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Abstract In this paper, the latest results on the measurement of the Boltzmann constant kB , by laser spectroscopy of ammonia at 10 µm are presented. The Doppler absorption profile of a rovibrational line of an NH3 gas sample at thermal and pressure equilibrium is measured as accurately as possible. The absorption cell is placed inside a large 1 m3 thermostat filled with an ice–water mixture, which sets the temperature very close to 273.15 K. Analyzing this profile, which is related to the Maxwell–Boltzmann molecular speed distribution, leads to a determination√of the Boltzmann constant via a measurement of the Doppler width (proportional to kB T ). A spectroscopic determination of the Boltzmann constant with an uncertainty as low as 37 ppm is obtained. Recent improvements with a new passive thermostat lead to a temperature accuracy, stability, and homogeneity of the absorption cell of 1 ppm over a day. Keywords Absorption line shape · Fundamental constants · Laser spectroscopy · Thermodynamic temperature 1 Introduction The Committee on Data for Science and Technology (CODATA) value for the Boltzmann constant kB essentially relies on a single experiment by Moldover et al.
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performed before 1988 and based on acoustic gas thermometry [1,2]. The current relative uncertainty on kB is 1.7 × 10−6 [3] (to avoid confusion with k generally admitted to be the wave vector, we denote the Boltzmann constant by kB throughout this paper). Since 1988, several projects have been developed to provide other measurements of this constant [4–7]. The renewed interest in the Boltzmann constant is related to the possible redefinition of the International System of Units (SI) expected to happen at one of the next meetings of the Conférence Générale des Poids et Mesures (CGPM) [8–16]. A new definition of the kelvin would fix the value of the Boltzmann constant to its value determined by the CODATA. At the Laboratoire de Physique des Lasers, we developed a new approach to measure the Boltzmann constant based on laser spectroscopy. The principle (proposed by Bordé [17,18]) relies on the recording of the Doppler profile of a well-isolated absorption line of an atomic or molecular gas in thermal equilibrium in a cell. This profile reflects the Maxwell–Boltzmann distribution of the velocity distribution along the laser beam axis and leads to a determination of the Doppler broadening and thus  to kB . The e-fold half-width of the Doppler profile, ωD , is given by: ωD /ω0 = 2kB T /mc2 , where ω0 is the angular frequency of the molecular line, c is the velocity of light, T is the temperature of the gas, and m is the molecular mass. In a pioneering experiment, we demonstrated the potential of this new approach [19–21]. The probed line is the ν2 saQ(6, 3) rovibrational line of the ammonia molecule 14 NH3 at the frequency ν = 28 953 694 MHz. The choice of such a molecule is governed by two main reasons: a strong absorption band in the 8 µm to 12 µm spectral region of the ultra-stable spectrometer that we have developed for several years and a well-isolated Doppler line to avoid any overlap with neighboring lines. Very encouraging preliminary results led to a value of the Boltzmann constant with an uncertainty of 190 ppm [20]. Following these first results, at least four other groups started developing similar experiments on CO2 , H2 O, acetylene, rubidium, and cesium [22–25]. In this paper, we present recent developments of our experimental setup and our latest determination of kB . 2 Experimental Setup The high accuracy laser spectrometer developed for decades in our group is used here in a specific optical setup dedicated to the measurement of the Doppler broadened absorption spectrum of NH3 around 29 THz [26]. This measurement requires a fine control of: (i) the laser frequency which is tuned over a large frequency range to record the linear absorption spectrum; (ii) the laser intensity entering the absorption cell, and (iii) the temperature of the gas which has to be measured during the experiment. 2.1 Spectrometer The spectrometer (Fig. 1) is based on a CO2 laser and operates in the 8 µm to 12 µm range. For this experiment, the main issues for the CO2 laser are its frequency stability, frequency tunability, and intensity stability. The laser frequency stabilization scheme is described in [27]: a sideband generated with a tunable electro-optic modulator (EOM)
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is stabilized on an OsO4 saturated absorption line detected on the transmission of a 1.6 m long Fabry-Perot cavity (FPC). The laser spectral width measured by the beat note between two independent lasers is smaller than 10 Hz and shows an instability of 0.1 Hz (3 × 10−15 ) for a 100 s integration time. Since its tunability is limited to 100 MHz, the CO2 laser source is coupled to a second EOM which generates two sidebands of respective frequencies νSB+ = νL +νEOM and νSB− = νL − νEOM on both sides of the fixed laser frequency νL . The frequency νEOM is tunable from 8 GHz to 18 GHz which is enough to scan and record the full Doppler profile. The intensity ratio between these two sidebands and the laser carrier is about 10−4 . After the EOM, a polarizer attenuates the carrier by a factor of 200. A FPC with a 1 GHz free spectral range and a finesse of 150 is then used to drastically filter out the residual carrier and the unwanted sideband νSB+ . In order to keep the laser intensity constant at the entrance of the cell during the whole experiment, the transmitted beam is split in two parts with a 50/50 beamsplitter: one part feeds a 37 cm long ammonia absorption cell for spectroscopy (probe beam B) while the other is used as a reference beam (reference beam A). The absorption length can be adjusted from 37 cm (in a single pass configuration) to 3.5 m (in a multipass configuration). Both the reference beam (A) and the probe beam (B) which crosses the absorption cell are amplitude-modulated at f = 44 kHz for noise filtering via the 8 GHz to 18 GHz EOM and signals are recovered with a demodulation at f. The reference signal (A) which gives the intensity of the sideband νL − νEOM is compared and locked to a very stable voltage reference by acting on the length of the FPC. The
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probe beam (B) signal then gives exactly the absorption signal of the molecular gas recorded with a constant incident laser power governed by the stabilization of signal A. The sideband is tuned close to resonance with the desired molecular transition and scanned to record the full Doppler profile. 2.2 Thermostat The absorption cell is placed inside a large thermostat filled with an ice-water mixture, which sets the temperature very close to 273.15 K (Fig. 2). The thermostat is a large stainless steel box (1 × 0.8 × 0.8 m3 ) thermally isolated by a 10 cm thick insulating wall. The absorption cell placed at the center of the thermostat is a stainless-steel vacuum chamber closed at each end with anti-reflective coated ZnSe windows. From these windows, pumped buffer pipes extend out of the thermostat walls. They are closed on the other side with room temperature ZnSe windows. Vacuum prevents residual gas heat conduction in them and water condensation on windows. Thanks to these 50-cm long pipes, the infrared laboratory Planck radiation entering the absorption cell is reduced by five orders of magnitude. The heat flux coming 4 directly from the laboratory, ϕlab , can actually be estimated with [28]: ϕlab = Gσ Tlab 2 2 with σ the Stefan–Boltzmann constant and G ≈ (π φ0 /4d) (assuming d  φ0 ) the geometrical extent between the cell window (diameter φ0 ) and the vacuum pipe output (same diameter φ0 ) separated by a distance d. As φ0 = 4 cm and d = 50 cm, Tlab = 300 K, one finds G = 6 × 10−6 m2 and ϕlab = 3 mW (note that the laser intensity, below 1 µW, is more than three orders of magnitude smaller than ϕlab ). Such a small amount of heat should be completely dissipated by heat conduction from the inner part of the cell into its outer part. It is then strongly dissipated by natural convection into the surrounding melting ice thanks to the huge enthalpy of fusion of ice. With a stainless steel conductivity of at least 10 W · m−1 · K−1 , a cell wall surface and thickness of, respectively, 0.15 m2 and 5 mm, we expect the temperature difference between the



Fig. 2 Absorption cell inside the ice–water thermostat
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inner and the outer cell surfaces to remain below 0.01 mK. Moreover, resulting from strong heat transfer between them, the pipe and the melting ice share almost the same temperature and one can easily neglect heat conducted to the cell through the pipe from its outer part at room temperature. The cell temperature and thermal gradients are measured with three long-stem 25 standard platinum resistance thermometers (SPRTs) calibrated at the triple point of water (TPW) and at the gallium melting point. The SPRTs are coupled to a resistance measuring bridge (Guildline Instruments Limited, Ref. 6675/A) calibrated versus a resistance standard with a very low-temperature dependence. The resulting cell temperature uncertainty is 1 ppm with a noise of 0.2 ppm after 40 s of integration. As shown on Fig. 3, for longer integration times, temperature drifts of the cell remain below 0.2 ppm · h−1 . The melting ice temperature homogeneity close to the cell has been investigated with the same SPRT, simply immersed in the melting ice, and moved from one place to another around the cell, at about 1 cm from the outer wall. Reproducible residual gradients have been measured. The vertical (resp. horizontal) gradient is equal to 0.05 mK · cm−1 (resp. 0.03 mK · cm−1 ) leading to an overall temperature inhomogeneity along the cell below 5 ppm. 3 Boltzmann Constant Measurement An accurate determination of the Doppler line width requires a very detailed description of the line shape. We consider the case of an optically thick medium in which the absorption is given by the Beer–Lambert law exp (−αL) (actually introduced for the first time by Bouguer [29]), where L is the length of the absorption cell and α is the absorption coefficient. The absorption coefficient α can be described by a Voigt profile which is the convolution of a Gaussian related to the inhomogeneous Doppler broadening and a Lorentzian whose half-width, γhom , is the sum of all the homogeneous broadening contributions. Since the natural width is negligible for rovibrational levels, this homogeneous width is dominated by molecular collisions and,
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thus, is proportional to the pressure. In linear absorption spectroscopy and for an isotropic distribution of molecular velocities, it can be shown that all transit effects are already included in the inhomogeneous Doppler broadening [30]. At high pressures, the Lamb–Dicke–Mossbauer (LDM) effect which results in a reduction of the Doppler width with pressure must be taken into account [31–34]. Various theoretical models are available in the literature, depending on the assumption made for the type of collisions between molecules [35]. Such profiles need at least one additional independent parameter to describe the line shape. Among them, the Galatry profile [32] makes the assumption of so-called “soft” collisions between molecules (Brownian motion) with the introduction of the self-diffusion coefficient D as a new parameter. This profile can be expressed from the correlation function of the optical dipole, denoted as φG (τ ) for the particular case of the Galatry profile, for which one finds ⎧ +∞  ⎪ ⎪ exp (iωτ ) φG (τ ) dτ ⎨ α (ω − ω0 ) ∝ 2Re 0   



2 ⎪ ⎪ D ⎩ φG (τ ) = exp −iω0 τ − γhom τ + 21 ω {1 − βd τ − exp (−βd τ )} βd with βd =



(1)



kB T mD



where ω is the laser angular frequency, ω0 is the angular frequency of the molecular line, βd is the so-called coefficient of dynamical friction, m is the molecular mass, ωD is the Doppler width, and γhom is the homogeneous width. This profile evolves from a Voigt profile at low pressure to a Lorentzian shape in the high-pressure limit. We are not aware of any data in the literature for the optical diffusion coefficient on the saQ(6, 3) absorption line, in the ν2 band of ammonia. Thus the self-diffusion coeffi0 = 0.15 cm2 ·s−1 according to measurements cient at P0 = 1 atm was chosen to be DNH 3



0 , one can calculate the mean free of the mass diffusion coefficient [36]. From DNH 3 √ 0 × (P /P). The gas pressure in the path between collisions: lm = 3m/kB T × DNH 0 3 cell ranges from 0.1 Pa to 1.3 Pa leading to a mean free path below 1 cm. The absorption profile of about 100 MHz width is recorded by steps of 500 kHz with a 30 ms time constant. The scan width is limited to 250 MHz in order to maintain an efficient laser carrier and unwanted sideband rejection over the whole frequency tuning range. The time needed to record a single spectrum is about 42 s. For 100 % absorption, the signal-to-noise ratio is typically 103 . The experimental spectra are fitted with a first-order Taylor expansion about βd = 0 of the exponential of the Galatry T , profile given in Eq. 1. The coefficient of dynamical friction is fixed to βd = mkDBNH 3 and the pressure broadening is given by γhom = γ P (P being the pressure). Thus, the collisional broadening γ is a fitted parameter shared by all the spectra, whatever the pressure P is. The Doppler widths obtained after processing 1420 spectra recorded at various pressures are shown in Fig. 4, with their uncertainty (see [37] for the fitting procedure). An average of all the data points displayed in Fig. 4 led to a mean Doppler width of 



νD = 49.884 23 (93) MHz 1.9 × 10−5 .
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The corresponding value for the Boltzmann constant is kB = 1.380 716 (51) × 10−23 J · K−1







3.7 × 10−5 .



The 1420 spectra obtained after 16 h of accumulation yielded a statistical uncertainty on kB reduced to 37 ppm, limited by laser amplitude noise. The value of kB was not corrected for any systematic shift and the given uncertainty of 37 ppm is only of statistical origin. Attempts to observe systematic effects due to the modulation index, the size or the shape of the laser beam, and the laser power, including nonlinearity of the photodetector were unsuccessful at a 10 ppm level. No systematic effect due to the temperature control of the absorption cell is expected at a 5 ppm level (see Sect. 2.2). In a first analysis, these 1420 spectra were fitted with a Voigt profile (see [37]) leading to a statistical uncertainty of 38 ppm on kB . The difference between these two measurements is −34 ppm as expected from simulations [37]. Systematic effects due to the “soft” collisions model chosen here to describe the LDM narrowing need to be evaluated but we are confident that the corresponding shift, assuming another collisional model, would be lower than the statistical uncertainty itself [37]. We have looked carefully at the residuals and checked that they are negligible which indicates that the experimental line shape is very close to the exponential of a Galatry profile (Fig. 5). 4 Development of a New Thermostat with 1 ppm Temperature Control The residual temperature gradients of the ice–water mixture mainly come from the difficulty to keep a homogeneous mixture surrounding the cell. Water falls down under gravity, leaving some empty areas between bits of ice. The presence of such empty zones results in temperature inhomogeneities, bad thermal transfer between the cell
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and the melting ice, and thus residual thermal gradients on the absorption cell. To overcome this problem, a new passive thermostat at 273.15 K is being developed. In this new device, the absorption cell lies inside a copper thermal shield which is itself inside an enclosure immersed in the thermostat filled with an ice-water mixture (see Fig. 6). The enclosure containing the thermal shield as well as the pipes extending out of the thermostat, to let the laser beam go through, are evacuated. Vacuum prevents water condensation inside the enclosure and residual gas heat conduction in it. The thermal shield is solely linked to its enclosure via a tiny copper ring. The absorption cell is mechanically linked to the thermal shield with tiny Teflon holders, in order for heat transfer between them to occur mainly via Planck optical radiation. Heat transfer between these two elements is then spatially smoothed, which reduces residual temperature gradients. A manual gas valve attached to the absorption cell is used to isolate it from residual warm ammonia contained in the vacuum hose which could enter the cell. The valve handle is removable and can be managed from outside the enclosure in
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Fig. 6 Absorption cell inside the new ice-water thermostat. PRT platinum resistance thermometer



order to prevent residual heat conduction along the valve body. With this new setup, thermal transfer between the absorption cell and the shield is very weak, as well as the heat transfer between the shield and the enclosure. The thermal time constant of this system is about 10 h (at least a factor of 10 larger than the previous one) which smoothes temperature drifts over the same time scales. With such a system, we expect the cell to exhibit smaller temperature gradients as well as better temperature stability as the thermal bath temperature variations are filtered. The temperature probes used with this new experiment are small (5 cm long) Hart capsule 25 platinum resistance thermometers (PRTs). Three such PRTs are directly placed inside vacuum, on the absorption cell, for temperature measurements. They are associated with the resistance measuring bridge previously described. These PRTs satisfy the ITS90 criterion [38–40] although their resistance at the TPW can show a large difference with their nominal value. Due to their small size, a device has been specially designed for their calibration against the TPW. As the enclosure is immersed in the ice–water mixture, the cell shows temperature drifts smaller than 1 ppm/day (see Fig. 7), which is more than enough since an absorption spectrum is recorded within less than 1 min and since besides the temperature is monitored in real time. The measurement of the absorption cell temperature using these three probes shows a 5 ppm gradient, equal to the one observed with the previous setup. This can easily be explained. In the previous setup, the heat transfer between the absorption cell and the melting ice was strong. In this new setup, the 3 mW Planck heat flux entering the cell (see Sect. 2.2) should be much more weakly dissipated toward the thermal shield through radiation. We then expect this small heat flux to create a much stronger temperature gradient on the absorption cell walls. To reduce the Planck radiation and the temperature gradient along the absorption cell, two band-pass interference filters (centered at 10 µm) were placed inside the vacuum enclosure and thermally linked to the thermal shield. In addition, a reduction of the pipe optical diameter by
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Fig. 8 Absorption cell temperatures measured with three 25 PRTs located on the absorption cell (see Fig. 6)



a factor of four with the help of iris diaphragms (high emissivity in the cold part and low emissivity in the hot part) also reduced the geometrical extent G by a factor of 250. Results reported in Fig. 8 show a noise at 0.5 ppm (for ∼1 min integration time). This noise is essentially limited by noise detection which can be reduced by better electrical connections between the PRTs and the resistance measuring bridge. The vertical temperature difference, between PRT (A) (at the top of the cell) and PRTs (B) and (C) (in the middle of each vertical face) is at a 0.5 ppm level. The horizontal temperature difference, between PRTs (C) and (B) is at a 0.4 ppm level. Despite the thermostat optical windows, the heat flux coming from the laboratory entering the cell has been reduced to a negligible level (compared to the 5 ppm gradient mentioned
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in the previous paragraph). To conclude, this new thermostat shows a temperature stability and homogeneity of the cell of 1 ppm (0.3 mK) over 1 day. The main advantage of the melting ice thermostat is its simplicity and its intrinsic temperature stability. However, it is not possible to change the temperature of the bath which could be useful to perform a complete analysis of temperature-dependent systematic effects. To enable a variable but stable working temperature, the melting ice will be replaced by a 1 m3 mixture of water and alcohol, maintained at a desired temperature. A cryostat actively coupled to a heat exchanger will allow a regulation of the temperature of the thermostat liquid bath from +10 ◦ C down to −10 ◦ C. In this temperature range, the relative uncertainty associated with the interpolated temperature of the PRTs used remains within 1 ppm.



5 Conclusion After a first demonstration of an optical measurement of the Boltzmann constant [19,20], a second generation experimental setup was designed. With this new setup, temperature control of the absorption cell below 5 ppm was demonstrated. From Doppler width measurements, we deduced a value of the Boltzmann constant equal to kB = 1.380 716 (51) × 10−23 J · K−1 3.7 × 10−5 with a statistical uncertainty of 37 ppm. This measurement is in agreement with the value recommended by the CODATA, 1.380 6504(24) × 10−23 J · K−1 [3], within 47 ppm. The main goal of this project is to perform a first measurement of the Boltzmann constant by laser spectroscopy at a few ppm level and thus to contribute to the new determination of this fundamental constant. To that purpose, a new thermostat was developed in which the absorption cell lies inside a copper thermal shield located inside a stainless steel enclosure. A cell temperature inhomogeneity and stability of 1 ppm over 1 day was demonstrated. Besides our main goal, a detailed study of line shape profiles at different pressures is under progress. A new 3 cm long absorption cell has been designed to record spectra at pressures up to 200 Pa (at which the LDM effect is large) relevant to the study of molecular collisions and diffusion effects. Moreover, a new multipass Herriott cell (37 m absorption length) will be installed on the spectrometer to record spectra at pressures lower than 0.1 Pa for which we expect the LDM contribution to the profile to be negligible for a determination of the Boltzmann constant at 1 ppm level. Finally, this project could lead to the development of an absolute thermometer operating in a wide range of temperatures, from cryogenic temperatures up to several hundreds of degree Celsius. In this range, the accuracy of our experiment should exceed that of the current techniques. This is very appealing in the view of improving the temperature scale. Acknowledgments This work is funded by the Laboratoire National de Métrologie et d’Essais and by European Community (EraNet/IMERA). The authors would like to thank Y. Hermier, F. Sparasci, and L. Pitre from LNE-INM/CNAM for SPRTs and PRTs calibration, discussions and advice for the thermometry part of this project.



123



1358



Int J Thermophys (2010) 31:1347–1359



References 1. M.R. Moldover, J.P.M. Trusler, T.J. Edwards, J.B. Mehl, R.S. Davis, J. Res. Natl. Bur. Stand 93, 85 (1988) 2. M.R. Moldover, J.P. Trusler, T.J. Edwards, J.B. Mehl, R.S. Davis, Phys. Rev. Lett. 60, 249 (1988) 3. P.J. Mohr, B.N. Taylor, D.B. Newell, Rev. Mod. Phys. 80, 633 (2007) 4. R. Rusby, M. de Podesta, J. Williams, NPL Report DEPC TH006 (2005) 5. B. Fellmuth, C. Gaiser, J. Fisher, Meas. Sci. Technol. 17, R145 (2006) 6. J.W. Schmidt, R.M. Gavioso, E.F. May, M.R. Moldover, Phys. Rev. Lett. 98, 254504 (2007) 7. L. Pitre, C. Guianvarc’h, F. Sparasci, A. Richard, D. Truong, Int. J. Thermophys. 29, 1730 (2008) 8. C.J. Bordé, Phil. Trans. Roy. Soc. A 363, 2177 (2005) 9. J.W.G. Wignall, Metrologia 44, 19 (2007) 10. B.N. Taylor, P.J. Mohr, Metrologia 36, 63 (1999) 11. J. Fischer, S. Gerasimov, K. Hill, G. Machin, M. Moldover, L. Pitre, P. Steur, M. Stock, O. Tamura, H. Ugur, D. White, I. Yang, J. Zhang, Int. J. Thermophys. 28, 1753 (2007) 12. B.W. Petley, Metrologia 44, 69 (2007) 13. I.M. Mills, P.J. Mohr, T.J. Quinn, B.N. Taylor, E.R. Williams, Metrologia 42, 71 (2005) 14. I.M. Mills, P.J. Mohr, T.J. Quinn, B.N. Taylor, E.R. Williams, Metrologia 43, 227 (2006) 15. M. Stock, T.J. Witt, Metrologia 43, 583 (2006) 16. P. Becker, Metrologia 40, 366 (2003) 17. C.J. Bordé, Conference given at the Symposium to Celebrate the 125th Anniversary of the Meter Convention, Paris (2000) 18. C.J. Bordé, Metrologia 39, 435 (2002) 19. C. Daussy, S. Briaudeau, M. Guinet, A. Amy-Klein, Y. Hermier, C.J. Bordé, C. Chardonnet, Spectroscopic Determination of the Boltzmann Constant: First Results, in Laser Spectroscopy, ed. by E. Hinds, A. Ferguson, E. Riis (World Scientific, Cairngorms National Park, Scotland, 2005) 20. C. Daussy, M. Guinet, A. Amy-Klein, K. Djerroud, Y. Hermier, S. Briaudeau, C.J. Bordé, C. Chardonnet, Phys. Rev. Lett. 98, 250801 (2007) 21. C. Daussy, C.J. Bordé, C. Chardonnet, Images de la Physique 2006, 80 (2007) 22. G. Casa, A. Castrillo, G. Galzerano, R. Wehr, A. Merlone, D. Di Serafino, P. Laporta, L. Gianfrani, Phys. Rev. Lett 100, 200801 (2008) 23. K.M.T. Yamada, A. Onae, F.-L. Hong, H. Inaba, H. Matsumoto, Y. Nakajima, F. Ito, T. Shimizu, J. Mol. Spectrosc 249, 95 (2008) 24. A. Castrillo, G. Casa, A. Merlone, G. Galzerano, P. Laporta, L. Gianfrani, C.R. Physique 10, 894 (2009) 25. G.-W. Truong, presented at the IV Int. Workshop on Progress in Determining the Boltzmann Constant, Torino, Italy (2009) 26. K. Djerroud, C. Daussy, O. Lopez, A. Amy-Klein, S. Briaudeau, Y. Hermier, C. Chardonnet, Ann. Phys. Fr. 32, 175 (2007) 27. V. Bernard, C. Daussy, G. Nogues, L. Constantin, P.E. Durand, A. Amy-Klein, A. van Lerberghe, C. Chardonnet, IEEE J. Quant. Elec. QE-33, 1282 (1997) 28. R. Siegel, J. Howell, Thermal Radiation Heat Transfer (McGraw-Hill, New York, 1981), p. 187 29. P. Bouguer, Essai d’optique sur la gradation de la lumière (Claude Jombert, l’Image Notre-Dame, 1729) 30. C.J. Bordé, C. R. Physique 10, 866 (2009) 31. R.H. Dicke, Phys. Rev. 89, 472 (1953) 32. L. Galatry, Phys. Rev 122, 1218 (1961) 33. M. Nelkin, A. Ghatak, Phys. Rev A 135, 4 (1964) 34. S.G. Rautian, I.I. Sobel’man, Sov. Phy. Usp 9, 701 (1967) 35. J.-M. Hartmann, C. Boulet, D. Robert, Collisional Effects on Molecular Spectra: Laboratory Experiments and Models, Consequences for Applications (Elsevier Science, Amsterdam, 2008) 36. C.E. Beker, NASA Tech. Note, TN D-5574 (1969) 37. K. Djerroud, C. Lemarchand, A. Gauguet, C. Daussy, S. Briaudeau, B. Darquié, O. Lopez, A. Amy-Klein, C. Chardonnet, C.J. Bordé, C. R. Physique 10, 883 (2009) 38. H. Preston-Thomas, Metrologia 27, 3 (1990)



123



Int J Thermophys (2010) 31:1347–1359



1359



39. Working Groups of the Consultative Committee for Thermometry, Techniques for Approximating the International Temperature Scale of 1990 (BIPM, 1990) 40. H. Preston-Thomas, P. Bloembergen, T.J. Quinn, Supplementary Information for the International Temperature Scale of 1990 (CCT, BIPM, 1990)



123



























des documents recommandant













Accurate determination of the Boltzmann constant by Doppler 

Accurate molecular spectroscopy in the mid-infrared region allows preci- sion measurements .... kBT. h/E having the dimensions of time, fixing the value of h and ...










 








Direct Determination of the Boltzmann Constant by an ... - ENS-phys 

Jun 18, 2007 - Ammonia gas was placed in an absorption cell thermalized by a water-ice bath. .... ice-water mixture, fixing the temperature at 273.15 K.










 








The filamentation of the laser beam as a labyrinth instability 

Jun 13, 2015 - arXiv:1506.04245v1 [physics.plasm-ph] 13 Jun 2015. The filamentation of the laser beam as a labyrinth instability. F. Spineanu and M. Vlad.










 








Constant effort computation as a determinant of 

Three principles are generally invoked to explain the properties of motor behavior: 1. ... (13), is assumed to increase with movement velocity (12) and decrease.










 








Tunable diode laser absorption spectroscopy of carbon 

carbon monoxide at the level of 0.3 part in 106 in volume at 100 Torr could be detected by the low- frequency .... beryllium for n- and p-type doping, respectively.










 








Progress towards an accurate determination of the Boltzmann 

Jul 21, 2011 - NH3. Ã—(P0/P). It is then easy to show that Î¸ = ..... [39] Bradley M P, Porto J V, Rainville S, Thompson J K and Pritchard D E 1999 Phys. Rev. Lett.










 








Hard X-ray spectroscopy determination of the ... - Janine Grattage 

O 2s. N 2s. (C 2s). (C 2s). Non-resonant KÎ² satellite XES. Non resonant XES are chemically sensitive and can be used to obtain information on the ligands, from ...










 








SO2 premixed flame spectroscopy with a 7.5-Âµm diode laser 

Jun 7, 2001 - For the mid-infrared SO2 spectroscopy, the Î½3 band ... 1, in the mid infrared, it is interesting to .... 4 Absorption theory and analysis model.










 








Optical measurement of the Boltzmann constant at the 10-5 level 

not high enough to disentangle easily the homogeneous and the Doppler width ..... [39] Bradley M P, Porto J V, Rainville S, Thompson J K and Pritchard D E ...










 








Interpretation of the MÃ¶ssbauer Spectroscopy Data by the Maximum 

calculating the MÃ¶ssbauer spectrum which would result for this doublet only, and find ... is just giving its natural constraint which helps to find the most likely ...










 








Chirped laser dispersion spectroscopy with harmonic detection of 

May 26, 2012 - still offering prospects for long range remote operation. Al- though the detection ... oratory conditions and its application to molecular detection in ambient air is ..... The simulation algorithm presented in the previous sec- tion (










 








Evaluation of Depth Profiling Using Laser Resonant Desorption as a 

defect density, produced an amorphous HCl:H2O mixture. We conclude that ..... shown that the adsorption of a water bilayer on Ru(001) led to a striped structure ...










 








NON MARKOVIANITY OF THE BOLTZMANN-GRAD LIMIT OF A 

Theorem 1: Let c be given by a Poisson's repartition of parameter. ÂµÎµ = ÂµÎµâˆ’1 ..... Liouville equation to the generalized Boltzmann equation for magneto- transport ...










 








High Dynamic Range Laser Dispersion Spectroscopy of Saturated 

The method provides several advantages over traditional direct LAS techniques. For example, the measurement of anomalous dispersion is background-free in ...










 








The internal structure of stopping as revealed by a ... - CiteSeerX 

Oct 2, 2007 - Our results sug- gest that when a prepared movement ..... responses: a model and a method. J Exp Psychol Hum Percept Perform 102:276â€“91 ...










 








Quantitative Assessment of the Accuracy of the Poissonâ€“Boltzmann 

May 16, 2014 - ABSTRACT: The cell model is a ubiquitous, fast, and relatively easily implemented model used to estimate the osmotic pressure of a colloidal ...










 








characteristics of the measurement unit of a full-waveform laser 

backscattering characteristic of the illuminated field. ... Table 1 gives an overview of additional specifications. Beside large footprint systems first developments of ..... 5. EXPERIMENTS. To study the impulse response of laser scanning systems.










 








Observation of the complex propagation of a femtosecond laser 

Laser Technology Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. Masatoshi ... bulk, where an intense femtosecond laser pulse is focused,.










 








Comparison of the fragmentation pattern induced by collisions, laser 

with the replica exchange method (REM)26,27 using Amber96 functional28 (with Îµ Â¼ 2 for the electrostatic terms) were used to explore the PES of the singly and ...










 








On the Convergence of the Boltzmann equation for semiconductors 

ones according to tm = 2tk and xm = xk, (tm; xm) being the macroscopic scale, (tk; xk) the kinetic one and the ..... Finally, the passage to the limit leading to eq.










 








A Man Of Constant Sorrow - Arran 

I am a man of constant A sorrow. I've seen. B7 ... I have no friends to help me now. It's fare thee well my old ... that is given. I'll meet you on God's golden shore.










 








A Methodology for Determination of Baseline Specifications of a Non 

analyses which identify the leverage of various design ... the designer would also like to investigate the effect of .... 3 Effect of Vbtr on WPay, Wempty and Lift.










 








a mathematical model for the computational determination of 

Apr 19, 1979 - between male and female subjects (exomorphic differences, different density functions and mass distributions), adjusts the densities of certain ...










 








on asymptotics of the boltzmann equation when the collisions become 

Jan 12, 2013 - with velocity v, and Q is a quadratic collision kernel taking in account ... According to [Ce], [Ch, Co] or [Tr, Mu], the Boltzmann equation writes.










 














×
Report Determination of the Boltzmann Constant by Laser Spectroscopy as a





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



