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Ultra-wideband dual comb source based on nanotube fiber laser

Nishizawa, Norihiko
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First, we developed highly stable optical freguency comb source using
nonlinear polarization rotation type ultrashort pulse fiber laser, and octave spanning, coherent
supercontinuum comb source. Next, we investigated quasi-dispersion increasing comb profiled fiber.
Using the developed comb profile fibers, we demonstrated the narrow linewidth, wavelength tunable
comb source. We also developed novel single wall carbon nanotube polyimide film working at 2.0 um
wavelength range. Using the developed nanotube film device, an all-fiber type, high power,
ultrashort pulse Tm doped fiber laser was developed.

At 1.55 um wavelength range, we demonstrated all-polarization maintaining type, bi-directional dual
comb fiber. Then we succeeded in the fundamental experiment of wideband dual comb spectroscopy.
Finally, we developed environmentally stable, all-polarization maintaining, figure 9 fiber laser.
The dynamics inside the laser and the initial process of passive mode-locking were clarified.



B X C—19, F—19—1, Z—19 (@)

1. ARFBRLTOER

eJE P = 2EIRIE, HEHMOSEICT L — 7 ZA—% 726 Lz, RT3 v L OEWEEE
REZRSERAOGIEE L THBZED TWD., ZONBEEINRORT oy L E2EN LT 72 5 BB
DI=HIZIX, 2 L5F— FOFEIREASC, HIROEEELEZXD Z ENRARTHS.
HIESRNHEBW B THIN T 7 A NTHEREIND 7 7 A N —H—F, BETI N
7 FRFERBR L= —NEL LTHEREZED TS, HEASIIINE T, BEERBE LA
77 AN L= —RJDORICHONT, HRE Y — N T2 EEHEL T, £ LTAR,”7
FANL =Y —ZHWBIATIRT 2 7/ a2 AR OB EZERT HICE 7.

2. MEDBE#
AL T, ZTNETORFEEOMIEELZBICRESYE, 7/ Fa—T 774 L —F—ZFHW
T BRI R RE T = 7 L a DRSO EZITH) 2 L2 AN LT 5.

3. ARDAE

P, T Fa—T T AN =P =" R_—=R L L, BEMICEN-EEE A = 205t
BFAEBRET S, WIZ, BB LZa bR E 7 7 A SIERIEBR 2L LT, il ae—1 v
AVEICENTZ@mEEA— —a 7 = a— 2R ERRFE L, MR LUEEENE TR 2
LYVAT AEFEA LT, BIEHIREREET 2 7 L a 2O EEBT 5. HiZ, HiFENEELE
AL MVHIBEE S 2 AT, 2EOT— RICzx X —2EH LR bILERIc R 2
TEDARMET = 7/ 2 DEHEZ RHT 5.

4. AR
(1) A9B—T R/ -ab—L U rR—/A—a T4 =2— L(SC)HBE DR

IR FHEAE I SV A 7 7 A N —F =% HNT T 7 A N —H—_— 2D JE I
SLANEEBRE L. FIL, B2V AEY I T b oiESEE VD CHIE L, REREITER) 40fs
THEMERS DV IR WERERBE SV AZ AR LZ., Z0%, @IERIE 7 7 4 NIEAL T, F
HESCa e —L U RIZEN, BO 1 A7 7 —TLEIRND SC a4 Uiz, ARk L7z SC ik
BEZ7A4NVZTUVHL, ew 1D EOE— MEEFHANC LD 2 — L AEFHMO LT, & DREE,
JE 1.0, 1.55, 1.68, 2.1 um DFWEHIZEWNT, mWSNEETa st — MBI &SN,
AR LT SCYHeMENTZ 2 AEEZRFF L CWD 2 L 2ERTHZ LM TE 2.

Fiber laser comb SC comb generation with similariton amp

% T T T

Similariton amplifier -02‘ -1
Q_yyy @

=0 2 ]
EDF LMA—@ 9

ND-HNLE O E 7

= (D.O4D_0<:" £ © !
= i EDFA 1 &ﬂ [/\]epF '§ j
ppLN DSHNLE gDri:ftyii;tion “ (% ’ TR L Sl M RN RN
I RORY 2 1000 1200 1400 1600 1800 2000 2200
circui o
L2f interferometer RF beat measurement Wavelength (nm)
X1 [ SC aLRDER 2 FHB—TR/82 SCALDARYRIL

(2) FFEREAIZENERBLATRORESE

F9, LI LAY ML OEERERO T8O ORISR 7 7 A4 NOWHE 23 b S8, *
OHEERWRTHZ & TERLIEENAER L. £ LT, LERoEgE = 200k, BER
BV RSV ADERR E, AT MVEREOHINZE A LT, EEREE R = 26RO
¥ %4T-o7-. ZLC, RF E— haHANC LD 2 — VLo AZEORMEZ L, 2 —1L 2 AN
BANCRT-NTWA Z 2R L=, £7-, AT MUEMEIC L o THE— RY72 0 gD K
& 72 B 58 & [ - 7.

T L] L T T T L] '5
R (a) B -
10 — Actual 410 — i
[ — @® Average =0
E — © -
= -15 E [
= 9| & 2 F i
z N 20 & 2 L i
g o o
:é- \ {2 = L ]
@ 10 ¢ T L i
l- 1 I 1 . M HT‘_ L =0 N Ay A A b
0 200 400 600 1600 1650 1700 1750 1800 1850 1900
Propagation length (m) Wavelength [nm]
3 REREERASFI7A DD FEART L)L B4 EHERRAIERRIELROARIML

DEALE



) BEAh—RoF/Fa—TH#RANBE/NILR Tm FM774/\L—F —DRF

WFZe 85 ofilE L 1L, BRENOHRBEI—RF ) Fa—T%2R) A I NiTpiiswr-,
FLWNT 4V AOBFICERED LTz, T, WSS L7 v 2% TmilsNT 7 A4 N L—H
—|ZHEH L, 2um B COZEE— FRIMICEKI L-. F7-, HIRRSEE A2 S, VU Fu,
BIOWGEMEY ) F o' — FRMZZEICED Z LI L. BICHEREZIT> 2 & T, B
g 175Fs, FHTREE 65mW OFEL VA B LEICED 2 LN TE T,

Max 2.6 W, 1550 nm

50 dBm A 17T YT T GDD = 0.103 ps*.

I T T YT ey 00950 ps?
| TP\\{_

{ Residual pump

-— = B
{ g
WDM Carbon UHNA4 Polarization
., 1550/2000 nanotube controller

Chtput
Coupler

f“’WYTF'Y"’rTT*m*r'f Ty Trveere 0.0928 ps?

|

AT T 0.0575ps?

D 0.0176ps?
S L

-0.00629 ps?

- 0.0107ps?
lmrw“'fm I;Th ""Y}N\__,.

TDF MWWM -0.146 ps?
Uy,
Isolator 1800 1825 1850 1875 1900 1925 1950
L

Wavelength[nm]

Spectral Intensity [dBm]

COutput 75 %

0002/0551 Wam

LS|

—

5 BEH—RUF/Fa—TEAL =5 EHEE 6 HIRBOHMELLSEILETDHAAXD
Tm RN LRI 7 L—H — DL DIEARYEIL

4) BBA—RoF/Fa—E#RAWN=2RERE Er AT 17 LaALI7A\L—F—DRFKE
FaT7ILALD
W —F 2 L—FEFH L8 LR T, & TREREE T 7 A4 ST 8, 2 TR S5 W
HIEFEMOT 27 v a b7 7 A4 RN L—H—Z a0 TS Lz, RRSRE 2 K#tick-C, &
WHEFER) 100 Hz ZFER L, JeAL7 MASICKHST 2T 2 7 v a2 A v — ME R A2 Ic 8l
T5HZ ek, I, BREAE - AT MVEMERRE ML, IRERFIRICB T 5T 27
N BN EFEB L. BUE, BRLEELEED TS,

PALEDF PM-SMF T T . - 0
cowouput 3 1O @ o RBW: 1Hz ]
WM cow ow < s sow = cow
coupler =y = 40 Ve
cow. a B Af=116 Hz
Variable 5 08 5 0
attenuator SWNT  pzy CWoutput € o 2
<a(jp- — 5 04 T 8
5 =]
2 02 2 100
1480nm 2 »
pump LD 00

A 120 . :
CW-SWNT Variable 1550 1560 1570 1580 27,974,800 4,850 4,900 4950 5000 5,050
attenuator Wavelength (nm) Frequency (Hz)

7 SWNT #RALNV-2RERE Er FMT17/)LaA 8 AN, @IERRIRIL, (b) RF RARIKL
T7ANL—F—DHERL

(6) £REEREF I DFEI7AN\L—F—DORFK LB EF DR

L TE TRICIEE = DD RBLD T, BRERFE T 7 A NT A 22N T 9 OFRT 7 A
NU—H =23 Lz, £, HARMERIIREND & A F I 7 2O RIRG S BARIKAFME 2 TR
& BAERRAT DM 2 HRENT L7z, BIFE LTz 9 OF L—¥ —Tix, RE SO EFESBOETO
P IWTLERZEE— FREM 255 Z LA TE . ZET— FRSI OISR 2 7T L,
9 OFHL—HF—TILE— FREIDE D105/ UL 2AOREHIEO K E e i & Tnd Z
EDIRO T LN R o7z, BIE, ZOL—Y—2MWeT 27 va Aol EZEDTND.

20~ T T T T 50
* Reflect 10 | o Puise width oq ,?
£ i . — - Outputpower 0, G! R _
ISO port Phase shifter = - o Spectral ' O : .'\\ 40 E
A2 FR ER € 154 8_ 51 7 Lidh i ' ol £
= i ' \ a0 S
[l 0000 o 5 fges 0%
Mirror PBS . A g o % 2
= 4 2 4 Q L 200
- [4}] 04 —
3, |2 3
PM-WDM 82,1 3 @
¢ 3 f oz 06
Output O PM-NDF %
port PM-EDF 0 0

0 L L 1 1
-0.04 -0.02 0 0.02 0.04
Net dispersion (ps?)

9 2{RKREREF Figure 9 J74N\L—HF— DR 10 HADFEREDHIRF D MIE~DIKFHE



12 12 0 5

Volker Sonnenschein, Ryohei Terabayashi, Hideki Tomita, Shusuke Kato, Noriyoshi Hayashi, 124
Shin Takeda, Lei Jin, Masahito Yamanaka, Norihiko Nishizawa, Atsushi Sato, Kenji Yoshida,
Tetsuo lguchi
A cavity ring-down spectrometer for study of biomedical radiocarbon-labeled samples 2018
Journal of Applied Physics 33101
DOl
10.1063/1.5041015
Volker Sonnenschein s 67
2018
RADIOISOTOPES 85-91
DOl
10.3769/radioisotopes.67.85
N. Nishizawa T. Niinomi Y. Nomura L. Jin and Y. Ozeki 24
Octave Spanning Coherent Supercontinuum Comb Generation Based on Er-doped Fiber Lasers and 2018
Their Characterization
Journal of Selected Topics in Quantum Electronics 51400409
DOl
10.1109/JSTQE.2017.2776521
46
2018
67 72

DOl




46

2017
120
DOI
Norihiko Nishizawa 49
Wideband ultrafast fiber laser sources for OCT and metrology 2016
Journal of Physics B 182003
DOI
10.1088/0953-4075/49/18/182003
N. Nishizawa, Y. Andou, E. Omoda, H. Kataura, and Y. Sakakibara 24
Characteristics and improvement of wideband wavelength-tunable narrow-linewidth source by 2016

spectral compression in quasi-dispersion increasing comb-profile fiber

Optics Express

23403-23418

DOl
10.1364/0E.24.023403

T. Niinomi, Y. Nomura, L. Jin, M. Yamanaka, Y. Ozeki, V. Sonnenschein, H. Tomita, T. lguchi, ATulA.5
and N. Nishizawa

Development and characterization of 1.0-2.1 um octave spanning, coherent supercontinuum comb 2016
based on Er-doped ultrashort pulse fiber laser

Advanced Solid State Laser (ASSL) 2016 3

DOl




N. Nishizawa, Y. Andou, E. Omoda, H. Kawagoe

JTh2A.10

Wideband wavelength tunable narrow linewidth source by spectral compression with improved comb 2016

profiled fiber and ultrashort pulse fiber laser with single wall carbon nanotube

Advanced Solid State Laser (ASSL) 2016 3
DOl

S. Saito, M. Yamanaka, Y. Sakakibara, E. Omoda, H. Kataura, and N. Nishizawa 27

All-polarization-maintaining Er-doped dual comb fiber laser using single wall carbon nanotubes 2019

Optics Express

17868-17875

DOl
10.1364/0E.27.017868

N. Nishizawa, H. Suga, and M. Yamanaka

27

Investigation of dispersion-managed, polarization-maintaining Er-doped figure-nine ultrashort-
pulse fiber laser

2019

Optics Express

19218-19232

DOl
10.1364/0E.27.019218

47

2019

568-572

DOl




37 10 19

OPIE' 18

2018

Lei Jin, V. Sonnenschein, R. Terabayashi, N. Hayashi, S. Sato, M. Yamanaka, H. Tomita, T. lguchi, A. Sato, K. Nozawa, K.

Yoshida, N. Nishizawa

Mid-Infrared Frequency Comb Working at 4500 nm Based on Yb-doped Fiber Laser for CRDS Application

The 7th Advanced Lasers and Photon Sources 2018(ALPS2018)

2018

Nozomu Ohta, Lei Jin, Yoichi Sakakibara, Emiko Omoda, Hiromichi Kataura, Norihiko Nishizawa

Wavelength Tunable Narrow Linewidth Comb Using Soliton Self-frequency Shift and Spectral Compression Technique

CLEO 2018

2018

Shuto Saito, Lei Jin, Yoichi Sakakibara, Emiko Omoda, Hiromichi Kataura, Norihiko Nishizawa

Bidirectional, Er-doped, Dual-comb Fiber Laser with Carbon Nanotube Polyimide Film

CLEO 2018

2018




Lei Jin, Volker Sonnenschein, Ryohei Terabayashi, Noriyoshi Hayashi, Shusuke Kato, Masahito Yamanaka, Hideki Tomita,
Tetsuo lguchi, Atsushi Sato, Kohei Nozawa, Kenji Yoshida, Norihiko Nishizawa

Yb-doped Fiber Laser Based Coherent Mid-Infrared Frequency Comb at A = 4.5 p m for CRDS application

CLEO 2018

2018

Nozomu Ohta, Youichi Sakakibara, Emiko Omoda, Hiromichi Kataura, Norihiko Nishizawa

Generation and Characterization of Wavelength Tunable Narrow Linewidth Comb in Two Schemes

Advanced Solid State Lasers( )2018
2018
525
2018
CNT
22 VBL ( )

2018




Norihiko Nishizawa

Wideband, wavelength tunable optical frequency comb generation at NIR and MIR region based on fiber lasers

KEIO Symposium on Microresonator Frequency Comb

2018

39

2019

2019

H. Togashi T. Nagaike L. Jin Y. Sakakibara E. Omoda H. Kataura Y. Ozeki and N. Nishizawa

All polarization maintaining optical frequency comb based on Er-doped ultrashort pulse fiber laser with carbon nanotube
polyimide film

The 6th Advanced Lasers and Photon Sources Conference

2017




N. Nishizawa H. Kawagoe and M. Yamanaka

Ultrahigh resolution OCT with broadband fiber lasers

The 6th Advanced Lasers and Photon Sources Conference

2017

M.Togashi T. Nagaike L. Jin Y. Sakakibara E. Omoda H. Kataura Y. Ozeki N. Nishizawa

All polarization maintaining optical frequency comb based on Er doped fiber laser with carbon nanotube

CLE02017

2017

Motohiro Togashi Lei Jin Youichi Sakakibara Emiko Omoda Hiromichi Kataura Yasuyuki Ozeki Norihiko Nishizawa

Stable operation of all polarization maintaining optical frequency comb based on Er-doped fiber laser with carbon nanotube

ASSL2017

2017

Toshiki Niinomi Yoshitaka Nomura Lei Jin Yasuyuki Ozeki Norihiko Nishizawa

Development and characterization of 1.0-2.1 p m octave-spanning SC comb based on Er-doped ultrashort pulse fiber laser

The 6th Advanced Lasers and Photon Sources Conference

2017




78

2017

78

2017

78

2017

Toshiki Niinomi Yoshitaka Nomura Lei Jin Yasuyuki Ozeki Norihiko Nishizawa

Characterization of Supercontinuum Comb Generation Based on Er-doped Ultrashort Pulse Fiber Laser

78

2017




511

2017
511
2017
SWNT Er
511
2017

Norihiko Nishizawa

Highly functional ultrashort pulse fiber laser and their applications

The 9th Asian Symposium on Intense Laser Science (ASILS"9)

2016




37

2017

T. Niinomi, Y. Nomura, L. Jin, Y. Ozeki, and N. Nishizawa

Coherent, broadband supercontinuum optical frequency comb based on Er-doped ultrashort pulse fiber laser

The 5th Advanced Lasers and Photon Sources Conference (ALPS*16)

2016

M. Togashi, G. Park, T. Nagaike, L. Jin, T. Sakakibara, E. Omoda, H. Kataura, and N. Nishizawa

All polarization maintaining, fiber laser based optical frequency comb using single wall carbon nanotube

Advanced Lasers and Photon Sources Conference (ALPS®16)

2016

76

2016




S.Volker,

Er 1.0-2.1 um SC

76

2016

64

2017

an

64

2017

H. Suga, M. Yamanaka, and N. Nishizawa

Dispersion Management of Polarization Maintaining Er-doped Figure 9 Ultrashort Pulse Fiber Laser

CLE02019

2019




S. Saito, M. Yamanaka, Y. Sakakibara, E. Omoda, H. Kataura, N. Nishizawa

All-Polarization Maintaining, Bi-directional, Er-doped, Dual-comb Fiber Laser with Single Wall Carbon Nanotube

CLE02019

2019

K. Watanabe, Y. Zhou, T. Saito, Y. Sakakibara, N. Nishizawa

Dispersion Managed High Power Tm-doped Ultrashort Pulse Fiber Laser at 1.9 um Using Single Wall Carbon Nano-tube Polyimide
Film

CLE02019

2019

H. Suga, M. Yamanaka, and N. Nishizawa

Dispersion management and analysis of all PM Er-doped passively mode-locked fiber laser with nonlinear amplifying loop
mirror

ALPS2019

2019

K. Watanabe, Y. Zhou, T. Saito, Y. Sakakibara, and N. Nishizawa

Dispersion-managed Tm-doped ultrashort pulse fiber laser using SWNT at 2 p m wavelength region

ALPS2019

2019




39

2020

http://www.nuee.nagoya-u.ac.jp/labs/optelelab/

http://www.nuee.nagoya-u.ac.jp/labs/optelelab/

http://www.nuee.nagoya-u.ac.jp/labs/optelelab/

(Sakakibara Youichi)

(40357091) (82626)
(Yamanaka Masahito)

(90648221) (13901)
(Shu Ei)

(80738071) (82626)




