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Outline

» THz spectroscopy for H,S detection

« QEPAS for THz sensing applications

* Nitrogen-cooled pulsed wave quantum cascade laser (QCL)
 THz-QEPAS sensor for H,S detection

 Results and performance

e Conclusions and future perspectives

PelySeénSe




THz gas spectroscopy: why?
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Davies, A. G., et al., “Terahertz spectroscopy of explosives and drugs,” Materials Today 11(3), 18-26 (2008) Wavenumbers (cm'1)

Frequency (THz)

 Fingerprint region for heavy molecules
e High-intensity rotational transition
« Comb-like absorption lines
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H,S risks and applications

- | e Sewers and swamps
e J J » e Human exhalate
NIOSH IDLH = 100 ppm * Natural gas extraction

Barsan, M.E. NIOSH Pocket Guide to Chemical Hazards; NIOSH Publications, Washington, USA, 2007.
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Laser-based
absorption
In situ detection spectroscopy!

Lack of real-time,




H,S absorption spectrum

Absorption spectroscopy » Which line to target?
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Application: H,S detection in natural gas

H,S detection in natural gas deposits needs:

e Real-time monitoring
* In-situ detection

Perfect matching for THz spectroscopy!

 Higher linestrength compared to IR

 No hydrocarbons interference
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Natural gas composition

m Methane

m Ethane

® Propane
Butane

m Carbon Dioxide
m Nitrogen
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m Hydrogen Sulphide

m Other

Which technique
has to be chosen?



Basics of QEPAS N

: : . : I
« Laser light resonant with gas target transitions hits the sample |

 Modulated absorption induces an acoustic wave

Incident beam is focused between prongs of a quartz tuning fork
(QTF), used as a resonant acoustic transducer

« Resonant mechanical vibration is excited by the pressure waves
and converted in an electrical signal, via piezoelectric effect

 Resonator tubes used to enhance the pressure waves amplitude

Fundamental First overtone
resonance mode resonance mode Laser power Q-factor

ﬁ
? QEPAS sighal «x P-a-Q - €
« No optlcal detector requwed ency
« Wavelength independent

P.Iysgnse Patimisco et al., "Recent advances in quartz enhanced photoacoustic sensing”, Applied Physics Review, 5(1):011106, 2018




QEPAS exploiting THz sources

S
Custom QTF 7N~

THz QCL sources: Standard QTF :
- Low output optical power Prong spacing (300 pm) | Larger prong spacing
_ _ comparable to THz source I prevent the laser beam to
* Poor beam spatial quality beam dimensions : hit the QTF prongs
« Highly-divergent output angles I
X | v
|

Reduced background noise

Improved detection sensitivities

X (mm}

Wavenumber Frequency Absorption Optical MDL NNEA Ref.

(cm) (THZz) linestrength (cm/mol) power (UW) @30 s (cm-'W/\Hz)
CH;OH 131.054 3.93 4.28x1021 40 160 ppb 4.3x1011 [1]
H,S 97.08 2.91 | 1.13x1022 | 240 13 ppm | 4.4x1010 [2]

[1] Sampaolo et al., “Improved Tuning Fork for Terahertz Quartz-Enhanced Photoacoustic Spectroscopy,” Sensors 16(4), 439 (2016).

S ns e [2] Spagnolo et al., “THz Quartz-enhanced photoacoustic sensor for H,S trace gas detection,” Opt. Express 23(6), 7574 (2015).
SIVAY:!




H,S absorption line selection

Need for a high-intensity, well-isolated absorption line to target
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H,S line @ 95.62 cm™ 500x higher than previous
S =5.5x102° cm/mol QEPAS experiment
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N,-cooled PW QCL source

Continuous

Wave

M SITP

Faby-Perot THz-QCL
with graded metal-
metal (MM) waveguide

Yu, C. et al., “Highly efficient power extraction in
terahertz quantum cascade laser via a grating
coupler,” Applied Physics Letters 113(12), (2018)
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Helium cooling :
] _ ’ Pulsed
arge size
J 0 ! Wave
High cost !
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e Nitrogen cooling

» Reduced size

e Low cost 0

Repetition rate = 15 kHz
Pulse width =1 ps
Peak power = 150 mW

FTIR resolution = 0.25 cm-?
Emitted beam with 20°x30°
divergence

Emission wavelength linearly
proportional to injected current



QEPAS spectrophone
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First custom QTF employed for H,S THz detection (2014) 7N~
. = 1-—~r~‘nm Performance at atmospheric pressure
sps » « f=2.8kHz
ol « Q-factor = 5650

17 mm 2X larger prongs spacing compared to
- standard tuning forks

0.7 mm
27 mm [ ! ‘
= » Bare QTF
| configuration
Il |
3.7 mm

Sanse Sampaolo et al., “Improved Tuning Fork for Terahertz Quartz-Enhanced Photoacoustic Spectroscopy,” Sensors 16(4), 439 (2016)



QEPAS spectrophone

\\*I/i
New design of custom QTFs for H,S THz detection (2019) 7N~
,, Performance at atmospheric pressure
A2MM #2110k » e f=15.8kHz
e Q-factor = 15500
5x larger prongs spacing compared to
standard tuning forks
9.4mm
1 14.5mm
0.25mm+7 —-|| Du al 't u b e
| configuration
] 4.85mm
L =9.5mm
1.5mm 1.5mm l ' ID = 24 mm
6mim

PI Sgnse Dello Russo et al., “Acoustic Coupling between Resonator Tubes in Quartz-Enhanced Photoacoustic Spectrophones Employing a Large Prong Spacing Tuning Fork,” Sensors 19 (2019)



Experimental setup
il |
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Cryostat

Golay cell

Lock-in
Pulser amplifier
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Optimum operating pressure \
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QEPAS signal affected by pressure waves
generation and QTF performances
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QTF electrical signal (mV)
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QEPAS sensor results
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3.4 3.6 3.8
Injected current (A)

4.0

Gas sample parameters
Pressure: 60 Torr
Flow: 30 sccm

Selected absorption line
Wavenumber: 95.62 cm!
Frequency: 2.866 THz
Linestrength: 5.5x10-2° cm/mol

Laser setpoints
Current: 3.5 A
Temperature: 81 K

Modulation parameters
Frequency: 15831 Hz
Pulse width: 1 ys
1-f WM
Integration time: 300 ms



Sensor linearity and detection limits

0.6 1 100 ppm
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Allan deviation analysis
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QEPAS Signal (mV)
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Minimum detection limit (ppm)
l

o
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1

o
A

0 2000 4000 6000 8000 e I
Time (s) 1 10 100 1000
Stepwise calibration Integration time (s)

« 30-minutes-long acquisitions — : —
Sensor linear response Minimum detection limit @ 10 s:
« Slope: 5.14 yV/ppm 360 ppb

Almost two orders of magnitude
lower than previous experiment

PI Sgnse Giglio, M. et al., “Allan Deviation Plot as a Tool for Quartz-Enhanced Photoacoustic Sensors Noise 16
v Analysis,” IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency Control 63(4), 555-560 (2016)

Minimum detection limit @ 300 ms:
2.3 ppm



Conclusions and future perspectives

* Nitrogen-cooled THz QEPAS sensor for H,S detection
 Pulsed-wave THz QCL source with peak power of 150 mW

« Custom tuning fork with large prongs spacing coupled with
resonator tubes as acoustic transducer

e Minimum detection limit of 2.3 ppm at 0.3 s and 360 ppb at 10 s

 Portable, low power consumption THz-QEPAS
sensor for in-situ and real-time detection of H,S

» Analysis of H,S photoacoustic behaviour in i e &)

natural gas matrix Dealof liquisknitrogeh
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Conclusions and future perspectives

* Nitrogen-cooled THz QEPAS sensor for H,S detection
e Pulsed-wave THz QCL source with peak po

e Custom tuning fork with lar
resonator tubes as acousti

Minimum det

° Pulsed
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ection of H,S eIy l =t
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S Laser &
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European Double Doctorate Training Network

OPTAPHI — Optical Sensing Using Advanced Photo-Induced Effects

14 Ph.D. Positions available
( e Marie Skfodowska-Curie Early Stage

Advanced Photo-Induced Effects

) pF p Researcher
A H[ generous salary (>€3,000/month) + benefits

must meet MSCA mobility & eligibility rules

An EU Marie Sktodowska-Curie ITN

Awarded a Double Degree

Study at 2 European institutions
WWW OPTAPH| EU (Ireland/Italy/France/Austria)
Get a Ph.D. degree from both

Research combines:
Application Deadline: 13th March 2020 Photo-acoustic & photo-thermal spectroscopy

laser design and fabrication
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