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Abstract: 
 

In this paper we present an accurate analysis of the shape of an isolated rovibrational 
ammonia line from the strong 2 band around 10 µm, recorded by laser absorption 
spectroscopy. Experimental spectra obtained under controlled temperature and pressure, are 
confronted to various models that take into account Dicke narrowing or speed-dependent 
effects. Our results show clear evidence for speed-dependent broadening and shifting, which 
had never been demonstrated so far in NH3. Accurate lineshape parameters of the ν2 saQ(6,3) 
line are obtained. Our current project aiming at measuring the Boltzmann constant, kB, by 
laser spectroscopy will straight away benefit from such knowledge. We anticipate that a first 
optical determination of kB with a competitive uncertainty of a few ppm is now reachable. 
 
 

I. INTRODUCTION 
 

NH3 is a very important molecule for interstellar and planetary observations [1-3]. It is 
the main molecule observable in a variety of astrophysical environments and it is present in 
the interstellar medium, in giant planets of solar system (like Jupiter and Saturn), in brown 
dwarfs, and in cometary coma. Ammonia is also present in trace quantities in the Earth's 
atmosphere and has been detected in many industrial sites. Absolute measurement of 
ammonia concentration in air is thus a real challenge for environmental and human health 
issues [4-6]. With its large dipolar momentum and its inversion spectrum, it is also a very 
important molecule for fundamental infrared and microwave (MW) spectroscopy, 
metrological applications or fundamental physics tests. It is for instance a very good candidate 
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for an accurate test of extensions of the Standard Model thanks to its inversion transitions 
particularly sensitive to variation of the electron-to-proton mass ratio [7-9]. 

In this paper, we focus on the lineshape analysis of a single isolated rovibrational 
absorption line ammonia. Under controlled temperature and pressure, absorption profiles 
provide a probe of intermolecular interactions that directly affect the molecular dynamics. 
Accurate knowledge of the NH3 spectrum – especially the strong 2 band in the 10 µm region 
– as well as lineshape parameters are in particular indispensable to enable astrophysical and 
planetary interpretations. Several accurate laboratory studies have been performed, using high 
resolution Fourier transform or tunable laser diode spectrometers, to provide lineshape 
parameters for the 2 band [10-18]. Absolute frequencies, intensities, self-broadening and 
self-shift coefficients have been recently re-measured in the R branch of the 2 band by 
Guinet et al. [19]. The authors bring to light large discrepancies between values recommended 
by HITRAN08  and recent results published by several groups (about 10% difference for the 
self-broadening) [20]. All of these analyses have been performed for pressures ranging 
typically from 10 mbar to 1 bar and by fitting a Voigt profile to experimental absorption lines 
(including line mixing effects). However in 1993 Pine et al. have observed that NH3 
lineshapes exhibit significant deviations from the Voigt profile in the 1 band. Over the 
covered pressure range, it was not possible to reliably distinguish between Dicke narrowing 
and speed-dependent effects [21, 22]. We present here an accurate lineshape analysis of a 
self-broadened rovibrational absorption transition of ammonia in the strong 2 band, recorded 
by linear absorption laser spectroscopy. Spectra are recorded at very low pressures (below 20 
Pa) and analyzed using various models (which include Dicke narrowing or speed-dependent 
effects) which enables to clearly determine the profile which best matches the data. Accurate 
lineshape parameters are then deduced from a least-squares fit of the data. 

In the last section of this paper we exploit the latter results in the frame of our project 
dedicated to the Boltzmann constant measurement by laser spectroscopy [23, 24]. In this 
experiment the main source of uncertainty comes from the modelisation of collisional effects 
which directly affects the absorption lineshape used for analysis. We present here an accurate 
determination of the impact of the absorption profile parameters’ uncertainties on that of the 
Boltzmann constant. We conclude that the determination of the Boltzmann constant, kB, by 
laser spectroscopy with a competitive uncertainty of a few ppm is now reachable. 

 
 

II. THE SPECTROMETER 
 

Experimental absorption lineshapes have been recorded using the CO2 laser based 
spectrometer presented in FIG. 1 and described in details in ref. [25-27]. The CO2 laser source 
is coupled to a MW electro-optic modulator (EOM) which generates tunable sidebands, from 
8 to 18 GHz, on both sides of the fixed laser frequency. After the MW EOM, a grid polarizer 
and a Fabry-Perot cavity (FPC) are used to filter out the residual carrier and the unwanted 
sideband. The FPC is also used to stabilize the intensity of the transmitted reference beam 
(A). The probe beam (B) feeds an ammonia absorption cell for spectroscopy. The absorption 
length of the cell can be adjusted from 37 cm in a single pass configuration (SPC) to 3.5 m in 
a multi-pass configuration (MPC). Both reference (A) and probe (B) beams are amplitude-
modulated at f=40 kHz via the 8-18 GHz EOM for noise filtering, after demodulation of the 
signals at f in a lock-in amplifier. The sideband is tuned close to the molecular resonance and 
scanned to record the Doppler profile.  
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FIG. 1. Experimental setup (AM: Amplitude Modulation, EOM: Electro-Optic Modulator, 

FPC: Fabry Perot Cavity, Lock-in: Lock-in Amplifier). 
 

The absorption cell is pumped down to a residual pressure of about 10-3 Pa, 3 to 4 
orders of magnitude below the NH3 filling pressure, ranging from 1 to 20 Pa. It is measured 
by a capacitive pressure gauge (MKS Baratron type 390) with 1% uncertainty. To avoid 
sample pollution, due to outgasing of the absorption cell during the experiment, spectra are 
recorded during short series of 30 min after which the absorption cell is pumped before a new 
acquisition. The absorption cell is placed inside a copper thermal shield which is itself inside 
a stainless steel enclosure immersed in a thermostat filled with an ice-water mixture which 
stabilizes the cell’s temperature close to 273.15 K. The temperature is measured with small 25 
Ω Hart capsule platinum resistance thermometers placed on the absorption cell. The 
thermostat and the temperature chain are described in details in reference [27]. Thanks to this 
set-up, the uncertainty of the absorption cell temperature was maintained below 2 mK for the 
data analyzed in the present paper. 

 
 

III. LINESHAPE MODELS 
 

The selected absorption line is the ν2 saQ(6,3) (J = 6 and K = 3 are respectively the 
quantum numbers associated with the total orbital angular momentum and its projection on 
the molecular symmetry axis) rovibrational line of the ammonia molecule 14NH3 at the 
frequency ν = 28 953 693.9(1) MHz. This well-isolated transition has been chosen to avoid 
any deformation of the profile due to line mixing with neighbouring lines. Owing to the non-
zero spin values of the nitrogen and hydrogen nuclei, an unresolved hyperfine structure is 
present in the Doppler profile of this rovibrational line. This hyperfine structure has been 
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recorded by saturation spectroscopy to determine the induced broadening of the absorption 
linewidth recorded in linear absorption [24]. For a Doppler width of about 50 MHz, the 
linewidth broadening remains completely negligible (~0.25 kHz) for the present analysis of 
the linear absorption lineshape.  

In this section, we give a brief description of semiclassical absorption lineshape 
models [28]. In the case of an optically thick medium, under low saturation, the Beer-Lambert 
law leads to: 

( ) ( )
0

B2 2

0
int

4, exp

E
k TNd LeP L P I

Z

−⎛ ⎞⎜ ⎟
⎝ ⎠

⎡ ⎤
π α ω⎢ ⎥ω = − ω⎢ ⎥
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 (1) 

where 0P  and ( ),P L ω  are respectively incident and transmitted light power, ω  is the laser 

angular frequency, 0E  the energy of the lower rovibrational level in interaction with the laser 

electromagnetic field, ( )
2

04= e
c

α πε  the fine structure constant (e is the electron charge, 0ε  

the vacuum permittivity,  the reduced Planck constant and c  the velocity of light in 
vacuum), N  the density of molecules, T  the gas temperature, L  the absorption length, 

=d e
μ  ( μ  is the transition moment) and intZ  the internal partition function. The normalized 

absorption profile, ( )I ω , is related to molecular velocities and optical dipole relaxations.  
At the very low pressure regime that we experimentally explore, the lineshape can 

simply be described by a Voigt profile (VP) which is the convolution of a Gaussian ( )DI ω  

(related to the inhomogeneous Doppler broadening) and a Lorentzian ( )LI ω  (related to the 
homogeneous broadening due to molecular relaxation by collisions). Following notations of 
[29, 30]: 
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 where 0ω  is the angular frequency of the molecular line 

center, Δ  the collisional shift, Γ  the width given by all homogeneous contributions to the 

broadening and 
3

0 2
2

Δ = B
D

NH

k T

m c
ω ω  the profile Doppler width (

3NHm  is the molecular mass).  

( )
2

, i ew x y d
x iy

+∞ −τ

−∞

= τ
π − τ +∫  is the complex probability function.  

As will be shown later, this first approach is not sufficient to describe the details of the 
lineshape. With respect to the Voigt profile, the lineshape can be narrowed by either speed-
dependent or Lamb-Dicke-Mössbauer (LDM) effects. We introduce three well-known models 
which take into account different physical cases leading to such narrowing. These models will 
be confronted to data in the next parts of the paper. 

The dependence of the relaxation mechanism on molecular speed can be modelled by 
the speed-dependent Voigt profile (SDVP) where collisional shift and broadening, Δ(ν) and 
Γ(ν), depend on the modulus of the molecular speed. Following the formalism developped by 
Berman, Ward and Pickett, the SDVP expression is given by [31-33]: 
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where ( )Mf v  is the Maxwell-Boltzmann distribution of molecular velocities v  and k  is the 
wave vector. The collisional parameters are: 
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Where ( )1 1 , ,F a b z  is the Kummer confluent hypergeometric function, 
3

B2

NH

k Tv
m

=  is the most 

probable speed of molecules and m and n are parameters related to the intermolecular 
potential  (in the particular case of 0m n= = , the homogeneous width and the collisional shift 
become independent of molecular velocities and formula (3) and (4) lead to a Voigt profile 
with ( )vΔ = Δ  and ( )vΓ = Γ ). 

When the mean-free path of molecules is much smaller than the laser wavelength, the 
LDM effect results in a reduction of the Doppler width [34]. Assuming soft collisions 
between molecules leads to the Galatry profile (GP) [35] which can be expressed using the 
1 1F  function: 
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 where Gβ  represents the effective frequency of velocity changing collisions. 

This profile evolves from a VP at low pressure to a Lorentzian in the high-pressure limit.  
The LDM effect can also be modelled via the Rautian profile (RP) which assumes 

hard collisions between molecules (the velocity memory is lost after each collision) [36, 37]. 
The corresponding lineshape is given by: 

( ) ( )
( )

,1, , Re
1 ,
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R R

D R R

w x y z
I x y z

z w x y z
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 (6) 

with R
R

D

z β
=

Δω
 and where Rβ  is the effective frequency of velocity changing collisions.  

In the frame of the GP (respectively RP), ( )G Rβ  is proportional to the gas pressure. 
 
 

IV. EXPERIMENTAL LINESHAPE ANALYSIS 
 

Spectra have been recorded at different ammonia pressures, around 1.7 Pa in the MPC 
and from 9 to 20 Pa in the SPC. Linear absorption at resonance ranges between 83 % up to 
98 % (see FIG. 2). Spectra, about 100 MHz wide, are recorded over 500 MHz by steps of 500 
kHz with a 30 ms integration time per point. The time needed to record a single spectrum is 
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about 70 s. For a proper adjustment of free parameters of the various lineshape models, the 
highest pressures are chosen so that total absorption is avoided and signal-to-noise ratio 
considerations set the low pressure limit. In these conditions signal-to-noise ratios as high as 
103 are reached for a single spectrum.  
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FIG. 2. Spectra recorded in SPC (single pass configuration) for pressures ranging from 9 to 20 

Pa. 
 
Experimental spectra have been analyzed by adding to the Beer-Lambert law, a 

baseline of slope 1a  as follows: ( ) ( ) ( )
0 1 0, A IP L a a e − ω⎡ ⎤⎣ ⎦ω = + ω − ω⎡ ⎤⎣ ⎦  (7) 

A is the integrated absorbance (see equation (1)). Spectra of the self-broadened line of NH3 
have been fitted with a VP, SDVP, GP (Taylor expansion to second order in zG to reduce 
computing time) and RP using a least-squares-fit procedure. For these profiles common free 
parameters are 0a , 1a , A, Δ , and Γ . 0ω  has been deduced from high resolution saturated 
absorption spectra recorded in transmission of a Fabry-Perot cavity [24] and the Doppler 
width, ΔωD, is fixed to the value determined by the temperature of the gas. For the SDVP, two 
additional free parameters, m and n, have to by fitted. For the GP (respectively RP), one 
additionnal parameter βG(R) has to be fitted. The amplitude noise is taken into account by 
weighting each individual point of each spectrum by considering the surrounding noise in the 
spectrum – this is directly related to the intensity noise on the photodetector which decreases 
strongly when absorption changes from 0 to 100%. 
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 FIG. 3. Averaging of 24 spectra recorded at two pressures, 1.75 and 17.3 Pa and normalized 
residuals for non-linear least-squares fits, with a VP (Voigt Profile), SDVP (Speed-Dependent 

Voigt Profile), GP (Galatry profile) and RP (Rautian Profile) (rms noise amplitude is about 
0.02 % of the absorption signal). The frequency scale is offset by 28 953 694 MHz. 

 
The averaging of 24 spectra recorded at two NH3 pressures, 1.75 and 17.3 Pa, is 

displayed on FIG. 3, together with residuals obtained after fitting data with a VP, SDVP, GP 
and RP. At 1.75 Pa all profiles considered reproduce equally well the recorded lineshape 
within the noise level. At the highest pressure of 17.3 Pa however, residuals for the VP, GP 
and RP clearly indicate that these profiles do not match the experimental data. The 
corresponding residuals are respectively 10.3, 4.3 and 6.7 times larger than the rms noise 
level. In FIG. 4 the frequency of velocity-changing collisions determined from fitting 
individual spectra with a GP and RP are plotted as a function of pressure. Polynomial 
interpolation of this data reveals in both cases a non-linear dependence of ( )G Rβ  with 
ammonia density (clearly confirmed by an F-test with 5% of confidence level).  
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FIG. 4. Frequency of velocity-changing collision parameters as a function of ammonia 

pressure, deduced from fitting individual spectra with a GP (Galatry Profile) or RP (Rautian 
Profile). Associated 2nd order polynomial fits are shown. An F-test (with 5% of confidence 
level) indicates a non zero 2nd order polynomial coefficient and higher order coefficients 

consistent with zero. 

FIG. 5. m and n parameters as a function of pressure retrieved from fitting data (averaging of 
24 individual spectra) with the SDVP (Speed-Dependent Voigt Profile). The discrepancy 

between the standard deviation estimated from the dispersion of m and n and the error bar of 
each point (deduced from the fit) is attributed to long term instabilities of the spectrometer. 

 
Results reported in FIG. 3 and FIG. 4 led to reject the VP, GP as well as RP for the 

modelisation of self-broadening of the NH3 line over the investigated pressure range. 
Furthermore the GP and RP residuals clearly show an asymmetry which is a good indication 
of a speed dependence of the pressure shift. By contrast, analysis of spectra with the SDVP 
clearly demonstrates a good agreement between this model and experimental lineshapes at 
17.3 Pa. In FIG. 5 the determined m and n parameters are plotted as a function of pressure. As 
expected these parameters are independent of the molecular density. Based on our analysis, 
we can state that the deviation from a VP of the ν2 saQ(6,3) line of NH3, in the covered 



 9

pressure range, is most probably caused by speed-dependent effects and not LDM effects (that 
induce a reduction of the Doppler width). 

In TABLE I fitted lineshape parameters obtained using the VP, SDVP, GP and RP are 
summarized. The retreived homogeneous broadening as well as collisional shift parameters  
are consistent for models that take into account narrowing effects (the SDVP, GP and RP). On 
the other hand a large discrepancy (up to 10%, for pressures ranging from 1.7 to 20 Pa) is 
observed on the homogeneous broadening parameter obtained by fitting a Voigt profile to 
experimental data. Note that such discrepancies for the self-broadening parameter have also 
been reported at higher pressure in the R branch of the 2 band by Guinet et al. [19]. In the 

assumption of an intermolecular potential given by ( ) 1
qV r

r
∝  (with r the intermolecular 

distance), m parameter is related to the power law by 3
1

qm
q

−
=

−
. The retrieved m value equal 

to 0.360(7) would correspond to q close to 4 (a dipole-quadrupole interaction potential). 
Following the formalism developped by Berman and Ward [31, 32] n=m and 3.8(3)n = −  
would correspond to q close to 1.4. Another approach developped by Pickett [33] leads to 

3
1

n
q
−

=
−

 for which n parameter would correspond to q close to 1.8. Such inconsistencies 

between m and n have already been observed by several authors and could be an indication of 
a more complicated intermolecular potential [28, 38, 39]. A physical interpretation of these 
coefficients remains thus questionable but is beyond the scope of the present work.  

 

TABLE I. Lineshape spectroscopic parameters (and their standard uncertainties) derived from 
various line profiles for the self-broadened 2 saQ(6,3) line of NH3 around 273.15 K. 

 
 

V. APPLICATION TO THE DETERMINATION OF THE BOLTZMANN 
CONSTANT 

 
Influence of the line-shape model on the spectroscopic determination of the Boltzmann 

constant has also already been raised by us and other groups for O2 and H2O [24, 27, 38-42]. 
The interest in this constant is related to the forthcoming redefinition of the International 
System of Units (expected to happen at the next meeting of the Conférence Générale des 
Poids et Mesures). A new definition of the kelvin would fix Bk  to a value determined by The 
Committee on Data for Science and Technology (CODATA) [43-45]. In this section, we 
exploit the accurate knowledge of the absorption lineshape gained in section IV. to reduce the 
main source of uncertainty in the Boltzmann constant measurement by laser spectroscopy. 

LINESHAPE PROFILE 
PARAMETERS 

Voigt Speed-dependent 
Voigt Galatry Rautian 

d dpΓ  (kHz/Pa) from 106 to 130 
(from 0 to 20 Pa) 

120(3) 120.9(3) 119.9(3) 

d dpΔ  (kHz/ Pa) 0.99(4) 1.2(1) 1.01(4) 1.04(4) 
m  0.360(7)   
n  -3.8(3)   
d dPβ  (kHz/Pa)   from 32 to 14 

(from 0 to 20 Pa) 
from 14 to 20 

(from 0 to 20 Pa) 
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The spectrometer presented in section II. is part of an experimental setup dedicated to 
the measurement of the Boltzmann constant. We measure Bk  by the determination of the 

Doppler width (proportional to Bk T ) of the 2 saQ(6,3) ammonia rovibrational line, in 
thermal and pressure equilibrium [23, 46-50] (other groups have recently started experiments 
on CO2, H2O, acetylene and rubidium [51-56]). We have lately reported experimental 
developments aiming at reducing the uncertainty on kB [24, 26, 27]. The current uncertainty 
budget shows a combined standard uncertainty of 144 ppm, the main contribution coming at 
97% from the lack of knowledge in the collision modelisation and the appropriate resulting 
lineshape. Since we have clearly identified in section IV. the SDVP as the best lineshape 
profile, the uncertainty coming from collisional effects is now only limited by our knowledge 
on the associated parameters m and n. From data shown on FIG. 5, these parameters can be 
estimated with an uncertainty of 2.5% for m and 8% for n. The aim of our project being an 
independent determination of kB, these uncertainties of m and n take into account an 
overestimated uncertainty of 100 ppm for Bk  (that given by the CODATA is only 1.7 ppm) 
corresponding to an uncertainty of 50 ppm for the fixed value of ΔωD.  

In order to reduce the impact of the uncertainty associated with these two collisional 
parameters on the lineshape, the measurement of the Boltzmann constant is performed at low 
pressure, between 1 and 2 Pa in the MPC. At these pressures the signal to noise ratio remains 
high enough for a numerical adjustment of 6 free parameters of the SDVP: 0a , 1a , Δ , A, Γ  
and D the Doppler width from which is deduced Bk  (m, n and 0ω  are then fixed). New 
series of spectra will be recorded over a frequency scale of 500 MHz under well controlled 
experimental conditions (laser frequency, laser intensity, gas temperature, gas purity,...). A 
high purity of the gas sample will be ensured by a systematic control of the residual pressure 
and outgasing of the absorption cell. Simulated spectra corresponding to these experimental 
conditions have been fitted taking into account uncertainties on m and n given in TABLE I in 
order to estimate the impact of these uncertainties on the Doppler width accuracy. We 
followed the line-absorbance based analysis method recently proposed by A. Castrillo et al., 
expected to be robust with respect to the lineshape modelisation [57]. In this approach, which 
uses the relationship between the line-center absorbance and the integrated absorbance, the 
Doppler width is obtained from a global analysis of spectra recorded at different pressures. 
The experimental uncertainties obtained for m and n lead to an uncertainty of 1.8 ppm on the 
Doppler width determination. The present work clearly indicates that a first determination of 
the Boltzmann constant by laser spectroscopy with an uncertainty of a few ppm is now 
reachable. 

 
 

VI. CONCLUSION 
 

We have reported on an accurate analysis of self-broadened 2 saQ(6,3) lineshape of 
NH3 around 273.15 K which show for the first time a clear evidence of speed-dependent 
broadening and shifting. Accurate lineshape parameters have been obtained considering a 
speed-dependent Voigt profile. From the accurate knowledge of the absorption lineshape we 
anticipate a reduction the main source of uncertainty in the Boltzmann constant measurement 
by laser spectroscopy. The uncertainty coming from collisional effects is now only limited by 
our knowledge on the associated parameters m and n and we conclude that a first 
determination of kB with a competitive uncertainty of a few ppm by measurement of the 
Doppler width in ammonia is now reachable. It will then be worthily compared to the value 
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obtained by the acoustic method and thus hopefully contribute significantly to the CODATA 
value. 

 
 

AKNOWLEDGMENTS 
 

This work is funded by CNRS, the Laboratoire National de Métrologie et d’Essais and by 
European Community (EraNet/IMERA). Authors would like to thank Y. Hermier, F. Sparasci 
and L. Pitre from Laboratoire Commun de Métrologie LNE-CNAM for platinum resistance 
thermometers calibrations, S. Briaudeau for helping in the design and setting up of the 
thermostat and temperature control devices. We are indebted to Pr. Ch. J. Bordé for having 
originally proposed this novel approach for measuring the Boltzmann constant by laser 
spectroscopy and for many fruitful discussions over the course of this project. 

 
 

REFERENCES 
 
[1] S. K. Atreya, Atmospheres and ionospheres of the outer planets and their satellites 

(Berlin/Heidelberg: Springer, 1986). 
[2] R. Carlson, W. Smythe, K. Baines, E. Barbinis, K. Becker, R. Burns, S. Calcutt, W. 

Calvin, R. Clark, G. Danielson, et al., Science 274, 385 (1996). 
[3] G. Orton, M. A. Hearn, K. Baines, D. Deming, T. Dowling, J. Goguen, C. Griffith, H. 

Hammel, W. Hoffmann, D. Hunten, et al., Science 267, 1277 (1995). 
[4] S. V. Krupa, Environ. Pollut. 124, 179 (2003). 
[5] J. W. Erisman, M. A. Sutton, J. Galloway, Z. Klimont, and W. Winiwarter, Nat Geosci 

1, 636 (2008). 
[6] A. Ianniello, F. Spataro, G. Esposito, I. Allegrini, E. Rantica, M. P. Ancora, M. Hu, 

and T. Zhu, Atmos. Chem. Phys. Discuss. 10, 14209 (2010). 
[7] V. V. Flambaum and M. G. Kozlov, Phys. Rev. Lett.  98, 240801 (2007). 
[8] S. A. Levshakov, P. Molaro, A. V. Lapinov, D. Reimers, C. Henkel, and T. Sakai, 

Astron. Astrophys. 512, A44 (2010). 
[9] S. A. Levshakov, A. V. Lapinov, C. Henkel, P. Molaro, D. Reimers, M. G. Kozlov, 

and I. I. Agafonova, Astron. Astrophys. 524, A32 (2010). 
[10] M. Fabian, R. Schieder, M. Koichi, T. Yamada, and G. Winnewisser, J. Mol. 

Spectrosc. 177, 294 (1996). 
[11] H. Aroui, S. Nouri, and J. P. Bouanich, J. Mol. Spectrosc. 220, 248 (2003). 
[12] P. Varanasi and P. Wyant, J. Quant. Spectrosc. Radiat. Transfer 25, 311 (1981). 
[13] G. Baldacchini, G. Buffa, F. D'Amato, O. Tarrini, M. De Rosa, and F. Pelagalli, J. 

Quant. Spectrosc. Radiat. Transfer 67, 365 (2000). 
[14] H. Aroui, H. Laribi, J. Orphal, and P. Chelin, J. Quant. Spectrosc. Radiat. Transfer 

110, 2037 (2009). 
[15] V. Nemtchinov, K. Sung, and P. Varanasi, J. Quant. Spectrosc. Radiat. Transfer 83, 

243 (2004). 
[16] P. Varanasi and A. Gopalan, J. Quant. Spectrosc. Radiat. Transfer 49, 383 (1993). 
[17] K. Ben Mabrouk, S. Galalou, H. Aroui, and J. Orphal, Mol. Phys.  108, 2377 (2010). 
[18] Z. Chu, L. Chen, and P. K. Cheo, J. Quant. Spectrosc. Radiat. Transfer 51, 591 (1994). 
[19] M. Guinet, P. Jeseck, D. Mondelain, I. Pepin, C. Janssen, C. Camy-Peyret, and J. Y. 

Mandin, J. Quant. Spectrosc. Radiat. Transfer 112, 1950 (2011). 



 12

[20] L. S. Rothman, I. E. Gordon, A. Barbe, D. C. Benner, P. F. Bernath, M. Birk, V. 
Boudon, L. R. Brown, A. Campargue, J.-P. Champion, et al., J. Quant. Spectrosc. 
Radiat. Transfer 110, 533 (2009). 

[21] A. S. Pine, V. N. Markov, G. Buffa, and O. Tarrini, J. Quant. Spectrosc. Radiat. 
Transfer 50/4, 337 (1993). 

[22] A. S. Pine and V. N. Markov, J. Mol. Spectrosc. 228, 121 (2004). 
[23] C. Daussy, M. Guinet, A. Amy-Klein, K. Djerroud, Y. Hermier, S. Briaudeau, C. J. 

Bordé, and C. Chardonnet, Phys. Rev. Lett. 98, 250801 (2007). 
[24] C. Lemarchand, M. Triki, B. Darquié, C. J. Bordé, C. Chardonnet, and C. Daussy, 

New J. Phys. 13, 073028   DOI: 10.1088/1367 (2011). 
[25] V. Bernard, C. Daussy, G. Nogues, L. Constantin, P. E. Durand, A. Amy-Klein, A. 

van Lerberghe, and C. Chardonnet, J. Quant. Electron. QE-33, 1282 (1997). 
[26] K. Djerroud, C. Lemarchand, A. Gauguet, C. Daussy, S. Briaudeau, B. Darquié, O. 

Lopez, A. Amy-Klein, C. Chardonnet, and C. J. Bordé, C. R. Acad. Sci. 10, 883 
(2009). 

[27] C. Lemarchand, K. Djerroud, B. Darquié, O. Lopez, A. Amy-Klein, C. Chardonnet, C. 
J. Bordé, S. Briaudeau, and C. Daussy, Int. J. Thermophys. 31, 1347 (2010). 

[28] J.-M. Hartmann, C. Boulet, and D. Robert, Collisional Effects on Molecular Spectra: 
Laboratory Experiments and Models, Consequences for Applications (Elsevier 
Science, 2008). 

[29] F. Herbert, J. Quant. Spectrosc. Radiat. Transfer 14, 943 (1974). 
[30] P. L. Varghese and R. K. Hanson, Appl. Opt. 23, 2376 (1984). 
[31] P. R. Berman, J. Quant. Spectrosc. Radiat. Transfer 12, 1331 (1972). 
[32] J. Ward, J. Cooper, and E. W. Smith, J. Quant. Spectrosc. Radiat. Transfer 14, 555 

(1974). 
[33] H. M. Pickett, J. Chem. Phys. 73, 6090 doi: 10.1063/1.440145 (1980). 
[34] R. H. Dicke, Phys. Rev. 89, 472 (1953). 
[35] L. Galatry, Phys. Rev. 122, 1218 (1961). 
[36] M. Nelkin and A. Ghatak, Phys. Rev. A 135, 4 (1964). 
[37] S. G. Rautian and I. I. Sobel'man, Sov. Phys. Usp. 9, 701 (1967). 
[38] M. D. De Vizia, F. Rohart, A. Castrillo, E. Fasci, L. Moretti, and L. Gianfrani, Phys. 

Rev. A 83, 052506 (2011). 
[39] M. D. De Vizia, L. Moretti, A. Castrillo, E. Fasci, and L. Gianfrani, Mol. Phys. 109, 

2291 (2011). 
[40] D. Lisak, P. C. Masłowski, A., K. Bielska, S. Wojtewicz, M. Piwinski, J. T. Hodges, 

R. S. Trawinski, and R. Ciuryło, Phys. Rev. A 81, 042504 (2010). 
[41] A. Cygan, D. Lisak, R. S. Trawi'nski, and R. Ciurylo, Phys. Rev. A 82, 032515 

(2010). 
[42] S. Wòjtewicz, D. Lisak, A. Cygan, J. Domysławska, R. S. Trawinski, and R. Ciuryło, 

Phys. Rev. A 84, 032511 (2011). 
[43] M. R. Moldover, J. P. Trusler, T. J. Edwards, J. B. Mehl, and R. S. Davis, Phys. Rev. 

Lett. 60, 249 (1988). 
[44] M. R. Moldover, J. P. M. Trusler, T. J. Edwards, J. B. Mehl, and R. S. Davis, J. Res. 

Natl. Bur. Stand. 93, 85 (1988). 
[45] P. J. Mohr, B. N. Taylor, and D. B. Newell, Rev. Mod. Phys. 80, 633 (2008). 
[46] C. J. Bordé, Conference given at the Symposium to celebrate the 125th Anniversary of 

the meter Convention, (Paris, 2000). 
[47] C. J. Bordé, Metrologia 39, 435 (2002). 



 13

[48] C. Daussy, S. Briaudeau, M. Guinet, A. Amy-Klein, Y. Hermier, C. J. Bordé, and C. 
Chardonnet, in Laser Spectroscopy, edited by A. F. ed. by E. Hinds, E. Riis (World 
Scientific, Cairngorms National Park, Scotland, 2005). 

[49] C. Daussy, C. J. Bordé, and C. Chardonnet, Images de la Physique 2006, 80 (2007). 
[50] K. Djerroud, C. Daussy, O. Lopez, A. Amy-Klein, S. Briaudeau, Y. Hermier, and C. 

Chardonnet, Ann. Phys. (Paris) 32, 175 (2007). 
[51] G. Casa, A. Castrillo, G. Galzerano, R. Wehr, A. Merlone, D. Di Serafino, P. Laporta, 

and L. Gianfrani, Phys. Rev. Lett. 100, 200801 (2008). 
[52] K. M. T. Yamada, A. Onae, F.-L. Hong, H. Inaba, H. Matsumoto, Y. Nakajima, I. F., 

and T. Shimizu, J. Mol. Spectrosc. 249, 95 (2008). 
[53] A. Castrillo, G. Casa, A. Merlone, G. Galzerano, P. Laporta, and L. Gianfrani, C. R. 

Acad. Sci. 10, 894 (2009). 
[54] A. Merlone, F. Moro, A. Castrillo, and L. Gianfrani, Int. J. Thermophys. 31, 1360 

(2010). 
[55] G.-W. Truong, E. F. May, M. S. Thomas, and A. N. Luiten, Phys. Rev. A 83, 033805 

(2011). 
[56] Y. R. Sun, H. Pan, C.-F. Cheng, A.-W. Liu, J.-T. Zhang, and S.-M. Hu, Opt. Express 

19, 19993 (2011). 
[57] A. Castrillo, M. D. De Vizia, L. Moretti, G. Galzerano, P. Laporta, A. Merlone, and L. 

Gianfrani, Phys. Rev. A 84, 032510 (2011). 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


