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It is well known that the Voigt profile does not well describe the (measured) shapes of isolated lines.
This is due to the neglect of the intermolecular collision-induced velocity changes and of the speed
dependence of the collisional parameters. In this paper, we present a new line profile model for pure
H2O which takes both of these effects into account. The speed dependence of the collisional param-
eters has been calculated by a semi-classical method. The velocity changes have been modeled by
using the Keilson-Storer collision kernel with two characteristic parameters. The latter have been
deduced from classical molecular dynamics simulations which also indicate that, for pure H2O, the
correlation between velocity-changing and state-changing collisions is not negligible, a result con-
firmed by the analysis of measured spectra. A partially correlated speed-dependent Keilson-Storer
model has thus been adopted to describe the line-shape. Comparisons between simulated spectra and
measurements for four self-broadened lines in the near-infrared at various pressures show excellent
agreements. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4704675]

I. INTRODUCTION

Non-Voigt signatures on the shapes of collisionally iso-
lated lines of water vapor have been the subject of numerous
experimental and theoretical studies.1–25 It is now well known
that both the Dicke narrowing (due to collision-induced ve-
locity changes26) and the speed dependence of the collisional
parameters contribute to the line-shape. However, these ef-
fects have been always taken into account through simplified
theoretical approaches with empirical parameters thus mak-
ing the extrapolation for other spectral regions and/or exper-
imental conditions hazardous. Indeed, most studies devoted
to H2O line profiles have used either the hard-27, 28 or soft-
collision29 approximation to describe the velocity changes
narrowing effect. The resulting models are characterized by
the velocity-changing (VC) collision frequency (νVC) which
is related to the mass diffusion coefficient of the considered
system. For the speed dependence of the line-broadening and
(eventually) line-shifting coefficients, a quadratic law vs the
absolute speed or a polynomial law vs the relative speed were
always used. Thanks to very high signal-to-noise measure-
ments, some studies have demonstrated the limits of these
models. Reference 19, for example, shows that the soft- and
hard-collision models, although they closely fit the shape of
a H2O line perturbed by N2, lead to unrealistic nonlineari-
ties of the retrieved νVC versus pressure. This demonstrated
that the effects of speed dependence must be taken into ac-
count. This dependence was then added, through a polyno-
mial law vs the relative speed, within the hard-collision and

a)Author to whom correspondence should be addressed. Electronic mail:
ha.tran@lisa.u-pec.fr.

billiard-ball30, 31 models.19 While the obtained value of νVC

then varied linearly with pressure, it was about 40% smaller
than expected from the diffusion coefficient.19 This problem
was attributed not only to the correlation between velocity-
and state-changing collisions but also to the oversimplified
description of the speed dependence. A consistent and physi-
cally based model is thus still needed to correctly describe the
line-shape of water vapor.

In Ref. 20, the Keilson and Storer (KS) (Ref. 32) func-
tion was used, in order to model the collision-induced ve-
locity changes for the H2O/N2 system, where the veloc-
ity orientation and velocity modulus changes were distinctly
considered. The speed dependences of the line-broadening
and line-shifting coefficients were predicted by semi-classical
calculations.18, 33 With two adjustable parameters to describe
the velocity (orientation and modulus) changes, several lines
of H2O measured in the ν3 band region were correctly repro-
duced in a broad pressure range. The KS function was also
successfully applied to pure H2 (Ref. 34) and to H2 diluted in
Ar and N2 (Refs. 35–39) systems for which velocity effects
strongly affect the line-shape. Furthermore, it was shown that
the parameters of the KS model can be (independently) deter-
mined from the auto-correlation functions of the velocity and
of the squared speed of the molecules, computed by classical
molecular dynamics simulations (CMDS).40, 41

In this work, the KS function based on CMDS carried out
for a large number of molecules is applied for the first time
to pure H2O lines at room temperature. It is shown that the
relaxation time constants of the auto-correlation functions of
the velocity and of the squared speed have very close values,
indicating that the velocity orientation and modulus (speed)
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changes are completely correlated. A mono-parametric KS-
3D model is thus adopted where a single parameter governs
both of these changes. This parameter and the VC collisions
frequency νVC are directly deduced from CMDS which, by
the way, lead to a self-diffusion coefficient in excellent agree-
ment with the measured value. CMDS also show that there is a
partial correlation, which can be quantified, between velocity
and internal state changes. Using the KS velocity kernel in the
impact kinetic equation which includes the Doppler effect, the
speed dependences of the line-broadening and line-shifting
coefficients, and a partial correlation between velocity- and
state-changing collisions, the line profile is then derived. Note
that the speed dependences of the collisional parameters are
independently calculated by a semi-classical approach. Spec-
tra of 4 lines of pure H2O in the near-infrared, measured with
a tunable diode laser at room temperature and various pres-
sures, are used to test the proposed model. For each transition,
two adjustable parameters (one for the scaling of the speed de-
pendence of the line-broadening and another for the correla-
tion) are used. Their values are deduced from the comparison
of measurement and calculation at only one pressure for each
considered line. Comparisons between measured spectra and
calculations then show very good agreements for all lines and
pressures.

This paper is organized as follows: Section II presents the
general equations yielding the spectral shape together with
the KS model for the velocity changes and semi-classical
calculations for the speed-dependent collisional parameters.
Section III is devoted to the classical molecular dynamics
simulations. Comparisons between measurements and calcu-
lations using the proposed model are presented and discussed
in Sec. IV. Concluding remarks are given in Sec. V.

II. SPECTRAL SHAPE FROM THE KINETIC EQUATION

The normalized spectral profile I(ω) of an isolated line is
given by the Laplace transform of the auto-correlation func-
tion d̄(t) of the tensor (here the dipole) responsible for the
considered line,42 i.e.:

I (ω) = 1

π
Re

[∫ +∞

0
dtei(ω−ω0)td̄(t)

]
, (1)

where ω0 is the unperturbed angular frequency of the opti-
cal transition and d̄(t) = ∫

d(�v, t)d�v with �v being the radiator
velocity.

If we assume that velocity- and state-changing (dephas-
ing) collisions are statistically uncorrelated (i.e. occurring in
different collisions), the kinetic equation for d(�v, t) is27, 34–36

∂

∂t
d(�v, t) = −

[∫
F(�v′, �v)d�v′

]
d(�v, t)

+
∫

F(�v, �v′)d(�v′, t)d�v′

− [i�k.�v + � (v) +i� (v)]d (�v, t) . (2)

If, on the opposite, the internal state and translational velocity
changes are simultaneously produced during the same colli-
sions and thus are fully correlated, from Ref. 27 one can write

∂

∂t
d (�v, t) = −

[∫
F(�v′, �v)d�v′

]
d(�v, t)

+
∫

F(�v, �v′)d(�v′, t)d�v′ − i�k.�vd(�v, t)

− [�(v) + i�(v)]

∫
F(�v, �v′)d(�v′, t)d�v′∫

F(�v′, �v)d�v′ . (3)

Finally, if there is a partial correlation between velocity-
changing and dephasing collisions, the resulting equation is
a linear combination of Eqs. (2) and (3).27

The initial condition of d(�v, t) is

d(�v, 0) = fMB(�v) =
(

1

ṽ2π

)3/2

exp

{
−

(‖�v‖
ṽ

)2
}

, (4)

where fMB(�v) is the Maxwell-Boltzmann distribution of �v, ṽ
= √

2kBT/m is the most probable speed with m being the ra-
diator mass.

In Eqs. (2) and (3), the velocity changes kernel
F(�v′, �v)d�vd�v′ means the probability, per unit time, of a
velocity change from �v (within a small d�v volume) to �v′

(within a small d�v′ volume). The term (i�k.�v) represents the
dephasing due to the Doppler effect, �k being the wave vector.
Finally, �(v) and �(v) denote to the speed-dependent colli-
sional width and shift of the optical transition [�(v) = Pγ (v)
and �(v) = Pδ(v), P being the pressure].

A. The Keilson-Storer model for collision-induced
velocity changes

Within the KS model, the velocity changes kernel
F(�v′, �v) [Eqs. (2) and (3)] is given by32, 36

F(�v′, �v) = νVCfKS(�v′, �v)= νVC
1

(1 − α2)3/2
fMB

( �v′ − α�v√
1−α2

)
,

(5)
where νVC = ∫

F (�v′, �v)d�v′ is the frequency of velocity-
changing collisions, assumed independent of �v [note that∫

fKS(�v′, �v)d�v′ = 1]. α is a memory parameter (0 ≤ α

≤ 1),35, 36 characterizing the velocity changes. For α = 0,
fKS(�v′, �v) is the Boltzmann distribution of �v′, a case corre-
sponding to the hard-collisions limit27, 28 where the radiator
velocity is thermalized after each collision and its memory is
completely lost. If α is close to 1 (i.e., soft-collision limit,29),
the velocity is only slightly changed after each collision and
the outgoing velocity remains correlated to the incoming one
for a time much greater than the interval between successive
collisions. Using the KS kernel and assuming that phase and
velocity changes occur in different collisions (uncorrelated),
the time evolution of d (�v, t) becomes, from Eq. (2):

∂

∂t
d(�v, t) = −νVC

[
d(�v, t) −

∫
fKS(�v, �v′)d(�v′, t)d�v′

]

− [i�k.�v + �(v)+i�(v)]d(�v, t), (6)

while for a completely correlated situation, from Eq. (3) one
gets
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∂

∂t
d(�v, t) = −νVC

[
d(�v, t) −

∫
fKS(�v, �v′)d(�v′, t)d�v′

]

− i�k.�vd(�v, t) − [�(v) + i�(v)]

×
∫

fKS(�v, �v′)d(�v′, t)d�v′. (7)

In the intermediate situation of a partial correlation between
velocity and internal state changes, a linear combination of
Eqs. (6) and (7) must be used.27 Denoting as η the correlation
parameter, the kinetic equation becomes

∂

∂t
d (�v, t) = − [νVC − η {�(v) + i�(v)}] d(�v, t)

+ [νVC − η {�(v) + i�(v)}]

×
∫

fKS(�v, �v′)d(�v′, t)d�v′

− [i�k�v + �(v) + i�(v)]d(�v, t) (8)

with the obvious two limits: η = 0 for no correlation
[Eq. (6)] and η = 1 for the fully correlated model
[Eq. (7)]. Note that Eq. (8) is obtained by substituting a speed-
dependent VC frequency ν̃VC(v) to νVC into Eq. (6) with

ν̃VC(v) = νVC − η {�(v) + i�(v)} . (9)

Several limiting cases can be derived from Eqs. (5) and (8).
For η �= 0, α → 0 and α → 1 correspond to the partially cor-
related speed-dependent hard- and soft-collisions models,27, 43

respectively. These then become the speed-dependent hard-
and soft-collision models when η = 0. For νVC = 0, η = 0
the speed-dependent Voigt model is obtained and, if νVC = 0,
η = 0 and no speed dependence is assumed, the line-shape is
the usual Voigt model.

B. Speed dependences of the collisional parameters

The semi-classical Robert-Bonamy theory44 in its com-
plex form (CRB) was used to predict the speed dependences
of the collision parameters. Within this approach, the half-
width and line shift for a transition f ← i and a given relative
speed vrel can be written in terms of the optical cross sections
σ Re and σ Im:

γf←i(vrel) + iδf←i(vrel) = n2

2πc

∑
J2

〈J2| ρ2 |J2〉 vrel[σRe(J2, vrel)

+ iσIm(J2, vrel)], (10)

where all quantities are real. ρ2 and n2 are the density op-
erator (its matrix element giving the relative population) and
number density of perturbers. Note, here J2 labels the state of
the perturbing molecule, here defined by J Ka Kc. The optical
cross section is given by

σRe(J2, vrel) + iσIm(J2, vrel)

=
∫ ∞

0
2πb [1 − [cos {S1+Im (S2)}

−isin {S1+Im (S2)}] e−Re(S2)]db, (11)

where b is the impact parameter and S1 and S2 are the
first and second order terms in the successive expansion of
the Liouville scattering matrix S. S1 and S2 depend on the
ro-vibrational states involved and the associated collision-
induced jumps from these levels, on the intermolecular po-
tential and characteristics of the collision dynamics. Within
the semi-classical CRB formalism, the S2 terms can be writ-
ten as the product of reduced matrix elements (quantum me-
chanical component) for the perturber and the radiator (here
the same, H2O) and the resonances functions (classical com-
ponent). The exact forms of these terms can be found in
Refs. 45–47.

The intermolecular potential used in the calculations is
a sum of an electrostatic component (dipole and quadrupole
moments of H2O), an atom-atom component expanded to
20th order and rank = 4 for the radiator and perturber, and
an isotropic induction and a London dispersion potential.
Many of the molecular parameters for the H2O–H2O sys-
tem are well known and the present calculations use the best
available values from the literature.48–51 The atom-atom pa-
rameters were determined from the heteronuclear parame-
ters of Bouanich52 and the combination rules of Hirschfelder
et al.53 (see Ref. 54 for specific details and parameter
values).

The wavefunctions used to evaluate the reduced ma-
trix elements are obtained by diagonalizing the Watson
Hamiltonian55 in a symmetric top basis. The wavefunctions
for the ground vibrational state are determined using the con-
stants of Matsushima et al.56 and those for the 2v1 + v2 + v3

state use the ν3 constants from Flaud and Camy-Peyret57 to
give wavefunctions with proper symmetry.

Calculations of the broadening and shifting coefficients
vs the relative speed vrel were made for the four transitions in
the 2ν1 + ν2 + ν3 band of H2O listed in Table I. They were
carried out for 35 values of vrel from 217 m/s to 7967 m/s for
all levels of the perturber (H2O) up to J = 10. The broadening
and shifting vs the absolute speed were then obtained from a
Maxwell Boltzmann average over the perturber velocity �vp by
(see Appendix D of Ref. 34):

γ (v) + iδ(v) = 1

ṽp

2√
π

∫ ∞

0
dvrel[γ (vrel) + iδ(vrel)]

vrel

v
sinh

×
[

2vvrel

ṽp

]
exp

[
−v2+v2

rel

ṽp

]
. (12)

TABLE I. The correlation parameter η and the A factor applied to the input
(CRB calculated, see Sec. II B) speed-dependent line-broadening coefficient,
for the considered 2ν1 + ν2 + ν3 band transitions.

Position (cm−1) J′ Ka′ Kc′ J′′ Ka′′ Kc′′ E (cm−1) η A

11 988.4939 6 0 6 7 0 7 586.2436 0.211 1.087
12 236.5601 5 1 5 4 1 4 224.8384 0.258 1.086
12 249.3895 6 0 6 5 0 5 325.3479 0.247 1.042
12 280.6634 7 2 6 6 2 5 552.9114 0.270 1.034
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III. CLASSICAL MOLECULAR DYNAMICS
SIMULATIONS

As demonstrated in Refs. 34, 40, and 41, the KS parame-
ters νVC and α can be deduced from independent calculations
of the auto-correlation functions of the center of mass velocity
φ�v(t) and of the squared speed (i.e., the energy) φv2 (t). Indeed,
from Eq. (5), these are given by41

φ�v(t) =3

2
ṽ2exp {−t[νVC(1 − α)]} ,

φv2 (t) =9

4
ṽ4+6

4
ṽ4exp{−t[νVC(1 − α2)]}.

(13)

CMDS were thus performed, for 5 × 106 H2O molecules
at 296 K, using the pairwise site-site potential given in
Ref. 58. Detailed description of these simulations can be
found in Ref. 59. The molecules were in 250 cubic boxes
(each containing 20 000 molecules) with periodic boundary
conditions, treated in parallel on an IBM Blue Gene/P com-
puter. The size of each box is deduced through the perfect gas
law from the number of molecules, temperature, and density.
The center of mass position and velocity, the orientation, and
the angular momentum of each molecule were initialized ac-
cording to the Maxwell-Boltzmann statistics. Quaternion co-
ordinates were used to treat the rotation of the molecules.60

After several tests, a temporization time60, 61 of about 20 ps
and a time step of 1 fs were retained. During CMDS, the pa-
rameters (center of mass position, velocity, angular momen-
tum, and molecular orientation) describing the classical state
of each molecule are computed for each time step. The auto-
correlation functions of the center of mass velocity and of the
squared speed are then obtained from

φ�v(t) = 〈�v(t).�v(0)〉 = 1

N

∑
i=1,N

�vi(t).�vi(0),

φv2 (t) =〈v2(t).v2(0)〉= 1

N

∑
i=1,N

v2
i (t).v2

i (0),
(14)

where N is the number of molecules treated. Figure 1 shows
the obtained CMDS auto-correlation functions φ�v(t) and
φv2 (t) and the expected t → 0 and t → +∞ limits given by
Eq. (13). The time constants deduced from their adjustment
using exponential decay functions (leading to very good fits,
see Fig. 1) are, respectively, τ�v = 118.96 and τv2 = 101.25 ps
for T = 296 K and 1 atm. Note that this value of τ�v leads to a
diffusion coefficient [D = τ�v(kBT)/m] at 296 K and 1 atm of
D = 0.164 cm2 s−1, in excellent agreement with the measured
value of 0.17 cm2 s−1 at 300 K of Ref. 62.

Note that the fact that τ�v and τv2 have very close values
validates the use of a unique memory parameter α in the KS
kernel (thus the mono-parametric KS model) to describe the
changes of both the velocity modulus and orientation.34 The
situation here is thus similar to pure H2 system,41 but different
from the cases of H2/Ar and H2/N2,36, 38, 39 for example, where
τ�v is much smaller than τv2 and a bi-parametric model must be
used to distinctly describe the velocity orientation and mod-
ulus changes. From the values of τ�v, τv2 , and Eq. (13), one
obtains α = τ�v/τv2 − 1 = 0.17 and νVC = τv2/[τ�v(2τv2 − τ�v)]
= 1

98.15 ps−1 (or 0.054 cm−1) at 1 atm. Note that at pressures

FIG. 1. The normalized (to the theoretical initial values at t → 0 given by
Eq. (13)) auto-correlation functions of the center of mass velocity φ�v(t) (black
points, all calculated points have not been plotted) and squared speed φv2 (t)
(blue points), directly obtained from CMDS performed at 296 K and 0.02
amagat. The theoretical t → +∞ and t → 0 limits [Eq. (13)] are indicated
by the black dashed lines and the exponential fits by the red lines.

considered in this work, collisions are essentially binary and
νVC is thus proportional to the pressure.

CMDS were also used to get information on the de-
gree of correlation between velocity- and state-changing col-
lisions. This was achieved by considering

∑
i NM(vi, ωk, 0)

––the sum over all speeds of the number of molecules which
have the translational and angular speeds vi (within a small
interval �v) and ωk (within a small interval �ω) at the ini-
tial time t = 0. We then extract from CMDS three num-
bers:

∑
i NM(vi, ωk, t) with NM(vi, ωk, t)––the number of

molecules among NM(vi, ωk, 0) which have both transla-
tional and angular speeds unchanged at time t;

∑
i NM(vi, t)

with NM(vi, t)––the number of molecules among NM(vi, ωk,0)
which have v unchanged at time t regardless of their an-
gular speed; and

∑
i NM(ωk, t) with NM(ωk, t)––the num-

ber of molecules among NM(vi, ωk, 0) which have ω un-
changed at time t regardless of their translational velocity.
The time dependence of

∑
i NM(vi, ωk, t) reflects how col-

lisions change both the speed and angular momentum while
that of

∑
i NM(vi, t) [resp.

∑
i NM(ωk, t)] is associated with

speed [resp. angular momentum] changes only. Comparing
the first number to the product of the last two thus enables
a study of correlation since, for a completely uncorrelated
case, these should be equal. Figure 2 shows two examples
of the time evolutions of

∑
i NM(vi, ωk, t),

∑
i NM(vi, t),

and
∑

i NM(ωk, t). For the two cases, the time evolutions
of

∑
i NM(vi, t) and

∑
i NM(ωk, t) are different, indicating

that the translational speed and angular momentum changes
are not fully correlated. However,

∑
i NM(vi, ωk, t) (black

curves) is different from the product of
∑

i NM(vi, t) and∑
i NM(ωk, t) (grey curves), thus demonstrating a partial cor-

relation between the velocity-changing and dephasing colli-
sions.

Using Eq. (9), the value of the correlation parameter η

can be deduced as follows: The relaxation times τ v and τω of
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FIG. 2. Normalized population [divided by the total initial number of
molecules

∑
i NM(vi, ωk, 0)] directly obtained from CMDS: in black is∑

i NM(vi, ωk, t); in red is
∑

i NM(ωk, t), and in blue is
∑

i NM(vi, t) (see
text). The left and right panels display the result obtained for the rotational
energy Erot = 585.58 cm−1 and Erot = 277.69 cm−1, respectively. The grey
curves are the product of the red and blue ones [

∑
i NM(ωk, t).

∑
i NM(vi, t)].

∑
i NM(vi, t) and

∑
i NM(ωk, t) are directly related to νVC and

�, respectively. If there is no correlation between velocity-
changing and dephasing collisions, the relaxation time of∑

i NM(vi, t).
∑

i NM(ωk, t) [the grey curves] would be τNC

= (τ v.τω)/(τ v + τω). If there is a partial correlation, from
Eq. (9), the relaxation time of

∑
i NM(vi, ωk, t) [the

black curves] is τpC = (τ̃v.τω)/(τ̃v + τω) = (τv.τω)/[τω

+ (1 − η)τv]. The value of η is thus given by
η = τω+τv

τv
[1 − τNC

τpC
]. From this equation and the values

of τ v, τω, and τ pC determined from exponential fits of∑
i NM(vi, t),

∑
i NM(ωk, t), and

∑
i NM(vi, ωk, t), respec-

tively, one can thus determine the value of η. For the
two examples of Fig. 2, we obtain η = 0.22 and 0.25 for
Figs. 2(a) and 2(b), respectively.

IV. COMPUTATIONAL PROCEDURE AND
COMPARISON BETWEEN MODEL AND EXPERIMENT

Measured spectra of 4 2ν1+ ν2+ ν3 band lines of pure
H2O in the near-infrared were used to test the developed
model. These measurements25 were performed at room tem-
perature and for various pressures using a tunable diode-laser
system.

A. Computational procedure

A purely numerical method, described in Ref. 34, was
used to calculate the line profile I(ω) using Eqs. (1), (4), (5)
and (8). The speed and orientation (relative to the light propa-
gation wave vector direction) of the velocity �v are discretized
onto separate grids and one then solves a set of differential
equations providing the time evolutions of the various projec-
tions of d(�v, t) onto the speed and orientation grids. After sev-
eral convergence tests, 40 discrete values for both the speed
and orientation were retained, thus leading to 1600 couples.
Recall that the values of νVC and α were determined from

CMDS (cf. Sec. III) and then have fixed values in all calcula-
tions. The speed dependences of the line-broadening and line-
shifting coefficients were predicted using the semi-classical
CRB method (cf. Sec. II B). As shown in Sec. III, a partial
correlation between velocity- and state-changing collisions is
needed to correctly describe the time evolution of the system,
and thus the line-shape. For the four lines considered here (see
Table I) their initial level rotational energy varies from 220
to 590 cm−1 and the corresponding values of η determined
from CMDS varies from 0.30 to 0.22. However, these values
are approximate since the limited number of molecule treated
in the CMDS does not ensure fully converged statistics (e.g.,
the remaining “noise” on the curves in Fig. 2). Furthermore,
an accurate determination of η for each line would require
a correct requantization of the classical rotational energy,63 a
complicated problem for an asymmetric-top molecule. Hence,
in the following, the value of η was re-determined from fits
of measured spectra. Finally, as done in Ref. 20, an ampli-
tude scaling factor (A) was applied to the input (cf. Sec. II B)
speed-dependent line-broadening coefficient γ (v) in order to
fit the measured profile, while no scaling factor was used for
the speed-dependent line-shifting δ(v). The speed-dependent
collisional width [Eq. (8)] thus becomes �(v) = P[Aγ (v)].
This factors A and η were determined for each line, from the
best agreement between the measured spectrum at the high-
est pressure and the corresponding simulated spectrum, lead-
ing to the values given in Table I. It is worth noting that the
values of η retrieved from the measured line-shapes, as ex-
plained just above, range from 0.211 to 0.270 and are thus
in good agreement with the completely independent CMDS
predictions.

B. Comparisons between measured
and calculated spectra

The values of η and A being known and then fixed, com-
parisons between experiments and calculations can now be
made for different pressures. The model will be denoted pCS-
DKS (for partial correlated speed-dependent Keilson-Storer)
from now on. Because of the complexity of the line profile
calculations, direct fits of measured spectra by the model are
extremely difficult to implement and were not performed. The
experiment/model comparisons were thus made by consid-
ering the results of the fits of both measured and calculated
spectra by Voigt profiles, as done in Ref. 20, allowing an indi-
rect but meaningful test of the model. Examples of the results,
presented in Fig. 3, show excellent agreement for both the am-
plitude and the shape of the residuals. Note that the (slight)
asymmetry of the measured profile is correctly reproduced by
the model, regardless of the considered pressure. This asym-
metry, larger for heavier collision partner,6 is the signature of
the speed dependence of the line shift.

In order to give an overall view of non-Voigt effects by
showing how well the model takes them into account for all
considered lines, the amplitude of the W signature in the
residuals (e.g., Fig. 3) normalized by the absorption peak,
and the line-broadening coefficient �/PH2O are considered (as
done in Ref. 20) and plotted in Figs. 4 and 5. The error bars
on the experimentally determined values of W and � were
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FIG. 3. Comparisons between residuals obtained from fits by Voigt profiles of measured spectra (black) and of those calculated for the same pressure conditions
using the present pCSDKS model (red). The results are for the 6 0 6 ← 7 0 7 (left) and 5 1 5 ← 4 1 4 (right) lines of pure H2O, at room temperature and various
pressures (indicated on the plots).

derived from the scatter of results obtained from different
spectra (from 2 to 4) measured at the same pressure. Good
agreements between measured and calculated values are ob-
tained for both W and �.

In order to show the evolutions of �/P and W from the
Doppler to the collisional regimes, simulations with the pCS-
DKS model have been performed for a large range of pres-
sure and fitted with a Voigt profile. The values obtained of W
and �/P versus �/�D with �D being the Doppler broadening

FIG. 4. Peak absorption normalized amplitude of the W signature in the
residuals obtained from fits of measured (full symbols) and pCSDKS-
calculated (open symbols) spectra with Voigt profiles.

are exemplified in Fig. 6. As observed in Fig. 6 and previ-
ously for H2O/N2,20 �/P increases with �/�D at low values of
�/�D and then becomes constant at high values of �/�D, in
the collisional regime. For W, its magnitude increases with
�/�D when �/�D → ≈1 and then decreases and becomes
constant at high values of �/�D. This is also consistent with
what was observed for H2O/N2 (Fig. 6 and Ref. 20). The �/�D

range of measured spectra considered in this work being lim-
ited (cf. Fig. 6) due to the broad Doppler width and low sat-
uration pressure, comparisons of the model with pure H2O

FIG. 5. The Lorentz widths obtained from fits of measured (full symbols)
and pCSDKS-calculated (open symbols) spectra with Voigt profiles.
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FIG. 6. Values of �/P and W obtained from pCSDKS calculated spectra
for the 5 1 5 ← 4 1 4 line vs the ratio �/�D. In green is the �/�D range of
the pure H2O spectra considered in this work, in blue and red are the �/�D
ranges of the ν3 11 1 11 ← 10 1 10 and 4 0 4 ← 3 0 3 lines of H2O/N2
studied in Ref. 20.

spectra measured at longer wavelengths, thus leading to a
broader range of �/�D, will be performed in the future.

V. CONCLUSIONS

A new theoretical approach has been developed to calcu-
late the line-shape of pure H2O. Different effects contributing
to the observed deviations from the usual Voigt profile have
been taken into account. The speed dependences of the colli-
sional parameters are predicted by a semi-classical method.
The influence of the collision-induced velocity changes is
modeled by using the Keilson-Storer collision kernel. The
parameters of this model are determined from (completely
independent) classical molecular dynamics simulations. A
partial correlation between velocity-changing and dephasing
collisions, predicted by classical molecular dynamic simula-
tions, is also taken into account. The final line-shape model,
named pCSDKS, has been successfully tested by comparisons
with diode laser measurements for 4 lines of H2O in the near-
infrared.

The proposed model is physically based and takes into
account different mechanisms contributing to the line-shape.
However, its complexity and the large computer cost of its
use make it difficult (if not unrealistic) to use in practical
applications (for atmospheric spectra calculations, for exam-
ple). While these applications require very accurate spectro-
scopic data and line-shape description, a simple-to-use ap-
proach, compatible with line-by-line parameters databases
and intensive spectra calculations, is still to be found. As
mentioned in the Introduction, several simplified models have
been proposed, but often not consistent and poorly physi-
cally based. The present model can thus be used to analyze
and test these currently used line-shape approaches for fu-
ture attempts to identify the most adapted one (i.e., that offer-
ing the best and acceptable simplicity/precision compromise).
This subject is under study and will be presented in a future
work.
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