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Speed-dependent line-shape models analysis from molecular dynamics simulations:
The collision regime
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A spectral line-shape model accounting for the speed dependence of the relaxation parameters has been
proposed for the collision regin®. Robertet al, Phys. Rev. A47, R771(1993]. In this model, the speed
class exchanges are governed by a memory parameter playing a crucial role. It has been exhaustively used to
accurately describe the observed inhomogeneous featureswitiidtion line profiles in various mixtures with
respect to concentration and temperature. Molecular dynamics calculations of the characteristic memory pa-
rameter are performed in order to test this model from first principles. The resulting data are in remarkable
agreement with those deduced from experiments through the model.
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[. INTRODUCTION memory has recently been perfornféd@]. To gain an under-
standing of these memory mechanisms, free of memory
Over the last decade, high-resolution infrared, Ramanfunction models, molecular dynamics simulatiodDS)
and millimeter wave coherent transient studies in gases haveve been carried out. It is well known that, in general, speed
revealed the need to include the speed dependence of th@d velocity orientation memory processes must be de-
collisional relaxation processes in spectral line-shape modekcribed by specific mechanisms and that, for each of them,
[1-4]. This is particularly required for applications in atmo- the hard and soft limit§12,13 are nota priori relevant. Of
spheric physics and optical diagnostics in combustion. course, for practical applications, the need for phenomeno-
For most molecules at atmospheric or higher pressure, thegical analytical models requires the use of pertinent ap-
line mixing due to the overlap of spectral components insidgroximations based on such well established and very useful
a band must also be accounted for. Recently, ¥&lypro-  limits [17,18. But accurate modeling of the spectral line
posed a treatment of Dicke narrowing and other speedshapes also requires a further understanding of the spectral
dependent contributions to spectral profiles in terms of theonsequences of the velociyd speed memory mechanisms
transport relaxation equation. With co-workers, he has alsin the Dicke regime. The case of,Highly diluted in mix-
shown[6] that Dicke narrowind7] of a single line may be tures with heavy atoms or molecules is particularly illustra-
treated in exactly the same way as line mixing and has inditive of this last point. Indeed, it is known that the tElocity
cated the numerical technique to use. An important step tomemory is lost after each collision for such pairs, so that the
ward having appropriate tools to calculate the spectra witthard collisional model is relevant. In contrast, it has been
speed-dependent broadening, shifting, and line mixing hashown from comparison between experiments and phenom-
been made. Nevertheless, an accurate description of the speological model§3,19] that the same approximation for the
tral line shapes basically requires a consistent speedrelocity modulus is irrelevant, since the speed memory pro-
dependent model for isolated lines. The most recent applicaess is close to the soft limjtL4]. The use of the hard ap-
tions [8—11] use simple speed-dependent extensions of thproximation for the speed would lead, in the collision re-
very well known hard and soft line profilg42,13 intro-  gime, to an underestimation of about 100% of the observed
duced a long time ago to account for the Dicke narrowingH, linewidth at atmospheric or higher pressure is K mix-
[7]. Apart from the fact that these two limit cases are aot tures(X=N, or Ar) [20,21] since the speed inhomogeneous
priori convenient for most molecular systems, more cru-effect disappears in the hard limit due to the efficiency of the
cially, they are unable to describe welbth the velocity ori-  speed changing collisior47,18.
entation(for the confinement narrowingnd the speeédve- For the sake of clarity, this paper is devoted to the colli-
locity modulug memory effectgfor the speed dependence of sion regime, where only the speed memory mechanism is
the collisional relaxation procesgeso, besides the neces- implied through the speed dependence of the relaxation pa-
sity of useful empirical models, it appears that further studiesameters and the collisional speed class exchange mecha-
of the impact of the velocity memorgboth orientationand  nism. A phenomenological spectral line-shape model,
modulug mechanisms on the spectral line-shape models areamely, the RTBT modekf. Ref.[19]), has been previously
needed, for various molecular systems and in a wide range gfroposed for this regime.
pressures and temperatures. The aim of the present paper is to further test this model
Toward this goal, we have first studig¢d4] the speed by direct confrontation between the memory parameter ex-
memory mechanism from the numerical resolution of thetracted from experimental data for,Hh various mixtures
kinetic impact equation by using a realistic model for thewith respect to concentration and temperature through the
speed memory functiohl5]. An extension to the velocity RTBT model, with MDS-calculated values. In Sec. I, the
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main characteristics of the RTBT model and of the MDS TABLE I. Atom-atom Lennard-Jones parametg2§,32 for the
method are presented. Th(8ec. ll), the MDS results for well depthe and molecular diametes. The quadrupole is 0.484
the velocity and speed memory processes g¢fitHvarious ~ a.u. for b, molecule and-0.966 a.u. for N[33].

H,-X mixtures X=He, Ne, Ar, N)) with respect to concen-
tration and temperature, as well as the resulting datafor H-H HHe HNe HN HA NN
are given and compared with those obtairjed from experi, (K) 11.25 1061 1985 33.64 3675 36.35
ments through the RTBT model. Concluding remarks are A) 2.69 264 272 3.19 3.04 3.35
given in Sec. IV.

Il. RTBT MODEL AND MDS FEATURES thermore, sinced.(T)=d6\T+ &, for these mixtures, five
parameters are experimentally determined at each tempera-
ture, two from direct measurements of the line profile

The analytic expression for the RTBT line profile may bethrough its gravity centefd and 8), three from a fit of

A. RTBT line profile

defined ag19] Yord C) (X, ¥, and y,). The accuracy of these last three
() parameters, and thus that ®fT) and y.(T), is conse-
quently well correlated. Through the exhaustive previous
(F @)Y studies of binary BX mixtures [3,20,21,23,26—28 the
=g 1 Re{ — — (v__ —1(» four parameters®, 8y, 7o), plusx(T), have been deter-
1= {[XVkin=X¥con(v) —ixSeon(v) J[F(v)] >(1) mined for several kX molecular pairs, in particular fox

=He, Ne, Ar, and N.

In Egs.(1) and(2), Xvkin » XYeoli» XScolts (1=X) ¥eon, and
(1—X) S0 are linearly dependent on perturber concentra-
E(0)=Xvee+(1—X FilD+(1=X)8 _ tion. This allows one to straightforwardly describe the RTBT

(©)=xvint (17X) Year(0) L@ +(17%) dcar(v)] (20  model for the case of twcor three, cf. Ref[26)) collisional
partners(within the impact approximation If c,,, and cx

In Egs.(1) and(2), (- --) means a Boltzmann average over themean the concentration of the two species in binary mix-
v radiator speedw is the detuning angular frequency tures, the expression for any of them(fer xvy;,, for in-
counted from thew, resonant angular frequency of the ra- stance

diator (@=w— wq), vkin IS the totalv-independent colli- H X

sional frequency,y.o(v) and 84 (v) are thev-dependent XVin= [ Ch,XH,Vyin T CxXxPkin] P, (©)]
line broadening half width at half maximugWHM) and ) o -

line shift, respectively, and theparameter is the fraction of Wherep is the total densityin amagak and7y;, is the total
collisions which induces speed class exchanges. This pararfollisional frequency per density unit for ;HX (in
eter, defined as the ratio of the velocity and speed time cocm *amagat*).

where

relations[x=r;/7,= v, /v;, wherev; (=vy;,) andv, are, Let us mention that in the beginning of this exhaustive
respectively, the velocity and speed changing collision freexperimental study of H#X by Berger and co-workers
quency, is called “memory parameter(cf. Ref.[14]). [3,23], with the temperature being restricted to less than

The RTBT model is characterized by four temperature-1000 K, the need for speed dependencefgy within the
dependent parameters . (T), S.oi(T) [or, equivalently ~RTBT model[19] [cf. Egs.(1) and(2)] was not required in
Yeol(v), 8con(v) through pertinent Boltzmann averages; cf. order to get an accurate description of the observed line
Refs.[1,22,23], X(T), and vx,(T). This last parameter is shapes. Further studies at 1200[R8] have revealed the
set[3,23] equal to the value calculated from the kinetic heed to also introduce, beSi(Tng{S Bgi(v) law, the yeoi(v)
theory (KT) [24,29 [i.e., vT°1(T)=v5"(T)]. The colli- ON€. As & consequence, kg, (T) values have been sig-
sional shifts..(T) is directly deduced from the experimen- Nificantly modified with respect to those of Ref8,23], due
tal line shapes through the determination of the gravity cent© the above—menuoned~correlat|on between these values and
ter of the asymmetric linE23]. The collisional broadening is those ofycqi(T) (throughy and y; cf. supra. In the further
obtained from the observed broadening,, through the —@analysis performed by Chaussaetal. [20,21, the experi-
study of its dependence on the concentratiorCdfyo,{ C) mgntal profiles have been first reanalyzed at high density by
= yeol(C) + Yir(C), Wherey,, denotes the inhomogeneous YSiNg dcar(v) and Y(F:%QI'"ES'IL')) laws (cf. step 1 in Table 1 of
broadening resulting from the speed dependence of the r&efs.[20,29. The x¢,, (T) values used for a comparison
laxation parametels The inhomogeneous broadening, ywth MDS data in the following section are thus these revis-
exhibits a nonlinear dependence on concentration, in contradgd values.
with y.oi(C), which is linear, as is well known. Th&
memory parameter is determined from the fit gf,{C).

Notice that for all the H-X mixtures considered here, The molecular dynamics calculations of the autocorrela-
veon(T) is linear with respect to the temperatUrg.q;(T) tion velocity functiong;(t) and of the centered speed auto-
=%T+ y,]. So that, in practice, three parameters are fittectorrelation functionp, ,,,(t) (where(v) is the mean spegd
from yopd C) (i.e., X, ¥, and y,) at each temperature. Fur- were carried out by standard methods in a cubic simulation

B. Details of the simulation
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1.0 ' ‘ v v TABLE II. Comparison between velocity-changing frequency
Velocity w3 (y;=1-t27c, wherec is the speed of lightdeduced from
the present molecular dynamical stu@yDS) from an exponential

fit (cf. Fig. ) and»' calculated from the kinetic theof4,25 by
using data of Table Il at 300 K. The speed-changing collision fre-
quencyvMPS (v, =7, }/27rc) obtained from MDS is also reported.
The fractionx=v, /v; of speed changing collision among the ve-
locity onesx™PS for MDS and experiments, through the RTBT
model, x5, are given. Frequencies are expressed in
10 3 cm tamagat®. The memory parameteris dimensionless.

autocorrelation function

H»-H, Hx>He H,-Ne H-N, Hy-Ar

pMDS 483 410 565 821 972

800 1000 T 50.7 457 620 948  93.1

v

pMPS 49.2 27.0 10.2 12.2 9.8

v

Speed ' xMDS 10 066 018 015 0.10

08 | Xot [3,20,21,26 1.0 068 014 014 0.10

81 used for the orientational equatiof80] with a time step of 5

fs. Every run involved an equilibration period of 40000
04 1 ] steps, followed by a production run of 300000 steps corre-
sponding to a duration of 1.5 ns of simulation.

The initial linear and angular velocitiés the case of H
and N for all moving molecules are taken from a Boltz-
mann distribution corresponding to the desired simulation
00 | e It ez temperature. This temperature is held constant during the

0 200 400 600 800 1000 1200 1400 production runs by scaling the velocities every 15 steps.
(o) Tests showed that the_ results obtained with this rescaling
procedure were not significantly different from runs done

FIG. 1. H, velocity normalized autocorrelation functiap;(t) ~ Within the microcanonical ensemb|81]. The cutoff in the
=(7(0)7(t))/{5%(0)) (a) and centered speed normalized autocor-calculations of the kH,,H,-perturber and perturber—
relation  function @, (,y(t)=([v(0)—(v)][v(t)—(v)])/{[v(0) perturber interactions is handled through three different
—(v)1%) (b) obtained from MDS at 300 K and 5 amaghtit given  neighbor listg32], with the same radial cutoff.
here for clarity at 1 amagpats time(in picoseconds O, Hy-He; L, The dispersion-repulsion interactions are described by an
Ha-Ne; A, HyNy andV, Hy-Ar. Solid line: exponential fit. atom-atom Lennard-Jones potential in all cases. The electro-

static quadrupole-quadrupole interaction, acting on the center
box. Periodic boundary conditions were used in thgz of mass, is additionally used in the case gfH, and H-N..
plane. The side of this box was 287.64 A. A total number ofTable | gives the parameters for these interactions. It has
N=2916 particles (K molecules- X perturbers) was con- been checked that the rotational motion, treated classically
sidered in all simulations. This quite large number of par-and not quantally as rigorously required for,Hloes not
ticles together with the size of the simulation box ensuresignificantly changer; and =, (within a few percent
good statistics at a density of 5 amagat, even when a weak
concentration of Hlis implied. IIl. MDS RESULTS AND COMPARISON WITH

At the start of each simulation rur\ perturbers are EXPERIMENT
placed at c.f.c. lattice sites in the box. Then, depending on
the desired concentration GIH2=NH2/N in hydrogen,NH2

hydrogen molecules with random orientations are scattered Figure 1 gives the time dependence of the normalized
in the box, replacindNy, perturbers. The hydrogen and ni- velocity and centered speed autocorrelation func{i®@F)

trogen molecules are treated as classical rigid rotors, and fives(t) @nd ¢, () at concentratiorCy,=0.05 for H, in
external coordinates are used to describe the translation &f,-X mixtures (>< He, Ne, N,Ar) at 300 K. Apart from the
the center of mass and its orientation with respect to an akexpected ACF exponential decrease from gas kinetic theory
solute frame tied to the bottom of the simulation box. The[24,25 and also from the expected decrease of the velocity
translational equations of motion are solved using the Verlegorrelation timer; from He to Ar, the main feature is the
algorithm, and a predictor-corrector method based on thétrong increase of from He to N,, Ne and Ar. The MDS
quaternion representation of the molecular orientations iselocity VMDS and speedzv'\’IDS frequency in the high dilution

autocorrelation function

0.2

A. General features of MDS results
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100

TABLE llI. Isotropic Lennard-Jones potential parameters for
different colliding partners deduced from a fit to the atom-atom
potential model(cf. Table ).

velocity

80 -

% HyH, HyHe  HrNe  HyN,  HyAr
2 60

_% e (K) 335 18.1 34.0 57.5 64.8
5 w0l o A) 2.93 2.77 2.84 3.32 3.16
=

“ nient. A recent study of HHe-Ar and H-He-N, ternary

mixtures[26] has allowed one to determine accurately this

00 o2 04 o6 08 10 Xne Value, which is equal to 0.68 at 300 K. This value is to be
Ar ol fraction compared with the MDS valugio>=0.66, cf. Table .

speed

FIG. 2. H-Ar velocity changing collisions frequency; and
speed changing collisions frequengy vs Ar mole fraction at 300
K and 5 amagat. Comparison between the present MDS reé®ults
v; andMl: v;) and the RTBT mode{—). In order to test further the RTBT model froab initio

data, a MDS study of; and v, collision frequency with
limit have been gathered in Table Il, as well as the resultingespect to concentration has been performed for théH
x=v;/v; memory parameter. Thesé'®S values are fully mixture. The resulting MDS datdFig. 2) exhibits the
consistent with those deduced from stimulated Raman scaexpected linearity ofy; and v, vs Car=1-Cy,. Their
tering (SRS experiments[3,20,21,26-2B at high density comparison with the values calculated from the kinetic

(i.e., in the collision regime through thﬁDgrBT model. theory [24,25, using the binary collisional linear law with
Table Il also shows that for pure,Hxyy, “=1. Notice that  regpect  to concentration[ng(CAr)=(1—CA,)(v§T)H2

for all the previous B-X mixture studies, thisci®'=1 +Ca(¥5") o], shows a high consistency with the RTBT val-
value has been used in E(). This was suggested by the ues. Similarly, we have reported in Fig. 2 the experimental
absence of an asymmetry for the observed isotopic Ramaplues for v,(C,,) [calculated from v, (Cpa)=(1—Chy)
Q(J) lines[23] in pure H,. For this purpose, let us mention x,, (v;)y +CaXar(¥;)a] by Using forx,, the experimental
that the presence of speed-inhomogeneous effects,iX H data deduced from the RTBT modgf. Refs.[20,29 and

spectral line shapes manifests itself as an asymmetric profiley nments in Sec. 1 A The agreement between MDS and
and as a nonlinearity of the observed line broadening Witth1BT data exhibits the same consistency asifer

respect to concentratidil, 3]. A second interesting check is A additional proof is obtained through the analysis of the
thﬁ H-He qahse. In.dei_d, for ':,h's mixture and contrary '?9 thezoncentration dependence of the memory parameter for the
i i s s s .o AT S 18 X(Cr) =1 ColvsCo Fire 3

2 e shows that this dependence is nonlinear and that the consis-
a range of values fox lying between 0.5 and 1 was conve- tency with the RTBT data remains remarkable.

In order to complete this comparison between experimen-
tal data for the<c memory parameter obtained from the RTBT
model and the present MDS results, we have performed mo-
05 | | lecular dynamics simulation for #Ar with respect to tem-
perature aCH2=0.05. The agreement between MbSval-

ues and those calculated from the kinetic the@fy Table
Il is excellent(Table 1V), allowing one to be confident of

B. Concentration and temperature dependence of the memory
parameter

1.0

0.6 -

04 4 ] TABLE IV. Comparison between results obtained in a mixture
of 5% H, in 95% Ar from the present MDS study and the experi-
mental data obtained from the RTBT model for the velocity chang-

[
021 ing collision frequencyv; and the speed changing omg vs tem-
perature. The frequencies are expressed iff téh~*amagat™.
0.0 T T T T
00 02 04 06 08 1.0 T (K) VE'ADS V?TBTE VU'ST pMDS pRIBT
Armole fraction 300 94.5 91.0 11.8 123
FIG. 3. H-Ar fraction of speed changing collisions among the 600 93.2 111.5 11.0 10.9
velocity ones x=v, /v;) vs Ar mole fraction at 300 K. Compari- 900 102.6 125.6 11.5 10.7
son between results obtained from the present MDS re@jtsind 1200 124.8 136.6 11.6 10.6

the RTBT model—).
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1.0 ‘ ‘ ‘ ' ‘ RTBT model[19]. This model accounts for the statistical
dependence of the radiator velocity and phase changes, since
they can arise in the same collision. But the values of these
changes are considered to be in no way intercorrelgtap

The role of such a correlation between collision-induced
. | changes in the internal quantum states and the radiator ve-
locity has been carefully analyzed by Berm&@b—37 and

by Nienhuis[38]. It may become important when the inter-
0.4 1 1 molecular potential energy; andV; strongly differs in the

two quantum state) and|f) involved in the optical transi-
tion. This means that a large difference in these two poten-

0.8

0.27 I tials may lead to significantly different classical trajectories.

e . ~— This quantum effect implies that collisions must be rigor-
00 ously considered as state selecting, resulting in a decrease of
" o00 400 600 800 1000 1200 Dicke narrowing and an increase of collisional broadening.

Such state-selecting collisions have not been accounted for
either in the RTBT model or in thepurely classical MDS

FIG. 4. H-Ar fraction of speed-changing collisions among the calculations. The obtained agreement with experimental pro-
velocity ones X= v, /v;) vs temperature for a mixture of 5%kh  files for the Q(J) lines’ profiles of the H-X mixtures con-
95% Ar. Comparison between results obtained from the presergidered (X=He, Ne, Ar, and B in the collision regime
MDS study (®) and the RTBT model—). For comparison, the seems to indicate that thé;, and V; potentials are suffi-
results obtained for HHe mixture are also reporté®: MDS and  cjently close that the resulting collision-induced phase per-
¢: RTBT). N.B.: The MDS data for itHe at high temperature tyrbation 75 IS much weaker than unity.
haye not been. reported.because of the lightness of He which re- gjnce the rovibrational relaxation process is highly domi-
quires exhaustive CPU time. nated by the vibrational dephasing for the aboveXsys-

tems[39], the inelastic rotational contributions will be disre-

theMDS data at high temperature foy (T,CH220.05). The garded in the following discussion. The vibrational phase

resulting data for the&(T) memory parameter with respect to Shift 7¢(b,v;) has been previously calculated for these
temperature are reported in Fig. 4 and compared with thél2-X systems versus the impact parameteand the rela-
RTBT data. tive velocity v, (cf. Fig. 3 of Ref.[40]). The results clearly
justify the use of the approximation of weak phase perturba-
IV. CONCLUSION AND DISCUSSION tion (#ns<<1) for temperatures above room temperature and,
concomitantly, the neglect of the correlation between internal
The present MDS results show that the RTBT mddél,  rovibrational quantum changes and the radiator velocity. Par-
not only accurately describes the experimental SRS profilegcular attention must be paid to the extension of such an
in the collision regime, as previously establisH&23,26—  approximation to other systems by checking its validity.
28], but that the characteristic speed memory paramé&tEy Finally, let us mention that the present comparison has
has a well defined physical meaning. This parameter, whicheen restricted to the collision regime. For many applica-
governs the collisional speed class exchanges in this modealons, the Dicke regime is also of interest. An extension of
is the ratio of the velocity and the speed correlation timesthe RTBT mode[19], accounting thus not only for the speed
Indeed, high consistency is obtained between these MDS refependence of the relaxational parameter and of the speed
sults and the RTBT data. This consistency concerns the delass exchanges, but also for the collisional confinement nar-
pendence of the memory parameter on the nature of the pefewing, has been recently proposgt7]. This model has
turber, as well as its dependence on the concentration argliowed one to accurately describe Mbrational line pro-
temperature for all the considered,#X mixtures X files in various mixtures for a wide range of pressure and
=He, Ne, Ar,N). Furthermore, since the accuracy of the ex-temperaturé 20,21, in spite of the fact that it does not dis-
perimentally determined(T) law is highly correlated to criminate between velocity-orientation and velocity-modulus
that of thex(T) parametel(cf. Sec. Il A), the present MDS memory processes, as rigorously requiréd]. A future pa-
study is also a check for the accuracy of thig,(T) law  per will be devoted to an analysis of this more general spec-
deduced from SRS profiles through the RTBT modeltral line-shape moddll7] from MDS data and to the devel-
[Yeal(T)=FT+ yo]. opment of a refined approach where the velocity-modulus
Such a consistency between theory and experiment reand the velocity-orientation memory mechanisms are specifi-
quires an examination of the basic assumption underlying theally accounted for.

TK
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