Introduction

Accurate path length measurements in absorption cells are recurrent requirements in q u a n t i t a t i v e m o l e c u l a r a b s o r p t i o n spectroscopy [START_REF] Castrillo | Combined interferometric and absorption-spectroscopic technique for determining molecular linestrengths: Applications to CO 2[END_REF][START_REF] Viallon | Accurate measurements of ozone absorption crosssections in the Hartley band[END_REF]. Strongly absorbing substances (σ ~ 10 -17 cm 2 ), such as ozone, or aromatic compounds require lengths to be measured with uncertainties at about 100 μm or better if their absorption cross sections are to be determined with sub per mil accuracy.

Here, we present the development of a new interferometer for the refractometric measurement of cell lengths with an expanded standard uncertainty (k = 2) of 16 μm.

Measurement principle

The measurement is based on the interferometer condition:

where L is the cell length, F the number of fringes when the originally filled cell is evacuated, λ the vacuum wavelength, n -1 the refractive index change upon pumping the cell and φ the inclination between the cell axis and the laser beam. F (see experimental), λ and φ have been measured directly. n has been determined from the Lorentz-Lorenz equation and the equation of state of nitrogen using the parametrization of Span et al. [START_REF] Span | A reference equation of state for the thermodynamic properties of nitrogen for temperatures from 63.151 to 1000 K and pressures to 2200 MPa[END_REF] and the molar refractivity R' from Birch [START_REF] Birch | Precise determination of refractometric parameters for atmospheric gases[END_REF]. In order to check the dependance of n on p and T using the refractivity of Birch, we compare with recently published values in Table 1 and find an agreement better than 2.6 10 -8 , which is within the uncertainty of Birch's measurement.

Fringes F = Δθ/(2π) are measured by an integer fringe counter, corrected by the difference of phase angles at the beginning and the end of the process, using the two polarized signals I sin and I cos [START_REF] Juncar | A new optical wavelength ratio measurement apparatus: the fringe counting sigmameter[END_REF]: Fig. 2 gives the design of the interferometer and the placement of the absorption cell within one of the interferometer beams. For demonstrating the instrument performance, a cell with well known absorption length has been constructed (Fig. 3).

The results of 4 different measurement series with about 20 runs each are depicted in the whisker box plot in Fig. 5. On one of the four measurement days (no 3) the inclination of the laser beam was augmented from 0 to 2.73°.

The interferometer has a demonstrated uncertainty u(L) = 16 μm (k = 2), which corresponds to u r (L) = 3.6 10 -4 for a ~ 5 cm long absorption cell. In a future design of a fibered version of the spectrometer, arbitrary sized and even multi-pass absorption cells of different geometries might be The authors gratefully acknowledge the support of H. Fleurbaey from LKB/UPMC, who helped with the calibration of our HeNe laser using the WS7 wavemeter and performed the reference measurements on the LKB Rb-2 photon frequency standard. Many thanks are also due to S. Pledel from ISIR/UPMC who realized the length measurements employing a high precision linear height gage. H. E and C. J. want to express their gratitude to P. Jeseck for providing a calibrated Vaisala PTB210 barometer for checking the pressure gage performance at ambient pressure.

The interferometer performance can be assessed by an Allan variance analysis (Fig. 4)

The rel. uncertainty u r (L) is obtained as quadratic sum from rel. uncertainties in F, λ, cos(φ) and (n -1). The latter is well approximated by:

The complete budget is given in Table 2.

measured at a similar level of uncertainty. Presently, multi-pass arrangements are associated with uncertainties in the few per mil range [START_REF] Nwaboh | Optical path length calibration: A standard approach for use in absorption cell-based IR-spectrometric gas analysis[END_REF]. The proposed approach might thus considerably help reducing these uncertainties. Table 1: p and T dependence of the nitrogen refractive index at some reference points. Comparison of values calculated the molar refractivity of Birch [START_REF] Span | A reference equation of state for the thermodynamic properties of nitrogen for temperatures from 63.151 to 1000 K and pressures to 2200 MPa[END_REF] and the equation of state of Span et al. [START_REF] Birch | Precise determination of refractometric parameters for atmospheric gases[END_REF] with recent measurements at NIST [START_REF] Egan | Absolute refractometry of dry gas to ±3 parts in 10 9[END_REF][START_REF] Egan | Performance of a dual Fabry-Perot cavity refractometer[END_REF]. Expanded uncertainties are given with a factor k = 3. 
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Fig. 5 :

 5 Fig. 5: Box-whiskerplot of length measurements performed per day. Whiskers and boxes indicate 5, 25, 75 and 95 percentiles. Average and median values are shown by white open circles and lines, respectively. The optical path length of the inclined measurement at day 3 is indicated in light color. The horizontal bar indicates the mechanically derived cell length with its 95% confidence interval.

Fig. 3 :

 3 Fig. 3: Scheme and photograph of absorption cell with well defined window spacing.
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 411112 Fig. 4: Allan deviation σ θ (τ) of the phase angle θ determined from a time series (line on top graph) over about 3.5 hours on an empty cell. White noise (∝τ -0.5 ) and linear drift (∝τ 1 ) asymptotes are displayed as straight lines.
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			Sciences de l'environnement	Institut Laplace Pierre Simon
				rel. standard
	Quantity X	Unit	Value	uncertainty
				u r (X)
	Length L	mm	45	1.8•10 -4
	Inclination cos (Φ)	1	1	4.8•10 -6
	Vac. wavelength λ	nm	633	7.3•10 -8
	Fringe number F	1	22	1.4•10 -4
	Refractive index difference n -1	1	31000•10 -8	1.1•10 -4
	Mol. refractivity R'	m 3	7.38234•10 -30	6.3•10 -5
	Pressure p	kPa	115	6.5•10 -5
	Temperature T	K	294	6.6•10 -5
	Avogadro const. N A	mol -1 6.022140857•10 23	1.2•10 -8
	Univ. gas const. R	J mol -1 K -1	8.3144598	5.7•10 -7

Table 2 :

 2 Uncertainty budget. The measurement at φ = 2.73° has been excluded. Fundamental constants have been taken from the 2014 CODATA evaluation.
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