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Highlights 28 

• An Optical Feedback Cavity Ring Down Spectrometer (OF-CRDS) is developed at 8.45 µm.  29 

• Water self-continuum cross-sections at 1185 cm-1 are measured between 296 to 308 K  30 

• Our cross-section value is found about 20% smaller than the MT_CKD_4.1 value. 31 

• Available measurements in the 10 µm window seem to indicate that the MT_CKD_4.1 32 
temperature dependence is overestimated 33 

 34 

Abstract 35 

The accurate knowledge of the water vapor absorption in the 10 µm atmospheric window is of 36 

strong importance because this spectral range coincides with the maximum black body emission of 37 

Earth. Presently, the water vapor self-continuum is measured at the 1185 cm-1 (8.45 µm) spectral 38 

point, located in the most transparent interval of the 10 µm window. Measurements are performed 39 

at four temperatures ranging from 296 to 308 K using a newly developed Optical Feedback Cavity 40 

Ring Down Spectrometer (OF-CRDS). Self-continuum cross-sections, CS, are derived from the 41 

pressure dependence of the absorption during pressure ramps of pure water vapor up to 18 mbar. 42 

From the quadratic pressure dependence observed for the absorption coefficient at each temperature, 43 

we derived the value of the cross-section (Cs=0.996(12)×10-22 cm2molecule-1atm-1 at 296 K) and its 44 

temperature dependence. These results are discussed in relation with previous literature 45 

measurements available in the 10 µm window. Our cross-section is found about 20% smaller than 46 

the MT_CKD_4.1 value and the available experimental works seem to indicate that the 47 

MT_CKD_4.1 temperature dependence is overestimated.  48 
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1. Introduction 49 

Earth receives most of its energy from solar radiation. Visible light (corresponding to the 50 

maximum emission of the sun's black body) accounts for 40% of the energy received, 50% for the near 51 

infrared and 10% for the ultraviolet. About 20% of the incoming radiation is absorbed by the greenhouse 52 

gases, mostly by water vapor, but a small amount escapes to space through transparency windows 53 

generally coinciding with the regions of low absorption of the water molecule [1].  54 

Water vapor absorption results from the contributions of the water local monomer lines (WML) 55 

due to sharp rovibrational transitions, and of a smoother absorption continuum slowly varying with 56 

frequency. In our atmosphere, the water vapor continuum is the sum of the self-continuum, related to 57 

the interaction between water molecules, and the foreign-continuum, due to interaction of water vapor 58 

with other atmospheric molecules, mostly molecular nitrogen and oxygen. Within the transparency 59 

windows, the relative contribution of the total water vapor continuum to the atmospheric absorption is 60 

much higher than in the band regions, which makes its characterization particularly important. As a 61 

result of the equilibrium between the absorption of solar absorption and thermal emission, Earth has an 62 

average temperature of 290 K corresponding to a maximum black body emission around 10 µm. The 63 

spectral coincidence of the strong black body emission of our planet with the 10 µm atmospheric 64 

window makes the accurate knowledge of the water vapor continuum of particular importance in that 65 

region, with a direct impact on the Earth's radiation balance [2].  66 

Despite this strong impact, a limited number of studies has been devoted to the quantitative 67 

measurements of the absorption self-continuum of water vapor in the 10 µm transparency window (see 68 

[3] for a review of the laboratory measurements before 1990). Notable studies include (i) the pioneer 69 

investigation by Burch and Alt in 1984 using a grating spectrograph and an original optical configuration 70 

aiming to minimize the spectra baseline drifts [4], (ii) measurements performed at NIST by Baranov et 71 

al. using Fourier transform spectroscopy (FTS) with a 100 m pathlength between 311 and 363 K [5], 72 

(iii) the determination by Cormier et al. of the self-continuum (and N2-foreign) cross-sections by cavity 73 

ring down spectroscopy (CRDS) at 944 cm-1 (10.6 µm) for several temperatures in the 270–315 K range 74 

[6]. Together with atmospheric measurements, these laboratory results were used to adjust the MT_CKD 75 

self-continuum model in the 10 µm window (the MT_CKD semi-empirical model, now included in the 76 

HITRAN database [7] is the standard model implemented in atmospheric radiative transfer codes, to 77 

account for the water vapor absorption continuum [6, 7, 8]). Nevertheless, due to a dispersion of about 78 

20 % between the different experimental sources, new independent measurements appear to be highly 79 

suitable for validation tests of the current MT_CKD model and for modeling the water vapor absorption 80 

in the 10 µm window with an accuracy at a level of a few %.  81 

  82 
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2. OF-CRDS measurements  83 

2.1. Experimental setup 84 

Measurements were performed by cavity ring down spectroscopy [11] (CRDS) using a newly 85 

developed spectrometer relying on optical feedback to enhance resonant cavity injection. Basically, 86 

CRDS measurement consists in injecting a bunch of photons inside a high finesse cavity, filled with an 87 

absorber to measure the photon lifetime τ, which accounts for the various optical losses (mirror losses, 88 

sample absorption, Rayleigh scattering, etc…). Technically, after a given level of signal is detected by 89 

the cavity transmission photodiode, the laser is switched off and an exponential decay is observed from 90 

which the ring down (RD) time, τ, and corresponding loss rate, 1/cτ, are derived. By difference with the 91 

loss rate obtained with the evacuated cavity, 1/cτ0, the absorption value α(ν) of the intracavity absorber, 92 

is derived: 93 

𝛼(𝜐) =
1

𝑐
(

1

𝜏(𝜐)
−

1

𝜏0(𝜐)
)     (1) 94 

where ν is the laser emission frequency, and c the speed of light. The ultimate sensitivity of the 95 

measurement is directly related to the number of photons collected on the photodetector, therefore to 96 

the number of photons injected into the optical resonator. In the present system, the empty cavity RD 97 

time is about 13 µs, which corresponds to a mirror reflectivity of 99.987%, i.e. to a cavity mode width 98 

of 10 kHz. The 8.45 µm Quantum Cascade Laser (QCL, Alpes Laser HHL-1083) used in this study 99 

presents a linewidth of a few MHz, for a maximum emitted power of 20 mW. This means that in a 100 

traditional CRDS configuration (Fig. 1, panel (a)), no more than a hundredth of the laser power would 101 

be injected into the cavity. To circumvent that issue, we take advantage of the optical feedback 102 

mechanism [11]–[13] that permits the laser emission frequency to be kept in close resonance with the 103 

cavity modes, without additional electronics control. As depicted in Fig. 1, panel (b), this method has 104 

been implemented using a 3-mirror V-shaped optical resonator and extensively used for trace detection 105 

[14], spectroscopy [15], including water vapor continuum measurement in the 2.3 µm and 4.0 µm 106 

infrared windows [16]–[19]. The V-shaped cavity arrangement with an injection through the folding 107 

mirror prevents accidental optical-feedback from a direct reflection on it. Only the resonant cavity 108 

photons participate in the feedback mechanism. With a well-chosen distance between the laser and the 109 

cavity it is possible to quickly record transmission spectra with minimum electronic control. This 110 

approach is the basis of optical feedback–cavity enhanced absorption spectroscopy (OF-CEAS). 111 

Nevertheless, it suffers from optical fringes and spectral artefacts due to the use of a 3-mirror resonator, 112 

where the folding mirror introduces frequency dependent intra-cavity losses. This is why a two-mirror 113 

resonator is preferred in the present work. 114 

 115 

 116 

As shown in Fig. 1, panel (c), it is possible to implement an ECDL-like hybrid setup in which 117 

an optical element induces enough feedback (OF1) to narrow the laser and enhance the injection of a 118 
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two-mirror CRDS resonator [20]. But in such a case, the laser frequency is determined by the external 119 

feedback element distance, with no explicit relation with the optical resonator’s frequencies themselves. 120 

The laser is sent through an acousto-optic modulator and the back reflection from the optical cavity is 121 

strictly avoided using an optical isolator. As a result, the cavity injection remains sub-optimal. 122 

As an alternative, depicted in Fig. 1, panel (d), we let the laser frequency be firstly governed by 123 

the feedback (OF1 in Fig. 1) of the cavity input mirror before the cavity resonating photons (OF2) take 124 

over. This means that one cannot introduce any optical isolator or acousto-optic modulator between the 125 

laser and the cavity as they would hamper the optical feedback mechanism or induce an optical 126 

frequency shift, respectively. Such an arrangement has been already described in the literature [21], [22]. 127 

The control of the laser/input mirror distance is finely controlled using a PZT-actuated mirror and the 128 

laser/cavity distance is chosen to be twice the cavity length, which is kept fixed. Using an optical etalon 129 

to monitor the actual laser frequency, we could observe a two-step regime. First, the laser frequency and 130 

linewidth are governed by the distance between the laser and the cavity input mirror M2. When this 131 

narrowed emission enters in resonance with the cavity, the resonant photons come back to the laser and 132 

initiate a second optical-feedback action in competition with the former. Then we observe transmission 133 

features like traditional OF-CEAS ones if the laser current is swept. It indicates that the laser is optically 134 

locked to the cavity mode and slowly explores the top of the transmission as the current is tuned. This 135 

considerable decrease of the current tuning sensitivity is typical of the optical feedback from the 136 

resonator [12]. This confirms that the laser emission frequency is imposed by the optical cavity and 137 

therefore that the injection efficiency is optimal. 138 

 139 

 140 

 141 

Our detailed setup is described in Fig. 2. The laser emission is split in two arms with a beam 142 

splitter (20% reflection). The transmitted part is injected into a ZnSe low-finesse optical etalon, whose 143 

reflection is detected using a liquid-nitrogen-cooled photoconductive Mercury Cadmium Telluride 144 

detector (MCT, J15D16, Teledyne Judson). A quasi-sinusoidal transmission as a function of the laser 145 

current is expected in absence of optical feedback, while steps appear when the laser experiences optical 146 

feedback from static elements (see Fig. 3 top panel). This arm is thus used to characterize the laser 147 

behaviour and linearize the spectra. The reflected part is sent into the cavity ring down resonator. A pair 148 

of germanium lenses allow for a precise mode-matching between the laser beam and the TEM00 mode 149 

of the resonator. The cavity transmission is recorded using a liquid-nitrogen-cooled photovoltaic MCT 150 

detector (J19D12, Teledyne Judson). The laser is powered using a homemade current card, and 151 

temperature regulated using a commercial controller (TED 4015, Thorlabs). Both current and 152 

temperature are computer controlled. The etalon and cavity signals are recorded using two acquisition 153 

cards (National Instrument). The gold mirror controlling the laser-cavity distance is mounted on a 154 
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piezoelectric actuator which is driven by a triangular voltage to initiate optical feedback with the CRD 155 

cavity. 156 

In the absence of an acousto-optic modulator, the RD events are initiated by switching off the 157 

laser current for a few µs. Exponential decays are then observed and fitted. By hopping the laser over 158 

cavity modes, CRDS spectra can be recorded. A sample raw spectrum is shown in Fig. 3 along with the 159 

etalon trace which was used to linearize the frequency axis. The spectral step resolution is given by the 160 

free spectral range of the resonator (about 300 MHz with the used 50 cm long cell) and the instrument 161 

line shape is determined by the cavity linewidth (about 10 kHz). A typical transmission trace is shown 162 

in the right top panel in Fig. 3. It is similar to traditional OF-CEAS ones as the laser current is swept.  163 

 164 

 165 
 166 

The cell pressure is monitored with a pressure transducer (MKS Baratron, 20 Torr range, 0.25% 167 

of accuracy at full scale) and software regulated by acting on an upstream electro-valve while a manual 168 

needle valve, installed downstream, permits to limit the gas flow. The temperature of the cell was 169 

continuously monitored using a pair of temperature probes (PT 1000 with 0.1 K accuracy) installed on 170 

the cell extremities. The sample temperature could be changed using a heating ribbon wrapped around 171 

the cell. To reach different temperatures, the voltage applied to the ribbon was varied to different fixed 172 

values, and the recording started once a steady state was reached. 173 

The sample preparation is a key point for the self-continuum measurement. A glass tank was filled 174 

with about 10 ml of liquid water sample (commercial demineralized water). The sample was then briefly 175 

pumped down to its boiling point in order to quickly extract part of the dissolved gases. Then the sample 176 

was cooled down to liquid nitrogen temperature, while pumping on it with a turbo molecular pump to 177 

extract the remaining dissolved gases. Once totally frozen, the temperature was raised up to room 178 

temperature and the sucking power reduced but not interrupted. We found that a continuous flow had to 179 

be kept to avoid any contamination during measurement. Therefore, only part of the water vapor flow 180 

was derived towards the measurement cell. 181 

2.2. Spectra acquisition 182 

The spectra were acquired using the OF-CRDS technique described above. The laser frequency 183 

was tuned by varying its chip temperature from 8°C to 32°C corresponding to a scanning range of about 184 

1.8 cm-1. The laser is multimode or stops lasing at lower or higher temperature, respectively.  185 

Because the laser current is interrupted during the RD event, the laser does not lock systematically 186 

on the same modes after the current is switched on again. The ZnSe etalon trace, which is recorded 187 

synchronously with the spectrum, i.e. a few µs before the RD event occurs, permits to non-ambiguous 188 

association of the RD event to a specific cavity longitudinal mode (Fig. 3). During the broadband scans, 189 

the temperature is slowly and continuously swept and the data collected on the fly. The spectrum is 190 

reconstructed offline using a Python based post-treatment procedure. Each spectral point is typically the 191 
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average of about 10 RD events occurring at the same optical frequency which corresponds to a given 192 

cavity mode. The minimum detectable absorption coefficient is 10-8 cm-1. 193 

Following this method, we recorded a water vapor absorption spectrum at 9 mbar shown in Fig. 194 

4 to determine the accessible laser frequency range. Such a full range spectrum is obtained within 195 

typically 20 minutes. By comparison with a simulation based on HITRAN parameters, a correspondence 196 

between laser temperature and frequency could be determined with a 0.01 cm-1 accuracy. In addition to 197 

the monomer lines, the spectrum reveals a continuum contribution. 198 

 199 

 200 

Such a spectrum also permits to check the presence of contaminating gas presenting absorption 201 

lines in the region. This is the case for CH4 and N2O, that we could clearly identify with insufficiently 202 

purified water samples and stainless steel rather than glass tanks. 203 

In Fig. 5, the pressure dependence of the spectra is illustrated by the evolution of the baseline in 204 

spectra recorded at 0, 4.5, 9 and 18 mbar. Note that the baseline evolution of the different spectra with 205 

respect to that at zero pressure increases quadratically with pressure due to the combined effects of self-206 

continuum and (to a lesser extent) of the cumulative contribution of the monomer line profiles truncated 207 

at ±25 cm-1 from their center. The spectrum at 0 mbar corresponds to the reflectivity curve of the cavity 208 

mirrors, which is centered at 1250 cm-1.  209 

 The acquisition time of a single spectrum is relatively long (20 minutes approximately) which 210 

makes the measurement of the self-continuum sensitive to long-term instrumental changes (temperature 211 

variations, instrumental drifts, etc...). In order to minimize experimental biases, we preferred to derive 212 

the absorption continuum from the variation of the OF-CRDS loss rate during pressure ramps at a fixed 213 

spectral point. The typical duration of a pressure ramp from 0 to 15 mbar is shorter than 2 minutes. The 214 

spectral point at 1184.94 cm-1 (dotted line in Fig. 5), which minimizes the contribution of the water line 215 

profiles, was selected for the self-continuum retrieval.  216 

 217 

 218 

 2.3. Self-continuum cross-sections  219 

 An experimental spectrum of water vapor recorded at 9 mbar and 296 K is shown above, in Fig. 220 

4 blue line). The measured experimental absorption is the sum of the water monomer contribution, 221 

αWML(ν), and of the self-continuum contribution, αWCS(ν): 222 

𝛼(𝜈, 𝑇) = 𝛼𝑊𝑀𝐿(𝜈, 𝑇) + 𝛼𝑊𝐶𝑆(𝜈, 𝑇) = 𝛼𝑊𝑀𝐿(𝜈, 𝑇) +
1

𝑘𝑇
𝐶𝑆(𝜈, 𝑇)𝑃𝐻2𝑂

2     (2) 223 

with k the Boltzmann constant, T and P respectively the temperature and pressure of the gas inside the 224 

cavity. 225 

The self-continuum absorption varies quadratically with the water vapor pressure with a 226 

proportionality factor defining the self-continuum cross-section, 𝐶𝑆(𝜈, 𝑇), expressed in cm2molecule-227 
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1atm-1. The line contribution, αWML(ν), (grey background in Fig. 4) is obtained as a spectrum simulation 228 

using the HITRAN2020 line parameters [7] and a Voigt profile with the standard ±25 cm-1 wing cut-off 229 

from the line centre without including the pedestal [19].  230 

The water vapor absorption at the selected spectral point was monitored during increasing and 231 

decreasing pressure ramps between 0 and 18 mbar (corresponding to 65 % of the vapor pressure of 232 

water). The duration of the ramp was varied from 1 to 2 minutes, without any significant effect on the 233 

absorption signal. The measured signal was also found to be unaffected by a change of the flow of water 234 

vapor injected in the cell. The pressure dependence of the OF-CRDS loss rate at 1184.94 cm-1 is 235 

displayed in Fig. 6. A purely quadratic pressure dependence is observed with no significant deviation 236 

between the data obtained during the increasing and decreasing pressure ramps (both measurements are 237 

superimposed on the graph). As a check of the absence of bias due to mechanical effects related to the 238 

gas injection, we have monitored the OF-CRDS signal during pressure ramps using argon instead of 239 

water vapor. Argon is not absorbing and only induces negligible Rayleigh scattering losses. The results 240 

(included in Fig. 6) illustrate the absence of significant variation of the loss rate when argon is injected. 241 

 242 

 243 

Pressure ramps were performed at four temperature values: 296.3, 300.7, 304.3 and 307.9 K. 244 

The pressure dependences included in Fig. 6 illustrate the decrease of the self-continuum absorption 245 

with temperature. The cell temperature was changed gradually by heating the cavity with a rheostat and 246 

heating cable. As the temperature was not controlled, the temperature variation was chosen to be 247 

extremely slow to allow the system to stabilize at different temperature levels. Two Pt1000 thermistors, 248 

placed on either side of the cavity, revealed the existence of a temperature gradient between the inlet 249 

and outlet. This gradient increases with temperature leading to error bars increasing from ±0.1 K at room 250 

temperature to ±1.7 K at 307.9 K. 251 

We have included in Fig. 6 (orange line) the contribution of the monomer lines, αWML (ν=1184.94 252 

cm-1), calculated at each temperature step from spectra simulations based on the HITRAN2020 database 253 

[7]. The monomer contribution is almost the same at all the temperature values. Its pressure dependence, 254 

also quadratic, corresponds to 11% of the measured total absorption at 296 K (this percentage increases 255 

to 13% at 307.9 K).  256 

2.4. Results 257 

The number of ramp acquisitions at the four measurement temperatures varies between 9 and 20 258 

(see Table. 1). For each ramp acquisition, the monomer contribution was subtracted and the self-259 

continuum cross-section, 𝐶𝑆(𝜈, 𝑇), was derived from the slope of the curves presented in Fig. 6 260 

(following Eq. 2). The obtained cross-section values are listed in Table. 1.  261 
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Error bars on the self-continuum cross-sections were derived by propagating the various sources 262 

of uncertainty identified. From Eq. 2, we see that the retrieved Cs values depend on the difference 263 

between the total absorption and the contribution of the local water monomer. The uncertainty of this 264 

latter contribution is calculated from the uncertainty reported in the HITRAN database for the line 265 

intensities and self-broadening coefficients (see [19] for more details). The potential impact of additional 266 

absorption due to pollutant species observed when a stainless steel tank was used (and which 267 

disappeared when using a glass tank), is taken into account at 1184.94 cm-1 by considering that the 268 

maximum absorption structure of that pollutant is at the noise level. Pressure uncertainty is due to the 269 

pressure gauge uncertainty (i.e. 0.25% full scale or 0.05 Torr). The uncertainty on temperature 270 

corresponds to the temperature sensor uncertainty at 296 K (i.e. 0.1K) and to the observed temperature 271 

gradients for the higher temperatures. Note that the temperature uncertainty impacts the Cs uncertainty 272 

through Eq. 2 and through its temperature dependence. Finally, statistical uncertainty was considered 273 

through the standard error of mean of the measured Cs values at a given temperature (this includes 274 

temporal variations of the base line). At 296.3 K, uncertainties are mostly due to the uncertainty of the 275 

monomer contribution and to the potential absorption of the pollutant species. At higher temperatures, 276 

the uncertainties are dominated by the temperature gradient (3% at 307.7 K). 277 

3. Discussion 278 

3.1. Comparison with literature  279 

In the following, the experimental values of literature will be compared with the MT_CKD 280 

empirical model. Note that from version V4.1, the MT_CKD �̃�𝑠 
𝑀𝑇𝐶𝐾𝐷(𝜈, 𝑇) values as provided in 281 

HITRAN2020 [23] must be multiplied by a radiative term 𝑅(𝜈, 𝑇) such as: 282 

𝐶𝑠(𝜈, 𝑇) = �̃�𝑠 
𝑀𝑇𝐶𝐾𝐷(𝜈, 𝑇) × 𝑅(𝜈, 𝑇)     (3) 283 

where      𝑅(𝜈, 𝑇) = 𝜈 tanh (
ℎ𝑐𝜈

2𝑘𝑇
)          (4) 284 

with ν the wavenumber, h the Planck constant, k the Boltzmann constant. The cross-section values given 285 

by the MT_CKD software at any temperature are normalized to the number density at standard 286 

conditions (1 atm, 296 K) and should be multiplied by the factor 296/T when expressed in 287 

cm2molec-1atm-1 units. 288 

 289 

 290 
In Fig. 7, our cross-section value at 296 K is compared to the current MT_CKD_4.1 values and 291 

to the literature values available in the 10 µm region. Our Cs value at 1185 cm-1 is found smaller by 292 

about 20% compared with the MT_CKD_4.1 model, which is identical to version V3.2 in this region 293 

[21]. Previous measurements available in the region are due to (i) Burch&Alt who used a grating 294 

spectrograph with temperatures ranging from 284 to 430 K [4], (ii) Baranov et al. who used an FTS at 295 

311 and 363 K [5], and (iii) Cormier et al. by CRDS at 944 cm-1 and temperatures ranging between 270 296 

and 315 K [6]. For the sake of comparison, the values of Baranov et al. have been extrapolated to the 297 
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296 K reference temperature using the MT_CKD temperature dependence. The MT_CKD model mostly 298 

fits with the values of Baranov et al. while the three other experimental sources (Burch&Alt, Cormier 299 

et al. and the present work) form a consistent dataset systematically lower by about 20% compared to 300 

MT_CKD_4.1. 301 

3.2. Temperature dependence 302 

Fig. 8 shows the variation of Cs(T) (in logarithmic scale) versus the reciprocal of the temperature. 303 

As evidenced by Burch&Alt, a straight line corresponding to an empirical law of the type 304 

Cs(T0)exp[B(1/kT-1/kT0)] is frequently found consistent with the observations and accounts for the 305 

strong negative dependence of the self-continuum versus temperature. The B parameter can be 306 

determined from a statistical fit of the various temperature dependences available in the literature (see 307 

Table 2). A fit of our Cs(T) values in the 296-308 K interval leads to B= 1282(57) cm-1 which is very 308 

close to the value derived from Cormier data at 945 cm-1, in the 270-315 K range [1295(23) cm-1]. At 309 

1044 cm-1, a similar fit applied to the values of Baranov et al. between 311 and 363 K yields B= 989(36) 310 

cm-1. In Fig. 3 of Ref. [4], Burch&Alt reported Cs values at 284, 296 and 392 K from which we derive 311 

quite different B values of 1081 and 1683 cm-1 for the 284-296 K and 296-392 K intervals, respectively.  312 

For the four available experimental sources, the experimental data are very well reproduced by 313 

the above empirical law with fitted value of B ranging between 980 and 1300 cm-1. This is less the case 314 

for the MT_CKD_4.1 temperature dependence for which, at the 1185 cm-1 spectral point, we obtain B 315 

values of about 1475 and 1990 cm-1 around 300 and 400 K, respectively (at the 1000 cm-1 spectral point, 316 

these values increase up to 1637 and 2216 cm-1, respectively). Thus, the MT_CKD_4.1 decrease of the 317 

self-continuum with temperature appears to be larger than measured. Let us note that the fitted values 318 

of B of the four experimental works are close to the dissociation energy of the water dimer, D0= 1144 319 

cm-1 [24] (see dashed curve in Fig. 8). In the 2.3 µm window [15], the experimental values were also 320 

well modeled by the Aexp(D0/kT) empirical law while in the 1.6 µm window (where the self-continuum 321 

is much weaker), the Cs temperature dependence was found less pronounced [25]. The temperature 322 

dependence in the 1.25 µm window [26] remains to be determined. 323 

   324 
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5. Conclusion 325 

We have developed a laser spectrometer at 8.5 µm. It is based on optical feedback from a linear 326 

optical cavity onto a QCL laser. So-called optical-feedback cavity-ring-down measurements have been 327 

performed with an absorption detection limit of 10-8 cm-1. It allowed for the measurement of the self-328 

continuum absorption of water vapor in the 296 to 308 K temperature range, at a spectral point located 329 

in the most transparent interval of the 10 µm atmospheric window. Special care was taken to purify the 330 

water sample, and measurements were carried out in flow conditions. The derived self cross-section 331 

value at 1185 cm-1 is consistent with the pioneer measurements by Burch&Alt [4] between 700 and 1060 332 

cm-1 and those by Cormier et al. near 944 cm-1 [6]. These three sets of measurements are nevertheless 333 

about 20% smaller than the cross-section values provided by the current version V4.1 of the MT_CKD 334 

model (which coincides with the FTS values of Baranov et al. [5]). Note that independently of the 335 

present laboratory measurements, atmospheric data have provided additional evidence that the 336 

MT_CKD_4.1 self-continuum has to be decreased in the region [27]. This modification will be taken 337 

into account in the next version of the MT_CKD model (V4.2, not yet released). The impact of the 338 

resulting higher transparency of the 10 µm window in the radiative transfer modeling of our planet 339 

deserves to be quantified as this window corresponds to the maximum black body emission of our planet. 340 

As concerns the temperature dependence of the self-continuum in the region, the available 341 

experimental data (Fig. 8) seem to indicate that the MT_CKD_4.1 temperature dependence is 342 

significantly stronger than measured. This is an important point which should motivate further 343 

measurements in the temperature range of our atmosphere.  344 
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 430 

Fig. 1 Schematic of the typical optical arrangement used for (a) a traditional CRDS, (b) classical optical-feedback 431 
cavity enhanced absorption spectroscopy (c) CRDS with homemade external cavity diode laser (ECDL) (d) the 432 
present optical-feedback cavity ringdown spectrometer. (b) and (d) exploit the contra-propagating photons 433 
resonant with a high finesse cavity (OF2). The three-mirror-based V-shape arrangement (b) avoids optical 434 
feedback (OF1) from direct reflection on the input mirror M2 but suffers intra-cavity losses arising from this 435 
folding mirror M2. The ECDL arrangement (c) uses OF1 to narrow the laser emission width and enhance the 436 
cavity injection. The two-mirror linear cavity arrangement (d) avoids unwanted extra intra-cavity losses, but both 437 
OF1 and OF2 are in competition. OI: Optical isolator, M: Mirrors, Δφ: Phase control, PD: Photodiode, LAS: Laser. 438 
Fig. 2 Schematic view of the OF-CRDS experimental setup. It includes all the different organs linked to the 439 
spectroscopy technique and the management of experimental parameters.  440 
BS: Beam splitter, PZT: Piezoelectric system, MCT: Mercury Cadmium Telluride detector, LAS 1: MIR laser, 441 
LAS 2: Alignment NIR laser.  442 

Fig. 3 Top left panel: etalon trace. Bottom left panel: corresponding OF-CRDS spectrum obtained at 200 mbar of 443 
ambient air by scanning the laser temperature. The trace of the etalon is recorded at the same time as the RD are 444 
acquired. For each scanned cavity mode, we distinguish frequency-separated steps of 300 MHz (on the top, red 445 
dot on the etalon trace). The losses are then sorted and averaged (bottom black line). Top right panel: example of 446 
an OF-CEAS like mode obtained by scanning the laser current. After the photodiode transmission signal reaches 447 
a given level, the laser is switched off and an exponential decay is observed (red dashed line). A RD time is 448 
deduced. Bottom right panel: illustration of the laser real frequency behavior while its current is ramped. Two 449 
regimes are observed: the laser is sharpened by the OF1, no signal is observed. Then OF2 takes over the laser gets 450 
locked to the cavity mode. 451 

 452 

Fig. 4 OF-CRDS spectrum of water vapor around 1185 cm-1 (P= 9 mbar and T= 296 K) (cyan) compared to a 453 
spectrum simulation based on the HITRAN database (grey, line contribution truncated at ±25 cm-1 from the line 454 
center without including the pedestal). The baseline of the OF-CRDS spectrum corresponds to the cavity loss rate 455 
obtained with an evacuated cavity (P= 0 mbar). The self-continuum absorption is obtained as the difference 456 
between the OF-CRDS signal and the HITRAN simulation. 457 

 458 

Fig. 5 Pure water spectra recorded at room temperature for four pressure values (0 mbar in black, 4.5 mbar in 459 
red, 9 mbar in green, 18 mbar in blue). Wavenumber scale has been determined by combining the etalon trace 460 
for each absorption point, and by identifying the absorption water lines in HITRAN. The dashed line at 1184.94 461 
cm-1 corresponds to the frequency position of the self-continuum cross-section measurement. The spectral 462 
resolution is 300 MHz, corresponding to the free spectral range of the cavity.  463 

Fig. 6 Variation of the OF-CRDS loss rate at 1184.94 cm-1 during pressure ramps of water vapor. Experimental 464 
ramps were performed between 0 and 18 mbar at four different temperatures (296.3, 300.7, 304.3 and 307.9 K). 465 
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The loss rate of the evacuated cavity was subtracted from the measured loss rates to get the displayed absorption 466 
coefficients. After removal of the monomer contribution (in orange), the different cross-section values, CS, are 467 
obtained from the slope. Argon ramp (cyan circles) is represented to illustrate the fact that there is no significant 468 
bias due to mechanical deformations. The minimum detectable absorption coefficient is 10-8 cm-1. 469 
Fig. 7 Overview comparison to the MT_CKD_4.1 model [23] of the measurements of the water vapor self-470 
continuum in the 10 µm transparency window: Burch&Alt1986 [4], Cormier2005 [6], Baranov et al. [5] and 471 
present work. 472 
Fig. 8 Temperature dependence of the water vapor self-continuum cross-section (Cs) between 270 and 363 K. 473 
Orange open squares correspond to the present OF-CRDS results at 1185 cm-1 in the 296-308 K range, with their 474 
corresponding error bars. The uncertainties on the temperature (related to the temperature gradient) are also shown. 475 

The dashed blue curve corresponds to a 𝐴𝑒
𝐷0
𝑘𝑇 law where D0 is the dissociation energy of the water dimer, D0=1144 476 

cm-1 [24]. The MT_CKD_4.1 values are displayed for comparison (red solid curve). The measurements at 1044.5 477 
cm-1 by Baranov et al, at 1000 cm-1 by Burch&Alt and at 944 cm-1 by Cormier et al. are shown for comparison. 478 
 479 

Table. 1 Self-continuum cross sections of water vapor measured by OF-CRDS at 1184.94 cm-1 between 480 
296 and 308 K. 481 
 482 

Temperature (K) Nb of ramps 
Cs (10-22 cm2molecule-1atm-1) 

This work MT_CKD_4.1 

296.3 20 0.996(12) 1.248 

300.7 10 0.895(13) 1.125 

304.3 10 0.840(19) 1.034 

307.9 9 0.786(27) 0.952 

 483 

Table 2 Experimental conditions and corresponding fitted value of the B parameter defined in 484 
Cs(T)=Cs(T0)exp[B(1/kT-1/kT0)], for the different experimental studies available in the 10 µm window and comparison 485 
to the MT_CKD_4.1 temperature dependence. 486 

 487 

Reference Spectral point (cm-1) T range (K) B (cm-1) a 

Burch&Alt [4] 1000 284 and 296  

296 and 392 

1081 

1683 

Baranov et al [5] 1044 311-363  989(36) 

Cormier et al. [6] 945 270-315 1295(23) 

This work 1185 296-308 1282(57) 

MT_CKD_4.1 [23] 1185 ~ 300  

~ 400 

1475 

1990 

Note 488 
a The uncertainty values given within parenthesis correspond to the statistical uncertainty. Due to 489 

possible correlation between the uncertainties, real error bars are probably significantly larger. 490 

 491 

 492 

 493 
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