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Tunable Diode Laser Spectroscopy (TDLS)

Tunable single-mode  Transmission Photodiode

Laser A
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TDLS Is a reference technique for gas sensing ...
- highest possible selectivity - long term stable - in-situ measurement...

Existing sensor technology: complex, large in dimension, expensive
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Tunable Diode Laser Spectroscopy (TDLS)

Tunable single-mode  Transmission Photodiode

Laser A
B~ \_M:;%S

TDLS Is a reference technique for gas sensing ...
- highest possible selectivity - long term stable - in-situ measurement...

Existing sensor technology: complex, large in dimension, expensive

Goal: develop miniaturized TDLS sensor

(g

Drager: electro-chemical cell
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Questions of interest ...

- How fast can the detection be carried out? (— Laser)

- Can small sample volume be combined with high
sensitivity? (— Gas cell)

- What Is theoretically lowest possible noise on sensor
output values? (— Signal Processing)

- Can compactness be combined with reliability?
(— Signal processing, Gas cell)

Task: develop and examine components —
facilitate optimum selection for each sensor application.
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Key Sensor Components

Laser Diode
Optical Cell

b

Measurement Signal

Procedure evaluation JL
Signal
evaluation,

Meas.
procedure
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Key Sensor Components

oo :% lﬂ

Multipass Cell Hollow-Fiber Cell

W=

Doublepass
Cell

DFB

Diffuse reflector

liInear scan

Signal
Processing

5 nonlinear scan
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Dynamic Laser Wavelength Tuning Behavior

Current Laser diode Emission spectrum
modulation (VCSEL) N .
i — A/ —)
ﬂ
4
J\
_T_

Current modulation A/ causes wavelength variation A%
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Dynamic Laser Wavelength Tuning Behavior

Current Laser diode Emission spectrum
modulation (VCSEL) N CAjsl fast
I =
4
Al
T —A7—] slow

Faster current modulation — smaller wavelength variation
Tuning coeff. AL/ Ai drops with increasing frequency
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Experiment: VCSEL Tuning Coeff. vs. Modulation Freq.”

763 nm VCSEL (GaAs)
-- 1854 nm VCSEL (InP)
-- 1st order low pass

tuning coefficient

0.1 :
10° 10% 10° 10°
current modulation frequency (Hz)

VCSEL tuning is fast enough for TDLS (several kHz)

New finding: tuning coefficient follows a square root law!
— different from model used In literature for other lasers. Why?

) Experimental characterization of the frequency moduiation behawior of vertical cavity surface emitting lasers,
JoChen, A Hangauer, B Strzoda, M.-C Amann, Appl. Phys. Left. @1, 147705 2007)



Modeling of Laser Tuning

New thermal modeling of heat conduction in laser
describes dynamic tuning behavior
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Modeling of Laser Tuning®

Assumptions:

Heat source: heat generation is only in the optical active region
Infinitely thin, laterally Gaussian - shaped

Heat sink:  substrate is at constant temperature and
laterally extends infinitely

Mode distribution: wavelength is proportional to averaged temperature
Gaussian - shaped light distribution

'y

Z

VCSEL

y

) Simpified Moderl of the Dynamic Thermal Tuning Behavior of VOEELs, J. Ghen el gl IEEE FPhaton. Tech. Lefi. 20, T082-7T084 (2008)
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Analytical Formula for FM Response

Tuning coefficent has a closed form expression!

AL {IfJertc{ i —exp(?j ]erfc{ i—f+d
Ai /o o Jo Jo

fy : "Frequency scale parameter”, depends on thermal diffusivity «
and aperture R,
d : distance between heat sink and heat source

Formula has asymptotic square root behavior!

Interpretation:

- Trade off between fast tuning and high tuning coeff.

- Simultaneous fast tuning and high tuning only with material change
low distance between heat sink and heat source
low specific thermal conductivity of laser material
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Experimental Model Verification

o el e e e e i _ rT] I -
1 i- -= o= -ﬁ--__‘_‘q ]
Q s
u{]o:-} .%u\.""._ -
o } GaAs VCSEL (763 nm) B, My -
E} -=-Model ﬂ"ﬁ% n\‘
5 } .
o |InP VCSEL (1854 nm) N
-=-Model
0.1| 1 a2 a aaaxal raal ] e
10 104 105 106

current modulation frequency (Hz)

Square root law caused by thin heat generation in 3D space
High cutoff frequency caused by small laser dimensions
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Sensor Components

Multipass Cell

Diffuse reflector

Hollow-Fiber Cell

W=

Doublepass
Cell
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Questions of interest ...

- Can small sample volume be combined with high
sensitivity? (— Gas cell)
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Conventional Gas Cell

Tunable Laser

!
[

Detector

ZF_...

[V "‘S.Z

2
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Fiber based Gas Cell

Tunable Laser Detector

L3

Advantages of a fiber - based gas sensor:
- long absorption path length with small sample volume
- easy alignment

7
L

Suitable for compact sensor design!

But for high sensitivity ...
... absorbance resolution must be good

10 Jia Cheh



Fiber based Gas Cell

Tunable Laser

!
: ay

Detector

Suspended core
holey fiber

S

«— 100 pm —>

Empty fiber transmission gives absorbance resolution of 10

x 107 103

2 ! 1

: e S S SR o et -oo-i- -

0 A e Bl M 11
A | | i i

-1 1671.5 1672 1672.5 1673 1673.5 1674

wavelength (nm)
gy caused by interference with additional weak core-modes
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Hollow Capillary Fiber

Highly Multimode Fiber Fiber far-field: speckle pattern
e
Feflecting layer:
Ag & Agl :
f}*{- Si0,
. 10" absorbance resolution: ‘ID'I4
2

1 '__"_9'_‘?_______

iy 4
1722 1.6724 1.6726 1:BF28 1.673 1 .|5?32 1.6734
wavelength (um)

Can absorbance resolution be further improved ?

18
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What influences absorbance resolution?

« Laser in-coupling ? AMAN= ==\
No relevant influence on - i
absorbance resolution

+ Detector out-coupling ? N =<\

Lo
LD * AZ pp

 Fiber mechanical vibration ?

19
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Absorbance resolution

Influence of out-coupling

Az (cm)
B 40 2 4 6 : s 1.2 14 pad resolution
+ measurement
2e-4r+
f/ LD !-AZ-pD
1e-4 f i
ﬁot due to part integration of farfield
1 2 3 4 5 6 7 8 9 10! good resolution
speckle pattern diameter / detector diameter
Finding: abs. resolution ~ 1N (number of integrated speckle)
20
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Influence Mechanical Vibration

Fiber far-field

re

% (mm range)

wavelength scan

1.6
2 0° e

Speckle pattern changes strongly by vibration
— Integration over time gives a smooth transmission

*J. Chen et.al., "Eesolution Limits of Laser Spectroscopic Absarption Measurerments with Hollow Glass Waveguides " Applied Optics 49, 82324-5261 (2010)
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Sensing results with and without vibration

L 10”*  Second harmonic spectrum of air 104
5
- A\ H,0 i i D—
without vibration i : i :
Jresolution 104 KA V2V WAz " U 7 A
5 i i i i t
6 6.5 7 7.5 8 | 8.5

with vibration
resolution 10"

6 6.9 7 7.5 8 8.5
Laser Current (mA)

Absorbance resolution i1s a magnitude improved with vibration !
22
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Sensor Components

e

DFB Multipass Cell Hollow-Fiber Cell

W=

Doublepass
Cell

liInear scan

Signal
Processing

3 nonlinear scan
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Questions of interest ...

- What Is theoretically lowest possible noise on sensor
output values? (— Signal Processing)
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Origin of Noise on Sensor Output Values

Scanned spectra Gas concentration
-- real
T v measured
«—> " «—
i I . -I
— > time
time
. causes .
Noise on measured spectra S,, ----------- > Noise on measured conc. o(c)

25
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Origin of Concentration Noise

Scanned spectra Gas concentration
. -- real
T - -- measured
I I i i i i A f \
I . -
. | i i i I.. tlme
time
. causes .
Noise on measured spectra S,, ----------- > Noise on measured conc. o(c)

Twice the measurement rate — increasing conc. noise by \2

Noise density N times — conc. noise increased by YN

26
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Origin of Concentration Noise

Scanned spectra Gas concentration
. -- real
T — - measured
|H| i i 1 1 A f \
l -

- time

time
: causes :
Noise on measured spectra S,, ----------- > Noise on measured conc. o(c)

Precisely,

o(c) = \/SM/T X k

k. proportional factor, named as ,observation factor

27
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Discussion of ‘observation factor’

« Describes how much target information is contained in
the measured signal

* Higher (worse) if many spectral components involved

« Analytical formula found: \/(@Txp)ﬁl N
W observation matrix, contains description of spectral components

N number of measurement points per spectrum (unit: 1)

How to improve the ,observation factor'?

28
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Linear Sampling of Gas Spectrum

Tunable single-mode  Transmission Photodiode

Laser AH) |

» M(F) : ¢ Detector signal
time : time

Linear scanning: detector signal has same shape as gas spectrum

29
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Nonlinear Sampling of Gas Spectrum

Tunable single-mode  Transmission Photodiode
Laser (1) |
, (1) ' +Detector signal

Nonlinear scanning: detector signal has a more cascade form

30
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Optimized Sampling of Gas Spectrum

Tunable single-mode  Transmission Photodiode

Laser (h

, M8 ' _Detector signal
time : time

Optimum scanning Is ,jJump scanning’ (analytical result)
,Observation factor’ 2 times better than linear scanning
Theory provides position and duration of sampling points

*Tunahle diode laser spectroscopy with optimum wavelength scanning', J. Chen et al., Appl. Phys. B. 100 (2010)

31
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Selection of Components for CO Monitor

T s

Multipass Cell

nonlinear scan
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Questions of interest ...

- Can compactness be combined with reliability?
(— Signal processing, Gas cell)
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Optical Cell for CO Sensing

Conventional:
Laser Beam splitter meas. cell

5 +

Reference cell
with 100 % CO

¥ Photodetector
DI reference cell

Photodetector
meas. cell

New
reference gas CH,
Laser meas. cell —
Photodetector
34
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Inherent Wavelength Calibration

Wide Scan: (every few seconds)
wavelength scale calibration

_4

1510 . .
S CHe ()
= 10F H;LD+CH4
O (:T
[l
iy
@ 5F
n
- CHas (;J:l
o
5 o
£
3]
T o
1 |
2 A64 2 365 2 366

Wiavelength (Jum)

Narrow Scan: (every 100 ms)
CO concentration determination

x 10

| 100 ppm@ 10 cm — fit

1

Harmonic of gas spectrum
L]

23652 2.3654 2 3656 2. 3658
Wiavelength (um)

Inherent wavelength calibration with spectral features
Linear curve fit for CO concentration determination
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Observation Factor vs. Scan Width

3 C 4y | | -
1 O C T T 15 T T _
- scan scan width i
I width o B -
sl 4 sk }
g =0 CH; CO N

2 _‘ oF Py \r"' 1 °F vJ\\/-ﬂ"a‘V“"““V\,]
1 D I 4 & =
B ! 1 I | _
- |z=a Z.305 .m0 274 2.5 2 360 3
i : wuawelength (pm) ,-”*'f wiawel ength (pm) ]

-~

- ____.-""FJ —]

Observation factor

-- theory
! -- experiment

| |
0 20 40 60 80 100

spectrum scan width/ 7L
Narrow scan uses optimum spectrum scan width

" aEL-hased calibration-free carbhon monoxide sensor at 2.3 Jmowith in-line reference cell’, J. Chen et. al. Appl. Phys. B, (2010)
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CO Sensor Live
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Sensing results™

- Sensor Is suited for fire detection - CO peaks after ignition resolvable
120 "—TF‘I (Wood) "
—TFZ2 C (Pyrolysis, Wood)

100|—TF5 C (n-Heptane) 200 o

‘E B0 . - n I 1nnL_f\*\—

2 € Db

8 60 E 100 22523821
40 S

20r

0

0 10 20 30
Time after ignition (min}

-170 ppb (15) achievable
5 min integrating without drift

S aan PPM)

Averaging time t (sec)

38
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CO Monitor with improved Sensitivity

nonlinear scan
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Experimental Setup of Fiber-based CO Sensor
Aris several hundred pm

200 Hz vibration

— exhalation b 2
==
2.3 um :i'g’%%::l_r || _ InGaAs PD
~

=== Zgﬁ\

uC CH, filled
electronics In PD housing

- —]=
I{
|

How much carbon-monoxide Is In the smoker's exhalation?

*) J. G.’I‘I'E".r'.'J .-‘{I.HEHQEUE'F; = SfFEDD'EJ M FIE'."SG."‘]'E'F, Mo .-‘{I.rI".'En'.".'.".'.J I ow-Ieviel ghd Ufra-Low VYolume Holiow WE:"L-‘EQU."G'E' Based Carbon Monoxice Sehsor
Opt. Leit. 35, 3577-5579 (2076)



Result smoker exhalation test

- N DN
g O O

CO concentration(ppm)
o

o O

—smoker — nonshmoker

1
o
f
|
|

200 400 600
time(s)

Sensor resolution (1 ¢): 170 ppb @ 1s

Sample volume: 1.3 ml

Smallest detectable amount of CO: 40 pL ( tip of hair )
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Conclusion

i
i
g

Optimum spectral
scanning

AG(L)

WIS sigral

> . sl EH . ]
Measurement Ref | Signal . ﬂ| |ﬁ| .
. Procedure evaluation "fﬂ'ﬁ“‘”ﬁ”ﬁul s

2354 2 355 2.358 23687
Wavedength (pm}

Developed sensors / Applications:
- Oxygen sensor for process optimization in furnace
- CO sensor for fire detection and working place monitoring

- CO fiber sensor for breath analysis

42
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