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11 Abstract: A laser-based hydrogen (H:z) sensor using wavelength modulation spectroscopy (WMS)

12 was developed for contactless measurements of molecular hydrogen. The sensor uses a distributed
13 feedback (DFB) laser to target the H> quadrupole absorption line at 2121.8 nm. The Hz absorption
14 line exhibits weak collisional broadening and strong collisional narrowing effects. Both effects
15 were investigated by comparing measurements of the absorption linewidth with detailed models
16 using different line profiles that include collisional narrowing effects. The collisional
17 broadening and narrowing parameters were determined for pure hydrogen as well as for
18 hydrogen in nitrogen and air. Performance of the sensor was evaluated and the sensor
19 applicability for H2 measurements in a range of 0- 10 %v of H2 was demonstrated. A precision of
20 0.02 %v was achieved with 1 meter of absorption pathlength (0.02 %v-m) and 1 s of integration
21 time. For the optimum averaging time of 20 s a precision of 0.005 %v-m was achieved. A good
22 linear relationship between Hz concentration and the sensor response was observed. A simple and
23 robust transmitter-receiver configuration of the sensor allows in-situ installations in harsh

industrial environments.
24

25 Keywords: gas sensor; hydrogen sensor; diode laser; TDLAS; WMS; absorption spectroscopy; laser
26 spectroscopy; hydrogen

27 1. Introduction

28 The increase in demand for hydrogen gas sensors is strongly coupled to the expanded use of
29  hydrogen gas (Hz) in industry [1,2]. Hydrogen is an important feedstock in many industrial processes
30  and applications including the oil & gas industry, chemical plants, the steel industry, to name a few.
31  Refineries use hydrogen in a large number of operations, e.g. hydrotreating of various refinery
32 process streams and hydrocracking of heavy hydrocarbons. Analyzing hydrogen in complex and
33  varying gas mixtures is challenging and measurements are normally performed using gas
34  chromatographs, which are accompanied by slow response times and high operational costs. Since
35  hydrogen is highly flammable, strict regulations for using safety H2 sensors apply. Many different
36  types of safety hydrogen sensors are commercially available [3] and the common principle is a
37  sensing element that is altered (e.g. resistance) when in contact with hydrogen. This mode of
38  operation precludes the use of these point-type hydrogen sensors in reactive, corrosive and/or dusty
39  gas streams. For this reason, contactless hydrogen sensing is highly desired. Diode lasers are
40  extremely attractive for this purpose due to their inherently low intensity noise and narrow
41  linewidth. These properties enable highly selective and sensitive probing of narrow and extremely
42  weak Hz absorption lines. As a diatomic homonuclear molecule, Hz has no dipole moment that could
43  create a strong optical absorption in the infrared region. The absorption spectrum of Hz is therefore
44  limited to vibrational bands of very weak electric quadrupole transitions [4], which is why laser-
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45  based detection of Hz so far have been limited to extractive cavity-enhanced sensors, based on cavity
46  ring-down spectroscopy (CRDS) [5,6], intra-cavity output spectroscopy (ICOS) [7,8] and optical-
47  feedback cavity-enhanced absorption spectroscopy (OF-CEAS) [9]. Common for these techniques is
48  the confinement of the laser light in a high-finesse optical cavity by using a set of highly reflective
49  mirrors. Up to several kilometers of effective absorption pathlength can be obtained, which allows
50 for detection of very weak hydrogen quadrupole transitions. However, for use in industrial
51  applications, where extremely high sample purity can be difficult to achieve, contamination of the
52 mirrors is an issue. If not properly handled, this will lead to a degradation of the sensor sensitivity
53  and can ultimately damage the coatings of the high reflectivity mirrors. For this reason, cavity-based
54  H: sensors often impose rigid requirements on the gas sampling and conditioning systems and
55  typically involve periodic maintenance.

56 Tunable Diode Laser Absorption Spectroscopy (TDLAS) [10,11] is a sensitive and selective
57  method that directly probes the process (in-situ) without the necessity to extract gas samples. Gas
58  sensors based on TDLAS are frequently used for many industrial process control, emission
59  monitoring and safety applications and are well-accepted throughout many industries [12-16]. The
60  underlying measurement principle is inherently contactless, and the instrumentation is consequently
61  notexposed to potentially corrosive process gases. Concentration readings are made available in real-
62  time, which is ideal for fast and efficient process control and safety-related measurements.
63  Furthermore, in-situ measurements have low maintenance requirements and thus lower the
64  operational costs. In general, compared to cavity-enhanced techniques TDLAS has lower complexity
65  andismore robust, which has made TDLAS-based sensors the preferred platform for many industrial
66  process control and safety applications.

67 We present in this paper the first laser-based infrared hydrogen absorption sensor for in-situ
68  hydrogen measurements. The sensor can also be re-configured for extractive measurements for
69  applications where an in-situ installation is not feasible due to e.g. high pressure and/or high
70  temperature. Optical windows are isolating the process gas from the sensor so that the advantage of
71  contactless measurements is maintained. The presented hydrogen sensor is based on the commercial
72 LaserGas™ II platform [17] manufactured by NEO Monitors AS. The instrument was used to study
73 a selected hydrogen absorption line in terms of line broadening and line narrowing effects. To
74  validate the measurements, line shape modeling using different spectral line profiles was performed.
75  The sensor showed a capability of measuring hydrogen with a precision of 0.02%v-m for 1 s of
76  integration time, which is better than most intended safety applications require (assuming the
77  measurement range of 0-10 %v). Using a response time of 1 second, an estimated limit of detection
78  (LOD) for Hz of 0.1 %v for 1 meter of absorption pathlength was achieved.

79  2.Sensor Design

80 The developed sensor follows the classical in-situ TDLAS design and consists of a transmitter
81  and areceiver unit. The transmitter unit contains a diode laser, collimating optics, a microprocessor
82  board and all input-output electronics. The transmitter unit also has a built-in cell for H2 validation.
83  The receiver unit incorporates a photodetector, focusing optics and signal detection electronics
84  (amplifies, mixer etc.). Figure 1 shows a photograph of the LaserGas™ II sensor mounted on the demo
85  pipe using the DN50 flanges.

86

87 Figure 1. TDLAS H: sensor mounted on a demo pipe. Transmitter unit is located to the left and the
88 receiver unit to the right. The gas inlet and outlet of the validation build-in gas cell are indicated.
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89

90 The sensor is based on the wavelength modulation spectroscopy (WMS) technique, which is well
91  described in the literature [18-20]. This technique has proven very useful in trace gas sensing due to
92  its ability to perform very sensitive interference-free measurements directly in the process or across
93  stack without sample extraction and preconditioning. Since WMS provides nominally baseline-free
94  absorption signals it is especially suited for measurements of weak absorbances. Recently published
95  comparisons of WMS and Direct Absorption Spectroscopy (DAS) techniques reveal that WMS is
96  approximately one order of magnitude more sensitive [21-23]. Figure 2 shows a schematic diagram
97  and basic principle of the sensor operation.
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100 Figure 2. Schematic overview of the principles of the sensor operation. A sinusoidally modulated
101 current ramp is applied to the laser, which is thereby swept in frequency across the transition of
102 interest. After interaction with the sample the absorption information is encoded in the transmitted
103 intensity, which is measured using a photodetector. The photodetector signal is amplified, filtered,
104 mixed and digitized. Finally, digital signal processing is used to retrieve the concentration (and
105 possibly other relevant parameters).
106 The temperature of the diode laser is stabilized with high accuracy (typically in the mK range)

107  to set the average emission wavelength of the laser. A direct current (DC) is applied to operate the
108 laser above its threshold, and a current ramp with a duration of 2 milliseconds is used to tune the
109  wavelength over an absorption feature of interest. After each ramp the laser current is switched off
110  for signal normalization purposes. In WMS, the laser current (and thus the emission wavelength of
111  the laser) is modulated. For this purpose, a sinusoidal waveform of frequency f of about 100 kHz is
112 added to the current ramp. The collimated laser beam is directed through the target gas, after which
113 it is captured by the receiver optics and focused onto a photodetector. The signal detected by the
114  photodetector is bandpass-filtered to select the 2f component and the filtered signal is detected using
115  a hardware mixer, a low-pass filter and an amplifier. The 2f WMS signal is digitized using an AD
116  converter and normalized to the measured direct signal. Before calculating the gas concentration
117  additional digital signal processing can be applied to improve the signal-to-noise ratio (SNR) such as
118  digital filtering, wavelet denoising, baseline fitting etc.
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119 3. Line Selection

120 The absorption spectrum of H: in the infrared region is very sparse and extremely weak. Figure
121 3 shows a HITRAN simulation using default air broadening parameters listed in HITRAN16. The
122 fundamental (1-0) vibrational electric-quadrupole transitions of H> are between 1900 and 3000 nm.
123 There are only a few lines visible due to the large rotational constant that follows from the low mass
124  of the H2 molecule. The first overtone band (2-0) of H: is located between 1100 and 1500 nm.
125  Compared to the fundamental band, the overtones have been studied much more extensively using
126 cavity-enhanced spectrometers [6,24].

127
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129 Figure 3. HITRAN simulation of H2 absorption (1 %v-m) using default air broadening parameters
130 listed in HITRAN16.
131 From the HITRAN simulations, three transitions in the fundamental vibrational band are

132 identified as suitable for H2 gas sensing: 2407 nm (4155.3 cm), 2223 nm (4497.8 cm™) and 2122 nm
133 (47129 cm™). However, the best available transition for industrial applications is not necessarily the
134  strongest transition, but the one with least interference from gases such as water vapor (H20), carbon
135 dioxide (COz2), methane (CH4), ammonia (NHs), carbon monoxide (CO). The transition at 2407 nm is
136  close to the strong H20 absorption band at 2700 nm and several strong H2O lines overlap with the
137  weak Hzline. Likewise, the transition at 2223 nm is suffering from strong NHs and CHs interferences,
138  which would limit the industrial usage of a sensor that targets this transition. In addition, the strength
139  of this line is about one third of the strength of the H: line at 2122 nm, which is the strongest Hz line
140  inthe IR region. The line at 2122 nm is not completely free from CH4 and NHs interference although
141  itis much weaker than for the other mentioned H: lines. Also, CO:z absorption in this spectral region
142 must be considered due to potential interference. Since the linestrength is a crucial factor for sensing
143  hydrogen the S(1) (1-0) line at 2121.8 nm (4712.9 cm) was chosen. A DFB diode laser from
144 Nanosystems and Technologies GmbH and an InGaAs pin photodetector from Hamamatsu were
145  used in the sensor.

146 4. Experimental Results and Modelling of the H2 Lineshape

147 The linestrength of the S(1) (1-0) Hz transition is 3.2x1026 cm/molecule [4]. Simulations using the
148  air broadening parameter of 0.05 cm/atm (default value listed in HITRAN16) and the Voigt profile
149  indicates about 5x10° of relative peak absorbance for 1 %v H2 over 1 meter of absorption pathlength
150 (1 %v-m) under ambient conditions (Figure 3). Such absorbance is too weak for an in-situ absorption
151  sensor that is required to detect sub-percent levels of Hz. However, predictions based on modelling
152  using the Voigt profile are not correct. It is important to note that due to the low mass of the H:
153  molecule, the Doppler broadening is significantly larger than what is typical for other molecules at
154  this wavelength. The Doppler half width at half maximum (HWHM) for this transition is 0.0204 cm-
155 1at 296K and the small collisional cross-section and absence of dipole moment results in very weak
156  collisional broadening while the high rate of velocity changing collisions contributes to an unusually
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157  strong narrowing (the Dicke narrowing effect). The combination of these effects results in a line
158  profile that deviates significantly from the Voigt profile. Hence, more advanced profiles must be used
159  such as the Hartmann-Tran profile (HTP) [25] or other simpler profiles that include only the
160  collisional narrowing such as Rautian profile (RP) [26] and Galatry profile (GP) [27]. Recently non-
161  Voigt line profiles have been implemented in the HITRAN database [28] where HTP was explicitly
162 recommended for modelling of the Hz lines. However, by the time of writing, the non-Voigt line
163  parameters for H: in air were not available in the HITRAN database. The line parameters used here
164  for the 5(1) (1-0) line for pure H: (self-broadening) were reported by P. Wcisto et.al. [28]. The
165  reported the self-broadening parameter for this Hz line was y,¢;; = 0.0019 cm-atm and the velocity
166  changing collision (narrowing) parameter was vg;, = 0.0448 cmatm. The combination of very
167  weak self-broadening and strong narrowing should result in sub-Doppler widths of the Hz line for
168  pressures around ambient air pressure. Indeed, significant reduction of the H: linewidth with
169  pressure and a corresponding increase of the peak amplitude has been reported for all studied H2
170  lines in the overtone (2-0) vibrational band [6,24] for pure H2 gas. However, nitrogen broadening,
171  air broadening, and narrowing parameters have not yet been reported.

172 In this paper, we present the results of measurements of the self-broadening and narrowing
173 parameters and the corresponding parameters for nitrogen and air for the S(1) (1-0) line. Since the
174  laser intensity modulation amplitude, the modulation phase and the phase shift between the laser
175  intensity and wavelength modulations all influence the shape of the 2f-WMS absorption signals,
176  performing direct signal fitting using advanced line profiles with many fitting parameters can
177  ambiguous. Such profile study requires good signal-to-noise ratio and exceptional precision of the
178  recorded line profiles (better than 1% rel.), which is very challenging for the case of the weak H2
179  transition. Therefore, another approach was chosen based on findings by J. Reid and D. Labrie [29]
180  who investigated the behavior of the WMS lineshape as a function of the ratio between the
181  modulation amplitude (2) and the absorption HWHM (A), m = a/A. The WMS lineshapes for the
182  Voigt profile and the limiting cases of the Voigt, the Gaussian and Lorentzian profiles were modelled.
183 It was found that the peak amplitude of the WMS lineshape (WMS-PA) is maximized at m = 2.2
184  independent on the ratio of the collisional broadening to the Doppler broadening, i.e., whether the
185  Voigt was in the Gaussian or Lorentzian regime. To find out if the same value of m = 2.2 is also valid
186  for an absorption lineshape exhibiting strong collisional narrowing, we performed numerical
187  simulations for HTP, RP and GP using the collisional broadening and narrowing parameters within
188  the range of the values reported for different H: lines. In particular, we modelled the gas pressure
189  region where collisional narrowing resulted in the most prominent effect on the H: lineshape:
190  between 0.1 and 1.0 atm. The modelling shows that the calculated WMS signal, using any of these
191  three profiles HTP, RP and GP plotted as functions of m, shows a peak at approximately the same
192 value of m = 2.2 £ 0.1. Figure 4 shows the result of the modelling of the S(1) (1-0) Hz line using HTP
193  and the line parameters for 100% H: gas by P. Wcisto et.al. [28]. The results for the Doppler profile
194  were obtained by setting the H: pressure to P = 0.01 atm, which ensures that both collisional
195  broadening and narrowing effects are negligible. The results for the Lorentzian profile were obtained
196 by setting P = 10 atm, which ensures that both Doppler broadening and collisional narrowing are
197  negligible. The plots for P = 0.25 atm and P = 0.5 atm represent the region where the collisional
198  narrowing is significant. No significant difference between the WMS-PA m-dependence for HTP, RP
199  and GP were found. This means that it is possible to indirectly measure the HWHM of an absorption
200  line by varying the modulation amplitude of the laser while measuring the WMS-PA. Finally, the
201 HWHM pressure dependence obtained from the measurements can be compared with the
202 corresponding theoretical pressure dependence from the model. Such comparison provides a good
203  estimation of the collisional broadening and narrowing coefficients (with an accuracy of the
204  parameters determined by this method of about 10% rel.).

205
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207 Figure 4. Calculated WMS peak amplitude (Hartmann-Tran profile) as a function of the normalized
208 modulation amplitude, m, for Hz at and 0.25 and 0.5 atm (100 % Hz) together with the Lorentzian limit
209 at 10 atm, and the Doppler limit at 0.01 atm. The HTP line parameters for S(1) (1-0) Hz transition given
210 in [28] were used in the modelling.
211 To improve the SNR of the WMS-PA measurements the sensor was connected to a multi-pass

212 cell of Herriott type with 12 meters pathlength, which was filled with pure H: gas at different
213 pressures up to 4 atm. For measurements in nitrogen and air gas mixtures, pure hydrogen was
214 diluted to 10 %v in the corresponding balance gas using a HOVAGAS gas mixer. The Doppler
215  HWHM at 23°C of 0.204 cm was used to calibrate the laser modulation amplitude a to the unit of
216  cm such that the experimentally obtained HWHM converges to the theoretical Doppler HWHM at
217  zero pressure. The theoretical HWHM was obtained from the calculated HTP for different
218  pressures. The results from the calculations were compared with the measured values and the
219  broadening and narrowing coefficients used in the calculations were adjusted until the best fit with
220  the measured results was achieved (ignoring line shift effects). Figure 5(a) shows the measured
221  HWHM of the Hz line for pure (100 %v) H2 gas and the calculated HTP HWHM which resulted in the
222 best fit. The parameters obtained are y; = 0.0024(3) cmatm® and vg, = 0.037(5) cm'atm™
223 (T=296 K). The parameters are in reasonable agreement with the values reported by P. Wcisto et.al.:
224 0.0019(1) and 0.0484, respectively (T=315 K) [28]. The parameter for broadening speed-dependence
225  had negligible influence on the resulting pressure dependency of the HWHM. In the modelling this
226  parameter was set to 1/10 of the broadening parameter and the correlation parameter was set to zero
227  [4,28]. The calculated HWHM using RP and GP showed similar pressure dependence and the
228  obtained broadening and narrowing parameters were the same as for HTP. Although accuracy of the
229  experimental data did not allow to distinguish between HTP, RP and GP, the HTP results are
230  presented in this study since this profile is particularly recommended for modelling of hydrogen
231 absorption lines [28]. As seen in Figure 5(a), the absorption line of pure Hz is extremely narrow (more
232 than2 times narrower than the Doppler HWHM) in a broad pressure range from around ambient up
233 to several atm. The corresponding calculated HTP for a pressure of 1.0 atm is plotted in Figure 5(b)
234 together with the corresponding Gaussian profile. The peak amplitude of the H: line (100%) at
235  atmospheric pressure is more than a factor of 1.6 larger than if the Hz line would be pure Gaussian
236  with Doppler width.
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Figure 5. (a) The HWHM of H2 100 %v as function of pressure together with a fit using the HTP; (b)
the calculated HTP at P=1.0 atm compared to the corresponding Doppler Gaussian profile.

For gas sensing it is important to measure the collisional parameters (broadening and
narrowing) in nitrogen and air balance. These parameters are not available in literature for the given
H: transition. Figure 6(a) shows the pressure dependence of H» HWHM for 10% H: in nitrogen
balance. Despite significantly larger nitrogen broadening compared to the self-broadening, the H>
line in nitrogen around ambient pressures is narrower than the Doppler broadened line. In Figure
6(b) the modelled HTP at 1.0 atmosphere is compared with the Gaussian profile of the same integral.
The peak amplitude of the Hz line at 1 atm in nitrogen is 1.2 times larger than if the line would have
only Doppler broadening. Using the previously obtained parameters for pure hydrogen, the
collisional broadening and narrowing parameters for nitrogen balance were evaluated to be yy, =
0.0087(8) cmTatm™ and vg5 = 0.071(7) cm-latm™, respectively (T=296K). Few measurements of Hz in
air balance at ambient pressure were made as well. The H: line appeared somewhat narrower than
in nitrogen balance. It was assumed that the collisional narrowing parameter is the same as in
nitrogen. The broadening coefficient in air was then estimated to be y,;; = 0.0081(8) cm-latm.
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Figure 6. (a) The HWHM of 10 %v H:z in N2 balance gas as function of pressure and a fit using the
HTP; (b) The calculated HTP at P=1.0 atm compared to the corresponding Doppler Gaussian profile.
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259 5. H2 Sensor Performance

260 The simulation using HTP with the linestrength listed in HITRAN and the collisional parameters
261  obtained in this study for Hz in nitrogen/air indicates that 1 %v Hz over 1-meter optical pathlength (1
262 %v-m) gives about 2.2x10" of relative peak absorbance. This is about 4 times stronger absorbance
263  than that calculated using the Voigt profile with the default HITRAN parameters (see Figure 1). To
264  achieve the required LOD of 0.1-0.2 %v-m (assuming the measurement range of 0-10 %v) the
265  sensitivity of the TDLAS sensor must be in the range of from 2 to 4x10% of the relative absorbance.
266  The two main factors limiting the sensitivity of most TDLAS sensors is (i) optical fringe-noise,
267  sometimes called etalon noise, which is interferences of the laser light caused by partially reflective
268  surfacesin the system and (ii) coupling of stray light into to the laser active area (laser feedback noise).
269  Considerable effort was put in the optomechanical design of the Hz sensor to eliminate most sources
270  of optical feedback and etalon noise. In addition, the modulation amplitude was carefully optimized
271  for the very narrow H: line. A noteworthy biproduct of the relatively weak laser current modulation
272 is that the residual amplitude modulation that contributes to the baseline variations in the WMS
273 signal [30] was negligible.

274 For evaluation of the sensor performance the transmitter and receiver were set 1 meter apart on
275  a test bench. A single-pass optical cell of 0.7 meter fitted with wedged windows was placed in
276  between the transmitter and receiver. Different concentrations of H2 were mixed in nitrogen balance
277  using the HOVAGAS mixer and gas mixtures were directed into the cell at flow rates from 1 to 5
278  1/min. For long-term stability tests the cell was filled with a known gas mixture and sealed. The results
279  were converted to the gas concentration unit %v-m. For zero H2 measurements the cell was removed
280  from the test bench and ambient air was measured.

281 Figure 7(a) plots the obtained 2f WMS signals for 0.5, 0.2 and 0.1 %v of H: in nitrogen for an
282  optical pathlength of 1 meter. The signal for zero hydrogen concentration was recorded when sensor
283  measured through ambient air. Each signal was acquired during 1 second as a result of averaging of
284 150 laser wavelength scans. To improve sensitivity the signals can further be processed using e.g.
285  wavelet denoising or band-pass filtering. Here, convolution with a Mexican hat wavelet function was
286  used. The width of the function was chosen to match the width of the Hz absorption feature. Figure
287  7(b) demonstrates the improved SNR after the convolution. The baseline slope and high frequency
288  noise components were removed. It is seen that the peak from 0.1 %v-m is clearly distinguishable
289  from the noise level, which indicates that the obtained sensitivity of the sensor to the fractional
290  absorbance is better than 2x10%. The SNR approach was applied to estimate the LOD of the sensor.
291  Inthis approach LOD corresponds to the concentration level at which the measured signal (peak-to-
292  peak) reaches 3 times the signal noise (peak-to-peak) of the baseline. By using this criteria LOD of the
293  H:sensor was estimated to be 0.1 %v-m for 1 s integration time.
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295 Figure 7. (a) 2f WMS sensor signals for three different H2 concentrations and one zero signal.
296 Corresponded concentrations at 1 meter of optical pathlength are 0.5, 0.2, 0.1 %v. The zero signal was
297 recorded in ambient air; (b) The signals after convolution with the matched Mexican hat wavelet

298 function demonstrating the improved SNR.
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299 To examine the capability of the sensor in terms of the measurement precision and the long-term
300  stability, the sensor was installed on a cell to measure 1.0 %v-m H: in nitrogen and the data were
301 logged over 500 min with 1 second resolution. Figure 8(a) shows the plot of the measured
302  concentration. Along with stochastic noise an oscillating pattern can be observed which we attribute
303 to optical fringes from the cell windows which were drifting due to the changing ambient
304  temperature. The corresponding Allan deviation [31] (1o) is plotted in Figure 8(b). The precision
305  without averaging, i.e. with sensor update time of 1 s was 0.02 %v-m. The precision improved with
306  averaging and after 20 s of averaging 0.005 %v-m was achieved. Between 1 and 10 min of averaging
307  time the Allan deviation increased up to approximately 0.02 %v-m. This behavior can be attributed
308  tocombination of etalon noise from the cell windows and etalon noise from the sensor optical system.
309  Thus, long term drift and short-term (1 s) precision are both at about the same value of 0.02 %v-m,
310  which demonstrates excellent overall performance of the sensor.

311
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312
313 Figure 8. a) Long term measurements of 1 %v Hz over 1 meter with 1 s update time; b) Allan deviation
314 of the sensor measurements (1c). Demonstrated precision is 0.02 % v-m at 1 s (no averaging) and 0.005
315 % v-m with 20 s averaging.
316 For linearity evaluation a HOVAGAS gas mixing system was used to generate Hz concentrations

317  stepwise down from 10 %v to 0.1 %v by diluting pure hydrogen in nitrogen base. Each concentration
318  was measured during about 4 min. Figure 9(a) shows the recorded measurements. The measurements
319  for each concentration step were averaged and plotted in Figure 9(b) against the nominal
320  concentration set in the gas mixer software. The linear fit has a slope well within 0.5% of the sensor
321  range and an R-square value of 0.9998 confirms the excellent linearity of the H2 sensor.

322
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323
324 Figure 9. a) Sensor response to different H2 concentrations (10.0, 8.0, 6.0, 4.0, 2.0, 1.0, 0.5, 0.2, 0.1 %v)
325 in the 0.7 m cell; b) Plot of the measured concentration as a function of the concentration set in the gas
326 mixer and a linear fit.
327 6. Conclusions
328 A TDLAS sensor was developed for industrial in-situ and non-contact measurements of

329  hydrogen. The sensor uses a well-proven LaserGas™ II platform by NEO Monitors AS and a 2122
330 nm DFB laser. The selected quadrupole absorption line of H2 was characterized in terms of collisional
331  broadening and narrowing effects. The line exhibits sub-doppler width in wide ranges of pressures
332  not only for pure hydrogen but also for hydrogen in nitrogen and air balance. The broadening and
333  narrowing coefficients for nitrogen and air were obtained by fitting the measured linewidth to the
334  calculated linewidth from the Hartmann-Tran profile. The performance of the sensor was evaluated.
335  The measurement precision of 0.02 %v H: for just 1 meter of the absorption pathlength was achieved
336  for 1 s of the integration time. Using the SNR approach the corresponding LOD was estimated to be
337 0.1 %v of Hz2in air which is sufficient for safety applications. By increasing the absorption pathlength
338  and/or integration time the performance of the sensor can further be improved, which should widen
339  the applicability of the sensor also for applications with sub-% H- levels.
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