)

Pump
Pump

- Requirement : QPM device ( with coating )

OPO : F)\FAN)YDR IR

LR (RBER)
pump ep | | [TQP[ || = tter ANTo— 35—
i | Signal :.?_EEJED M‘Ey
BTV RTF OB T

IM oC B3R EERIR AR (1:10 ns JLAKIR)

Ed DRI FEF

* Requirements : QPM device ( with coating ),
Input Mirror, Output coupler

14



OPO#iRaEzA =

—
el l T T T T T l T A
L ] L&
4400 \.\ =27.5 um
4200 A =28.0 um] 1 '064
» Idler
4000 Pu mp #
3800 Slgnal
— 3600
E 3400 [ - : di
lE. 3200 = o= I R\R"’z \=30.4 um\‘IL_elj
= = e Bt L A=306um — |
2 3000 - \ A=Mien |
% 2800 = A=31.2um i -] HT
> Double-pass
/ um
2400 ] pump
2200 3\7/
2000
. R Singly resonant
. e —— =1 \)‘»
1600 - Signal OPO HR | |(———
— .‘Pump 1 064 pmi—} A i —
0 20 40 60 80 100 120 140 1 GO 1 80 200 . HT
Temperature [°C]
Pump Signal Idler
Group Name [ UsageType| DB name Material OPO type PumpWL PumpCoat SignalWL SignalCoat IdlerWL IdlerCoat PumpDamageTH
OPO1 In MD369-380 | CaF2(IR-grade) | 1.8um&2.6um 1.03-1.06 Tmax_ave > 80% 15-19 Rmax_ave > 99% 25-28 Rmax_ave > 99%
OPO1 Out|MD381-392 | CaF2(IR-grade) | 1.8um&2.6um 1.03-1.06 | Rmax_ ave > 99% 15-19 Rave = 40+-5% 25-28 Tmax_ave >= 85%
OPO2 In MD1047-1066| Fused Silica 2.1lum 1.03-1.07 T >=94% 206-2.14 R >= 99% 10-20J/cm2
OPO2 Out|MD1067-1086| Fused Silica 2.1lum 1.03-1.07 R >=99% 206-2.14 R=40+5% 5-10J/cm2
OP0O3 In MD1294-1305 CaF2 1.5um&3um 1.064 T > 85% 1.45-165 Rave > 95% 30-40 Rave > 95% 1J/cm2@1064nm
OPO3 Qut{MD1306-1317 CaF2 1.5um&3um 1.064 R > 99% 1.45-165 Rave = 40+-5% 3.0-40 Tave > 90% 1J/ecm2@1064nm
OP0O4 In MD1384-1403 CaF2 1.5um&3um 1.064 T > 85% 145-165 Rave > 95% 3.0-40 Rave > 95% 1J/cm2@1064nm
OP0O4 Out{MD1404-1425 CaF2 1.5um&3um 1.064 R > 99% 145-1.65 Rave = 40+-5% 3.0-40 Tave > 90% 1J/cm2@1064nm
OPO5 Out|MD1498-1505 | CaF2(IR-grade) | 1.8um&2.6um 1.03-1.06 Rave > 99% 15-19 Rave = 40+-5% 25-28 T >= 85%
QPQG In MDI_645-1654 Sapphire I.8um&2.§um l._06-1.07 T> 99% 1648-1911 HR (R>99%) : 2400-3000 HR (R>99%) 2J/cm2 _
OPO7 In MD1655-1664 Sapphire 1.6um&3.3um [ 1.06-1.07 T>99% 1500-1680 |HR(R>99%) & AR(R<5%)| 2900-3500 | HR(R>99%) & AR(R<5%) |2J/cm2@1064nm

15



PPMgLN-OPOIC & 5 ST RILF—HhRNANFHEE

XO# PPMgLN &F 10mm/E PPMgLNZBLVEEIRILF—0OPO

A (QPM period) Asignal ~ 1.99 ym
=32.3um Aidler  ~2.28 um

800 I T I I I

D

o

o
|

cEBIRF-EFNRNSGELEROREF
cBARKEFE ~ 12.7mm (Z&#AM)
- bR HEF 4 B (QPME # ~30umBifig)

Slope ~ 79%

H
8
I

734 mJ @ 1066 mJ pump
(10mm-dia.pump)

200 -

Total output energy [mJ]

“ ‘- = =1 . S -
" el PPMgLN [ -~
: B In Oven RPN

4 | | | | |
o0 200 400 600 800 1000 1200
. Pump energy [mJ]
« KOEPPMgLNZRFZALVzY1—-ILEROPO
- WhiEESe/ULA: 10 ns - 2REHE > 70%

- $&DIRL - 10 or 30Hz

cERABEIRIF—~11J
Ref: H. Ishiuzki, et. al., ASSL2014, ATu4A.3
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MCLREE2OPGIC & 5 RFEANLFHEE

¥490FyTL—%— (Nd:YAG + Cr:YAG) OPGH h¥tt

A (QPM period) Asigna ~ 1.55 ym
=30.6 ym i Aidler  ~3.37 um

25 T T T T T

Pump - : Signal
from LD = > Idler

20

! N
Head size €
40 x 43 x 30

1.5

=
E
>
>
)
]
* JNVAME ~ 0.7 ns =
- iR/ HEH ~3mJ @ 30Hz g -
*M2=3~4 (o)
OPG ( PPMgLN + Micro-MOPA ) 05
Idler
MCL W Pump |
MO Sona) o5 1 2 3 4 5 6
2 Pump ener mJ
Micro-MOPA Lens PPMgLN prenongy fm-l]
(80Hz, ~0.7ns, 6mJ) « BT > 46%

- HiRZFELOOPG

Ref: H. Ishiuzki, et. al., Opt. Express 24, 1046-1052 (2016) 17



QPMK 52

@EE

(QPM7\7 /7’) —P

KIBIR (ENMT)—»

Photo from Wikipedia

Ref: H. Ishiuzki, et. al., Opt. Express 28, 6505-6510 (2020)

e i KB (a-BE, ERBHE)

2=t SiO, F%-mﬁ'ﬂ
alastistas Trigonal BIRIR, EREEFTEEB (~150 nm)
i 42 =amE. TEHE (REF. XFRTF)
FIRES 0.15—2.8 ym D TDSHGTHB U IIERAE SR
— EEBITOIHBPMAE - QPMIE?
B E@1.064 ym nZ = {5498
AR None ZKE% o)mﬁﬁﬁ
L—-Y—185RIE 700 GW/cm?2
@1.064 uym @ 0.7 ns (a)
FERM A ZR B (pm/V) -
@1.064 uym dyy =D:30 0
BPMICLZiREZE# X R&n
BRENMNICELZQPMAZRL X
& A ENHNICL S QPMAZ AL OK

QPMR ¥ > Flc & 2B R ER

Heat & Load

. 4

QPM stamp
(S]] (GRS

Quartz

>
o

Transmission
o o o
S o ®

o
fo

F [X-cut, Tmm thick Quarlz]
1

ol
=)

200 250
Wavelength [nrn]

400

@ : Siin a—phase (<573°C)

Z

t;

Inverted
Non-inverted

\annn\n

124 ym

18



R IR Z ¥ D

L —H—RiR@FB+HERETIRAS Sample

Laser system

Pump

—

I
[
[
[
|
0
[
[
|

. ‘B
' Converted wave TR/ T BB
 Direct
Characterization - Transmitted
» Related

Residual pump

1 1 v

BEIANT MVERITE E—-LRBE VAR BN ZE
« KARTMVPF 54— « CCDAAZ/ICMOSHAS s ERICIR AR

- RER « ISAONAZ (chFRA}) - BEAYNAI—T
« TILER RETUY-
(eI NV RV EYY =)

Spectral measurement Beam measurement Pulse measurement
Spectrum analyzer CCD camera High speed detector
Wavemeter CMOS camera High speed oscilloscope
Monochrometer Pyroelectric camera

Shack-Hartmann sensor

19



BER/ANT MIVAIE

* Ocean photonics
Spectrum analyzer
USB-4000

CCD type array detector
200-850nm, 650-1100nm

+ Ocean photonics
Spectrum analyzer
NIR-Quest512-2.5
InGaAs array detector
900-2500nm

- Soma Optics (¥8 &)
Spectrum analyzer S-2810
InGaAs array detector
SCSI connection
1200-2400nm?

* Yokogawa
Optical Spectrum Analyzer
TairaG : AQ6370D (600-1700nm), AQ6376 (1500-3400nm)

IMS-LC A06373 (350-1200nm),  AQB375 (1200-2400nm)
- AQ6370D s s |

« High Fmesse LSA

v AQ6375 0% 3 anauvzen

v AQB3T6 Lt awasrzen

* Burleigh
Wavemeter
WA-4550

* Resolution Spectra
ZS-01, ZS-10

CT-25 (for MIR)
CT-100 (for NIR, now in RIKEN)
TRIAX (InGaAs Array, mamly for Sato san)
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« CINOGY
CMOS-1202
400-1320nm

* CINOGY
CMOS-1202-OM
Lens less
240-1150nm, for UV

+ CINOGY
CMOS-1.001-Nano
Large aperture
400-1320nm

* Old Ophir CCD camera (up to NIR)
2 USB connection type
1 Firewire connection type

* Ophir, Pyroelectric camera for NIR
Pyrocam NIR (Firewire connection)
1.06um to 2um (BK7 window)

124 x 124 pixels

* Ophir, Pyroelectric camera for M-IR
Pyrocam lll (Firewire connection)
1.06um to >1000um
(depends on camera window)

ZnSe window for 2-5um
Ge window, for 8-12um
124 x 124 pixels

Old Shack-Hartmann wavefront sensor
ISA-computer connection only
3 ? Camera + 1 interferometer system

Other Shack-Hartmann camera exist? 21
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» Thorlabs
DET-110 : 20ns, 350-1100nm
DET-210 : 1ns, 200-1100nm
DET-410 : 5ns, 700-1800nm
D400FC :0.1ns, 800-1700nm

» Thorlabs
DETO8CL/M : 70ps, 800-1700nm
DETO8C/M : 70ps, 800-1700nm

« EOT
EOT-3500 : 25ps, 1000-1650nm
EOT-4000 : 30ps, 400-900nm

* Alphalas
UPD-50-UD : <50ps, 170-1100nm
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Low speed, Small

* Tektronix
TDS2014, 100MHz, 1GSa/s

* Agilent / Keysight
DSO-X 3012A, 100MHz, 4GSa/s

Middle speed

* Tektronix

DPO7354C
3.5GHz, 40GSa/s

High speed, Large

» Tektronix
DPO 71604C
16GHz, 100GSa/s

* Agilent / Keysight
DSO-X 91304A
13GHz, 40GSa/s

DSO-X 91304A
12GHz, 40GSa/s

23
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Z OFF MBS E R Z [T

s QPMEZBFZHWRFEANXRE | BER1.4~4.6umTEH
- SHEHEAHBNIE. SEBETIW

- Nonlinear wavelength conversion and characterization
equipment in the Division of Research Innovation and
Collaboration were presented

- Mid-IR generation by QPM device : 1.4~4.6um range

- Contact us if you have interest

24



