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2. Advantages to laser spectroscopy with
optical waveguides

3. Hollow fiber absorption spectroscopy

4. Fiber evanescent wave spectroscopy
with tapered fiber
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Applications of Laser Spectroscopy in the
1.5 um Region

« Fundamental Physics

« Optical Communications
* Environmental Gas Tracing and Detection
« Astrophysics

* Frequency Standards and Metrology
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Molecular Spectroscopy in the 1.5 um
Region

Absorption of molecules in the 1.5 um region :
Overtone or combination band transitions

: HD, C,H,, CO, NH;, HCN
Hot Band Transitions: CO,, H,O
—=Small electric dipole moment
—Weak transition or even very weak transition

—Difficult to obtain high resolution spectroscopy
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Example of Weak Absorption Spectrum in
the 1.5 um region: HD & C,H,

HO Pi&)2-0 Transition, scaning range: 1520 56-1219 85 nm;
Wod. voltage: 300mvpop @ 1f=1kHz; HO=827 Tarr C2H2= 214 mTarr
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Phys. Rev. A, Vol.61, 064502,2000
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Obtain Weak Absorption Spectrum in the
1.5 um Region

Basics :

» Increase number density of molecules
— 1.e. Increase pressure of sample
—> pressure broadening

» Increase intensity of light source
— high intensity tunable power usually not available

» High sensitivity spectroscopic technique:
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Methods for Weak Absorption
Spectroscopy In the 1.5 um region

Traditional way :
For the example of HD:

—very long absorption cell
or multipass absorption cell ~ path up to 3 km

—high pressure : 102 Torr to above 1 atm

—grating spectrograph
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aser Spectroscopy of Weak Absorption In
the 1.5 um Region

Since the invention of laser, provides:
=Low NOISE tunable laser source, and high sensitivity PD

=>High sensitivity spectroscopic techniques to enhance the
SNR (Gt wk 1t ):

(1) Frequency Modulation
—high modulated frequency

(2) Difference Spectroscopy Technique
—reduce noise and background

(3) FM Sideband Techniques
—combine FM and Difference spectroscopy

(4) Intracavity absorption

(5) Cavity enhanced absorption som
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Frequency Modulation :
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If modulate the Laser Frequency
o, (t) = oy + a sinQt
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Fig.6.2. Absorption spectroscopy with a frequency modulated single-mode laser
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Then the Intensity of Laser Becomes:

() = It (w) + Z(@/n!) sin"Qt x [d" I/dw"

= It (0p) —aLly{ [a/4 (d*0/dw?) ,, ]
+[(dwdo) ,+... ]sinQt
+ [-a/4 (d®o/dw?) , + ... ] COS2Qt
+[-2/24 (Pa/dw?) , + ...] SIN3Q

absorption condition a(m)L <<1 are used. o
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Signals Demodulated with the Lock-in Amp:
Derivative Spectroscopy
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Fig.6.3. Lorentzian line profile a(w) of halfwidth 4y (FWHM) (a) with first
(c) and third (d) derivatives S
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Methods of Frequency Modulation :

AFIE

(1) PZT — 5 3 #ckHz

(2) Thermal > & i 1%}

(3) Current > ¥ 2 MHzzgt { £ e &5
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Difference Spectroscopy
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FM Sideband (Heterodyne) Spectroscopy
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Fig.1. Schematic diagram illustrating the principle of FM spectroscopy and the basic setup used in the experiments.
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FM Sideband (Heterodyne) Spectroscopy:
Signal

Power ——

c m c wc ¥ “)m
Optical Frequency —

Fig. 2. Frequency-domain illustration of FM spectros-
copy.
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High Resolution: Removing Broadening
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Concept of Saturated Absorption
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Saturated Spectroscopy Using Cavity

3733 g 4 + — high saturation intensity
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(1) Intracavity Spectroscopy
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(2) Fabry-Perot Cavity Enhanced Absorption
—External Cavity

—Stable Cavity pHoroﬁTé%
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Intracavity Absorption Spectroscopy

absorption cell

M, detector
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Fig.6.4. Intracavity absorption detected either by monitoring the laser output P(wy,)
with detector 2 or the Iaser-il/mduced fluorescence I (wy,) with detector 1
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F-P Cavity Enhanced Absorption :

B F & MIFAE 2 F B4, 7 #high Finessednk &
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£

— Example : 7 210000, FSR = 1GHz (L=15 cm)

= Cavity linewidth ~ 100 kHz , 1.e. cavity
photon storage time ~ 10 us

= HENRERNEE & 3x108x10us =3 km!

= Atresonance : v =v,

P,oc 1-26/(1—r,r,) (d:absorption per pasg

AR g Bofcd SHHR26/(1-rr,) |
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Pound-Drever-Hall Scheme
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fm Fig. 1. The opuical stabilizer. The ADP phase modulator produces
Notch Band Pass phase-modulation sidebands offset by 4 /- from carrier frequency )
Filter Amplifier Sidebands and some carrier, reflected from reference cavity. are steered
T & Tty Phase by quarter-wane plate and polarizer w0 detector. Phase-sensitive de-

cavity " Detector
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portional to frequeney olfset. f, — 1 m the adiabatic regime. In transient
Detector regime, the system functions as an optical phase detector (see text)
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de Labachelerie, Nakagawa, Awajl, and Ohtsu’s
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Fig. 1. Experimental setup showing the ECSL structure,
the FP cavity, and the arrangement for long-term sta-
bilization. ISO, 60-dB isolator; PBS, polarizing beam
sphtter A/4, quarter-wave plate DBM double-balanced
mixer. .
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de Labachelerie, Nakagawa, Awajl, and
Ohtsu’s Result

(a) Line.1202H2 P(13) (error signal) : ; W : SI708ms ' D:PK_ (]
A = 1532.83 nm ' | : '

15-mTorr pressure
700-kHz peak to peak
Time Cst : 30 ms

1 MHz
bt

(b) Line 13CoH, P(27) :
A\ =1550.18 nm 5 MHz

40-mTorr pressure —
Non absorbed : 7.7 V

20 mV

Fig. 2. Beat spectrum between two ECSL’s locked inde-
pendently on two FP cavities.

Fig. 3. (a) Derivative of the line that was used for fre-
quency stability measurements. (b) Longest wavelength
sub-Doppler line recorded with ¥CyH,. EEHED
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NICE-OHMS:Noise-immune cavity enhanced
optical heterodyne molecular spectroscopy

Jun Ye, L.-S. Ma, J.L. Hall ( JILA & NIST)
= f1* Pound-Drever-Hall Scheme:#-35 &34 5 4 3+ F-P Cavity
. '2 147 B2 linewidth 2 frequency noise
— Phase Modulator #t & 2 =sideband£? F-P cavity ss-mode spacing
Zi
— {1* FM sideband sk 3% $£ 375 & + 2_ &7 foei ok ¥
W R
1. Sideband £ center frequency @ z_ Heterodyne® /i’ ",ﬁ% X p laser noise
2.7 Wb AT 14 SNR
— Sensitivity ~ 1013 ;
— I # gtz e R I|C,H, %1.064 pm(dipole moment &
~3x10° D)2 4 o ! o
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NICE-OHMS: Experimental Scheme

Ye et al.
Stable Precision
Reference e Scan/Dlther
Control
A= FSR
A 3

Absorber
Laser EOM 1 e EOM 2 i 4_6
Reflection
detection (8):

Laser locked
on cavity

. Transmission
Slgnal <@¢— Detection (A):
Molecular signals

Fig. 2. General experimental schematic for the NICE-OHMS
spectrometer.
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Types of Optical Waveguides for Laser
Spectroscopy

« Hollow metal tube or silicate tube with dielectric
and silver coatings :1996 Kozodoy et al. ,observation
of CO, spectrum; 2002 Fetzer et al., observation of
CO, and NH; spectrum with coiled hollow waveguide
in 1.5 um.

 Hollow photonic bandgap fiber:, Henningsen et
al. (2005) , R. Thapa et al.(2006), saturated absorption
of C,H,

» Tapered optical fiber: Takiguchi et al., saturateds§

absorption of C,H, \ o
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Advantages of Optical Waveqguides for Laser
Spectroscopy

Providing high laser intensity

Highly overlapping for saturated absorption

Interaction with less amount of gases sample

Precisely detection of wanted area and gases

Avoiding absorption of unwanted gases on delivery
of laser beam

« Available for remote sensing

PHOTONICS
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Laser Spectroscopy of C,H,with the Hollow
Fiber Absorption Cell in the 1.5 pm

» The hollow fiber has been used on the
conventional absorption spectroscopy, but not
saturated absorption, of gas and liquid for
several years

« Example of demonstrating the saturated
absorption of R(9) line , v, +v4 band of C,H,
molecule at 1520 nm
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Hollow Waveguide

* Y. Matsuura et al. (Prof. Miyagi group, Tohoku
University, Japan),

“Hollow-fiber delivery of high-power pulsed
Nd:YAG laser light”

» Reduced the propagation losses of the fibers in the
near-infrared region by producing a silver film
very smoothly on the hollow silicate tube.

» Use of an ultrasonic wave for mixing of the silver
and the reducer solutions in the silver-plating

Process.
*Opt. Lett. 23, 1858 (1998)
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Hollow Waveguide:

25
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Hollow Fiber from Tohuko Univ

55 FWHM=10.7" 1999.3.8

* The performance B U
of two hollow 20
- . a8 [
fibers given by < st
Crof Miyagi (7 1
BELRE) O F
1-m-long : ]
polymer-coated s 10 15
fibers for the Wavelength (um)
700-mm bore size.

#9 x&kg B % Dept. of Photonics, FCU, www.photonics.fcu.edu.tw PHOTON“!”%

W, N
€ CHia UNNE®



Hollow Fiber as Absorption Cell

Gas in To Vacuum
Pyrex .3 ¢ I
1 I O e

T &t

AR Window B2 kg
O-ring O-ring
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Coupling Laser Beam into Hollow Fiber
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Laser Spectroscopy of C,H,with the Hollow
Fiber Absorption Cell in the 1.5 pm

Hollow fiber

Wavemeter

GAS

in

To Vacuum

pump

I R
_ BS

L
Z 1
v

Temperature Current
controller Driver
PV
F.G Ref. in

Hollow fiber: 0.7mm id, 100 cm long
with silver coating inside.
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Saturated Absorption of C,H,with the
Hollow Fiber Absorption Cell
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Laser Spectroscopy of C,H,with the Hollow
Fiber Absorption Cell: (a) Only Pump

beam modulated

collimatorA/2

Probe BeggnM

N

To P
2 mH‘

To Wavemete

Gas in To vacuum

To Wavemetear collimator

DFB : Distributed
Feedback laser diode ;
ECTDL: External Cavity
Tunable Diode Laser;
EDFA : Erbium Doped
Fiber Amplifier ; PC:
Polarizer Controller ;
PBS : Polarization Beam
Splitter ; A/2 : Half-
wave plate ; P.D. :
Photo Detector
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Spectroscopy with Modulation Transfer
Technique

1980, J.J Snyder et. al.: modulation transfer between two beams
Interacting with the same group of atoms or molecules

Laser
B.S.

AOM or Recorder
Chopper L

IV, W

- ~O—]toec
Gas Lock-in Amp.

Cell P.D.

J. J. Snyder, R. K. Raj, D. Bloch, and M. Ducloy, “High-sensitivity nonlinear

spectroscopy using a frequency-offset pump” , Opt. Lett., 5, pp.163-165(1980) S
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Laser Spectroscopy of C,H,with the Hollow
Fiber Absorption Cell in the 1.5 pm

The linewidth of spectrum is 8 MHz at 43 mTorr.

Lock-in AMP output(mV)
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(b) Both Pump Beam and Probe Beam
Modulated: Modulation Transfer
Spectroscopy Technique

collimator A2

40 kHz

Probe Beam

To Wavemeter

To Wavemete collimator
BS

L

I

— h—|
2 mHz ECTDL

Gas in

|

\M

To vacuum

|

Ak\

1

DFB

P

Temperature Current L <=
controller driver v
1 @.:..:.

Ref.

Hollow Fiber

1 MHz <\|/> l Signal
Ref
> RF — Lock-in Amplifier
Lock-in Amplifier

4
M

|

DFB : Distributed
Feedback laser diode ;
ECTDL: External Cavity
Tunable Diode Laser;
EDFA : Erbium Doped
Fiber Amplifier ; PC:
Polarizer Controller; PBS
Polarization Beam
Splitter ; A/2 : Half-
wave plate ; P.D. : Photo
Detector -
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(b) Both Pump Beam and Probe Beam
Modulated: Modulation Transfer

Spectroscopy Technique
The linewidth of spectrum is 6 MHz at 45 mTorr~47 mTorr.
45 mTorr~47 mTorr

3

| e e 6578.580
2 4 o
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—~~ p :----u':".““
S g -
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— [N Q)
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Evanescent Wave of Optical Fiber

 Evanescent wave from total internal reflection
as incident angle 0, > critical angle 0, with

amplitude  £¢) = Ee =

a = ky\Vn? sin? 6, — n3

The E field decays by a factor 1/e at a distance
0=1/afrom the interface,

reflected beam

total internal )‘0
reflection 5 =

incident beam 27 n,\/sinz 6, —sin® 6,

BPNE
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Evanescent Wave of Optical Fiber

* For n;=1.5, n,=1, 2=1.5pm,0,= 45 ° (0.=
41.8 °), then 6= 0.65pm and the evanescent
wave propagates along the interface with its E
field decaying rapidly by a factor 1/e within a
very short range 0.65pm (smaller than its

wavelength) .

The E field decays by a factor 1/e at a distance
0=1/afrom the interface,

Ao

27 nyVsin? 6, —sin? 6,

)
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Evanescent Wave of Tapered
Optical Fiber

k|

, 1 Clad —+ New core
Tapered optical fiber Air — New clad

Clad diameter
125um

Core diameter _ .
5Lm diameter < A
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Evanescent Wave of Tapered
Optical Fiber

1aa:2 I Opt. Soc. Ame AMVel, 16, Mo, 8/ August 1999 J. Bures and F. Ghosh

Power density of the evanescent field in the
vicinity of a tapered fiber

Jacques Bures and René Ghosh

Laboratoire des Fibres Optigues, Département de Genie Physique et de Genie des Materiaux, Ecole Polytechnique
de Montreal, C.F 6079, Succursale Centre-Ville, Montreal, Québec H3C 3A7, Canada

Received October 2. 1998; accepted March 22, 1999: revieed manuecript received March 29, 1099

The power density in the vicinity of a tapered fiber i= calculated, with the vectorial model of step-index circular
waveguides. For the fundamental HE|; mode carrying a power of 1 Watt. we show that it is possible to obtain
theoretical densities in the range of 1 Wicm?® at the fiber surface. The promising use of such intense eva-
nescent flelds as “atomic mirrors” is considered. and the feasibility of these guides is investigated. © 18098
Optical Society of America [S0740-3232(09)00308-7]
OCTS codes: 0602310, 060,2340, 060, 2400,
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Evanescent Wave of Tapered
Optical Fiber

» J. Bures and R. Ghosh calculate the power
density In the vicinity of a tapered fiber in
the fundamental mode HE,, as a function of
waveguide radius and wavelength.

« The model used is that of the exact vectorial
theory developed by Snyder and Love* for
circular step-index waveguides.

*A. W. Snyder and J. D. Love, Optical Waveguide Theory
(Chapman & Hall, London, 1983), Chap. 12.
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Power Density of Evanescent
Wave of Tapered Optical Fiber
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Fig. 1. Evolution of power density log10(D) as a function of radius r of the fiber for A=2/§
at different distances X (mm) of the fiber—air interface and for both polarization
of the even HE;; mode: (a) y= 0’, (b) w=90°". Dis expressed in watts per squar
centimeter for a total incident power of 1 W.( J. Bures and R. Ghosh)
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Power Density of Evanescent
Wave of Tapered Optical Fiber
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Fig. 4. Fraction of the power carried by the HE,; mode outside the fiber as a function e
of radius r, for a few common wavelengths. Also indicated are the loci of maximum
density at the core—cladding interface and the limit of the single-mode regime. EEHE
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Power Density of Evanescent
Wave of Tapered Optical Fiber
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Fig. 8. Relative transmitted power atA=633 nm by HE;,, at the end of the stretching Proces§
Inside the figure is an enlargement of the beats between HE,; and the TE,,, TMOl, N
group. The regime becomes single mode for p <0.23mm, and the leaky modes ar \\
responsible for the observed loss for an elongation >7.3 mm. ( J. Bures and R. GhQSk\ EPHE
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Measured Loss for Single-mode
Optlcal Wave Gmdmg
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Nature 426, 816 (2003)
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Eric Mazur : the Balkanski Professor of Physics and Applied Physics at Harvard Universi

e L.Tong, R. R. Gattass, J. B. Ashcom, S. He, J. Lou, M. Shen, I. MaxweII/ and E. Maz\
“Subwavelength diameter silica wires for low-loss optlcal wave guiding,” Nature 4 \\
819 (2003).
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Silica Microfibers

Fractional power inside the core
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L. Tong et al., Opt. Express 12,1025 (2004)

- EF|R (Limin Tong) ##% : I RBHAEERIEFE R

e L.Tong, J. Lou, and E. Mazur, “Slngle -mode guiding properties of subwavelength- dia
silica and silicon wire wavegwdes Opt. Express 12, 1025-1035 (2004),
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Nano- Fiber : Univ of Tokyo

Fa tion of Nano-fiber Resonators
or Cavity-QED Experiments

ith Neutral Atoms

Sept. 2008 CREST Quantum Information Okinawa Summer School

Institute of Physics, University of Tokyo
Masato Takiguchi, Yutaka Yoshikawa, Yoshio Torii, Takahiro Kuga
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2008-00-01
Crest summer school - Okinawa

-abrication of a nano-fiber

Heating and stretching a optical fiber Measurement of
with long heating zone heater Transmittance

Optical fiber R | @ ?
@125um g ]’/fj,f,;fj 00
/“'& |- e Photo detector Oscillo scope
'\-.___;-_'-_;.,_.-'—

incident light 1
(A ~780nm DFB laser) Ceramic heater
20X 20X 40mm
1600°C ,t
~~400nm

Control of stage speed and heater temperature
for fabrication of low loss nano-fiber

PHOTONICS
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10 2008-09-01

Crest summer school - Okinawa

-abrication of a nano-fiber

Measurement of Transmittance Transmittance vs diameter
; - 400 nm 1
*
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Nano- Fiber : Univ of Tokyo group

Road Map

1 Fabrication of resonators

81
‘ Rb
2 Single atom detection \ /
‘ Magneto-0Optical Trap
3 Single atom trap ’ ' \
Lo

Development of Quantum information devices

b K
Probe laser R \d

Optical nano- fiber cavity

PHOTONICS
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Nano- Fiber for Saturated absorption

- ONF’s diameter d- 300 nm (M{n)‘_ g
» ONF's diameter d: 300 nm (Min)

* ONF's length: 9.5 mm
« Single-pass transmittance: > 95 % @ d = 400 nm
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Nano- Fiber for Saturated Absorption

Net interaction region around ONFs
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Nano- Fiber for Saturated Absorption

Saturated absorption spectra of the P(9) transition of '2C,H,

o =
=1 = 51 MHz
= SOP=162mW E‘
§ ) ,.-'l-"‘ P:oagmW E
o (T P 4gmW <
—
n 200 1000 - 0 5) Wl 1 O

Frequency [MHz) Frequeney [MHz]

Gas nressure 200 Pa
Laser power: P

Linewidth vs fiber diameter
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Nano- Fiber for Saturated Absorption

Linewidth vs fiber diameter

Fiber Measured Transit-time
diameter linewidth broadening
d =400 nm [nm] (FWHM) [MHz] |[MHZ]
5 400 51 +2 17 +2
B
g - d=800nm  Tenp 73 +3 38 +3
34
e —— e 4 7800
Torx 1 T 1780 132 £7 o7 + 7
i ] 2] S L] [
Freguency [MHz]
Gas Pressure: 200 Pa (Pressure broadening: 35 MHz)

Laser power: 16.2 mW

Masato Takiguchi, Yutaka Yoshikawa, and Takahiro Kuga, “SATURATED ABSORPTION
SPECTROSCOPY OF ACETYLENE MOLECULESWITH AN OPTICAL NANO-FIBER”
ICOLS 2009, Hokkaido,Japan
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FCU’s Tapered Fiber

125 um 5.2 um 8.2 um

0.4cm
*2011 312 & ¢ fEIR
Yung-Hsiang Lai (#f -X 4%), Tyson Lin (hﬁx 4 ), Che-Chung Chou( %
7 #), Cheng-Wen Wu (£ & =), Po-Neng Chang (3% 12 st
Department of Photonics, Feng Chia University
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Fiber-optic Evanescent Wave
Spectroscopy Experimental Setup

Optical path e @ = g
Gas flow ey
Cable ey

Patchcord —em——

Acetylene

Gauge

Wavelength

meter
8.020kQ 59.85mA '
Acetylene R(9)
. .
0
(]

DFB Diode Laser

> = & x

5.2 mw(1520.0796~1520.0996nm)

f:500 Hz
sine wave

Adder

Vpp : 50 mV I

—

l absorption wavelength 1520.0858nm

y

20~100 Torr

==

Fiber taper sensor

cell

Detector |eff=ec----
4.3 mwW
SYNC
- LIA
1 Oscilloscope

Vpp : 700 mV

f:12mHz

triangle wave
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DFB Diode laser (NEL,
NKL1556STB)

Wavelength meter(EXFO,
WA-1550)

FG: function Generator (1)
modulation (2) scan;
Detecter(EOT, ET-3010); TC:
temperature Controller; CD:
current Driver; LIA: Lock-in
amplifier(SR850 DSP);
Optical Fiber (Corning SMF-
28e):core diameter 8.2 um,
claddlng dlameter 125 + 0. 7um
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Results

—— Demodulation signal
—— Scan

v

\

0
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S
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60

Lock-in Amp
demodulation signal
of optical power

( Acetylene pressure:
20 Torr)
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Results

— Demodulation signal
— Scan

-~

\

0

10 20 30 40
S

50

60

Lock-in Amp
demodulation signal
of optical power

( Acetylene pressure:
60 Torr)




With Difference Detection

Optical path « @ = g

Gas flow ol Gauge 40 Torr
Cable ey
Fiber A
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Adder *
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Vpp : 700 mV
f:12mHz

triangle wave
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Results

— Demodulation signal
——— Scan Tek T @ Stop k4 Pos: 0,000s AUTOSET
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Future Works:

» Development of frequency standards in the 1.5
um region using FEWS.

| aser spectroscopy of Molecules :
~abry-Perot cavity enhanced absorption

Hollow Fiber absorption
~1ber evanescent wave

* Precise frequency measurement of molecular
transition frequencies with frequency comb:
HD, CO,, CO...

» Gas sensing of CO, CO,, C,H,
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Thank you for your attention!
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