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The aim of WP1

• CC-FS-CRDS in the NIR
• Far-UV absorption spectroscopy
• Conventional FTIR-based spectroscopy
• Cavity-enhanced frequency-modulated spectroscopy
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✓ Principle of operation
✓ Description
✓ Test and performance



The CRDS principle
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Properties:

✓ Resonances occur at multiples of  c/2L = FSR
✓ These resonances have kHz-level width and therefore 

act as optical frequency filters 
✓ The optical pathlength is enhanced by a factor 2F/p
✓ The optical power is enhanced as well



PROMETH2O Final Workshop 5

Properties:

✓ Resonances occur at multiples of  c/2L = FSR
✓ These resonances have kHz-level width and therefore 

act as optical frequency filters 
✓ The optical pathlength is enhanced by a factor 2F/p
✓ The optical power is enhanced as well

]L)()R1[(c

L
)(




+−
=

)R1(c

L
o

−
=






0

0

c
)(

−
=

Main advantages:
➢ Intrinsic insensitivity to laser intensity fluctuations 
➢ Absolute nature of the absorption measurement
➢ Traceability to SI standards (time and frequency)

The CRDS principle



The CC-FS-CRDS spectrometer
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l = 1.3947 mm

Wavenumber:
7170.27781 cm−1

H2O line:
32,2→22,1

1+3 band

Cavity details:
Plano-concave mirrors;
R=99.9994%;
Finesse ≃ 500000
Cavity-spacer in 316L-
type stainless steel with 
an electro-polished 
inner surface;
L≃50 cm. 



A few pictures from the Lab 
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Decay time 285.62 ms
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𝝉𝟎 = 𝟐𝟖𝟓. 𝟔𝟐 (𝟑) 𝝁𝒔

rms ≈ 1.7 mV 



The sensitivity of the CC-FS-CRDS spectrometer
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𝜶𝒎𝒊𝒏 =
𝝈𝑨

𝒎𝒊𝒏

𝒄𝝉𝟎
𝟐 = 𝟐. 𝟏 × 𝟏𝟎−𝟏𝟐 𝒄𝒎−𝟏

𝑵𝑬𝑨 =
𝝈𝝉

𝟎

𝒄𝝉𝟎
𝟐

𝟐

𝒇𝒓𝒂𝒕𝒆
= 𝟏. 𝟒 × 𝟏𝟎−𝟏𝟏

𝒄𝒎−𝟏

𝑯𝒛

Our sensitivity is a 
factor of 22 above the 

shot-noise limit! 

𝝈𝑨
𝒎𝒊𝒏

Limiting factors: 
Mechanical, acoustic 
and thermal noises

Remedy: spectral averaging!! 



Limit of detection
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𝒙𝑾𝒎𝒊𝒏
=

𝑿𝑫𝜶𝒓𝒎𝒔𝒌𝑩𝑻

𝑺𝒈 𝟎 𝒑
≈ 𝟏𝟐 𝒑𝒑𝒕

HDO transition

@ 7176.419270 cm-1

S= 6.250x10-25 cm/molecule

≈ 0.58 ppb



Example of H2O mole fraction measurements
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Xw = 570.0 ± 1.5 ppb

Gas: 6.0 N2 cylinder from Nippon Gases
Flux: 1100 sccm
Pressure (p): 32 Torr
Temperature (T): 296.6 K 
Linestrength (S) value taken from: D. Lisak, D. K. Havey, and J. T. Hodges, Spectroscopic line parameters of water vapor for rotation-vibration transitions near 7180
cm−1, Phys. Rev. A79, 052507 (2009)

Lineshape model:
speed-dependent
asymmetric Voigt 

profile

H2O line:
32,2→22,1

1+3 band

𝑥𝑊 =
𝛼𝑖𝑛𝑡𝑘𝐵𝑇

𝑆𝑝



Selection of the lineshape model
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Choice of the lineshape profile based upon:
• root mean square (rms) of the residuals;
• the Akaike Information Criterion (𝑞𝐴𝐼𝐶);
• quality of fit parameter.

𝑞𝐴𝐼𝐶 = 𝑁𝑝 ln 𝜎𝑓𝑖𝑡
2 + ln 2𝜋 + 1 +

+2 𝑷𝒇𝒊𝒕 + 1

E. Fasci, M.A. Khan, V. D’Agostino, S. Gravina, V. Fernicola, L. Gianfrani, A. Castrillo: Water vapor concentration measurements in high purity 
gases by means of comb assisted cavity ring down spectroscopy. Sensors & Actuators A 362, 114632 (2023).



Uncertainty budget
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Contribution (k=1) Type A (%) Type B (%)

Statistical 0.3

Linestrength value 0.3

Frequency axis Negligible

Laser scan width 0.1

Spectral resolution (frequency step) 0.2

Temperature 0.07

Pressure 0.05

Lineshape model 0.1

Partition function 0.04

Overall uncertainty 0.5 %



Comparison with a commercially-available CRDS instrument
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HALO-RP Trace-Gas 
Moisture Analyzer

Main features:
LOD = 2 ppb
Accuracy = 4% of reading
Operating range = 0-10 ppm
Sample inlet pressure = 60 – 2000 Torr
Gas pressure in the RD-cell = 100 Torr
Empty-cavity  ≈ 110 ms



Comparison with a commercially-available CRDS instrument
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Rugiada Cuccaro
& Vito ꓝernicola



Conclusions
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✓ Continuous sub-ppm measurements of water mole fraction in ultra-high purity gases are possible with a 
relative uncertainty better than 1 %

✓ Spectroscopic measurements are characterized by an absolute, highly accurate and stable frequency axis

✓ The retrieval procedure is not sensitive to the gas mixture

✓ Our system acts as reference method to calibrate portable sensors and analyzers

✓ The system can be made much more compact and portable 



The AMP Group
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Eugenio Fasci

Antonio Castrillo



Thank you for your attention



HALO-RP
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Sources of type-B uncertainty
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