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Abstract

We theoretically demonstrate that some doubletbllef broadened by Ar and heavier
atoms may be suitable for the first experimentahalestration of a so-far unstudied problem:
The spectral effects of the speed dependence @ilining. By using realistic assumptions
and spectroscopic data from previous studies, we dhat neglecting this process leads to
errors on the spectral shape of up to 2% of th& péaorption value. When multispectrum
fits are made assuming speed-independent line iomspl the peak-to-dip residuals
amplitudes reduce to about 0.5% and 1% fogdHand -Xe, respectively. The magnitude of
the effect is thus comparable to that of the spaeplendence of the line broadening on
isolated shapes, which has been demonstrated iy engrerimental studies. It should hence
be detectable with high accuracy modern laboragpsctroscopic techniques. With this aim,
guidelines and conditions paving the path for fetexperiments are given.

Keywords. speed-dependent line mixing, NH3 doublets, hartiscmh model

1. Introduction

It is now well established that the speed deperee(SD) of the pressure-broadening and
-shifting coefficients must be taken into accoumt &ccurate predictions of the absorption
shape of isolated lines of molecular gases [1,Bjarks to the unprecedented scrutiny of
modern experimental techniques, many recent stuthes evidenced them through fits of
measured spectra using various phenomenologicatisioas reviewed in Sec. 4.1 of [2]. Ab
initio theoretical approaches have also been pexpés.g. [3-6]) which enable predictions of
non-Voigt effects (including the influences of bdhie speed dependences and the collision-
induced velocity changes) on the profiles of calhslly-isolated lines with a typical
accuracy of a few 0.1% (e.g. [4,7-10]). Concerrimg line-mixing (LM) process, its effects
on spectra have been experimentally and theorigtistldied for decades [1,2]. As it is now
well known, they appear, in particular, in clustefs(closely spaced) overlapping pressure-
broadened transitions (doublets, manifolds, Q bragt Despite the availability of several
theoretical models [1,2], no prediction of the SDLM and of its spectral consequences has
been made so far. From the experimental point@ivyihe situation is the same: All studies
in which LM parameters have been deduced from nmedsspectra have disregarded their
speed dependence, even though the SD of the pedssaadening and shifting coefficients
were included in the fitting model (e.g. [2,11-B4{d those cited therein).

The main reasons why the SD of LM has not beedeemed experimentally yet are
twofold. The first one is that its influence on spa is likely small, since it is reasonable to
expect it to be comparable to that of the SD ofdbiéisional broadening (typically 1%). The
second reason is that there are few absorptioare=atvell suited for such a study and finding
proper ones is not easy. Indeed, in regions inaglvnany collisionally-coupled lines,
retrieving speed-dependent LM parameters togetitérthe numerous others (line positions



and integrated intensities, pressure-broadening astdfting coefficients with their
dependences on speed, Dicke narrowing velocity gihgnrate) required to describe the
overall absorption is extremely difficult, if nobpeless, due to the large number of floated
parameters and the subsequent correlation betwieen t

In the following, we theoretically show that somel; doublets may be suitable for the
experimental demonstration of the influence of $peed dependence of LM. The choice of
the gas mixture and spectral structure is explainedlec. 2. Then the spectral shape model
and data used for the spectra simulations are ibesicin Sec. 3, the spectra simulations and
their fitting procedure being detailed in Sec. 4eTresults obtained in the test case of the
PP(6,6) doublet of NK are presented and discussed in Sec. 5 where tisitisigy of the
results to various parameters is studied. The calsether doublets are discussed in Sec. 6
where some advices for experiments are also giveiore providing conclusive remarks in
Sec. 7.

2. Choosing the gas mixture and spectral structure

Our search for spectral structures suitable ferekperimental demonstration of the speed
dependence of LM was constrained by the followinggda.
() The retained transitions should show strong é&ffécts at properly chosen pressures. This
implies that the involved relaxation matrix elengentat pressure P:

W, ¢|= (W, &)) = P(W; )] . where <...> denotes an average over the speethe

absorbing molecule whil¢ and ¢' designate the collisionally-coupled lines, shoblel
significant when compared to the speed-averagedsspre-broadened half width

I, =(I,(v)) =P(y,(v)). This is an obvious prerequisite for the influeoé¢he SD of LM to

be as detectable as possible, since the stronfestseare expected when the influence of LM
is the largest. Note that, as discussed laterr aftieria condition the choice of the collision
partner through the absorber-perturber interagimential and mass ratio.

(i) The number of significantly coupled lines slhibe as small as possible, ideally no more
than two. This ensures that the number of floagdmmeters in the fits of measured spectra is
small enough to limit the potential ambiguity andsbof the results induced by correlations
between the unknowns.

(i) The distancesAo, ,=lo, -0, | between the collisionally-coupled lines should be

sufficiently large to have, faome (but not all) total pressurdy a pressure broadened width
T, =P(y,(v)) much larger than the Doppler widti ) , i.e. P>>Tp/(y,(v)) , while

keeping a weak overlapping, i.B, <<Ag, , and thusP << Ao, ,/(y,(v)). This enables to

limit the potential effects of the above mentiomedrelations by ensuring that the parameters
describing the isolated line-shapes (unperturbesditipas, integrated intensities, speed-
dependent widths and shifts, Dicke narrowing) cardnstrained under weak LM conditions.

(iv) In addition, the values of\g, , should also be sufficiently small to enable a rggro

overlapping, i.e.P(y,(v))>>Ad, ,, and thus large LM effects, fosome (but not all)

pressures that can be investigated with curremrébry set ups. This criterion complements

(iif) without contradicting it since the adaptedepsure ranges mentioned are different for the
two criteria.

(v) The contribution of "perturbing” lines, eithareak ones lying very close to those of

interest or strong ones on the sides on the tatggtectral interval, should be as small as
possible. This ensures that uncertainties in thdeireg of these “undesirable” absorptions,



which do not carry accessible information on the &DLM, do not pollute and bias the
results too much.

An extensive bibliography search based on the @bmiteria shows that, among the
spectral structures for which data on line-broadignand (speed independent) LM are
available from previous studies, some ]\tbublets (see Sec. 3.2) are good candidatest if no
the best ones. The latter, as well as isolated; Nhks, were investigated in several
experimental and theoretical studies ([15-20] drabé therein). Although speed-independent
LM or isolated-line fitting models were used in $bestudies, the latter provide starting data
for the present investigation.

Considering the collision partners, one shouldairetthose for which large speed
dependences of the LM parameters are expectedthEorselection, we consider the law
derived [21] for the SD of the broadening by assignmesonant collisions (i.e. that collision-
induced rotational energy changes are very smakrnwbompared with the translational
energy) and a absorber-perturber interaction paledominated by terms proportional to

1/RY, whereR is the intermolecular distance. The evolution ld broadening coefficient
y(v) with the absorber speed is then proportional ®dbnfluent hypergeometric function

M[—(q—f:‘»)/(2q—2),3/2,—/\v2 A72], wherev =/2kgT /m is the most probable absorber
speed and\ =my,/m is the ratio of the perturber and absorber mas$es. relative

magnitude of the speed dependence can be evaluabgd considering
R(g,N\) = [y(vy)-Y(v)/VV) , which guantifies the variations of the broadeningiween
speeds/_ andv, , relative to the value fo¥ . Retainingv_ =0.38 andv, =1.8% , which
are representative in terms of the thermal Boltamardistribution since
V2 exp(—vg /\72)=v+2 expeer2 1Y 2):\7 2 exptv 2y 2)/:, and using:

M[-(q-3)/(2q-2),3/2~Av2 KM [- @- 3)/(&— 2),3/2-Av? ¥2

M[-(q-3)/(2q-2),3/2~A\V? K2 ]
lead to the results displayed in Fig. 1 for varigakies ofq and A .

R(g,A) =

, (1)
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Fig. 1. Relative variationR(qg,/\) (see text) of the hypergeometric speed dependesrsels

the ratio/ of the perturber and absorber masses for diffggentersq of the intermolecular
potential.



As can be seen and is well known, the pressuredbroag is speed independent fpr3,
which is associated with strong dipole-dipole iat#ions, sinceM [0,3/2,—/\v2 /\72]:1. This
implies that pure Nkl should be disregarded despite the fact that st{bng) thus speed

independent) LM effects affect some doublets [8,2D, 22]. Relatively light perturbers, for
which A <<1 and R(qg,/\) is small, are also poor candidates for the presterly. This rules

out NHz-H, although strong (but again weakly speed-dependemiplings exist within
doublets [15]. Note that these predicted weak spiependences of the line broadenings for
pure NH and NH-H, are confirmed by the small values of the quadiatic parameter
Ay/y [see Eq. (8)] obtained from fits of measured gpert [17]. Finally, Fig. 1 shows that

large values of botly and A are favorable, making relatively heavi &>1) and non polar
(with intermolecular potentials dominated by disi@n forces withq = 6) perturbers the best
candidates. Adding the further restriction thatadah the speed-dependent broadening and
speed-independent LM should be available in thexditre for the finally retained system
leads to argon as the first choice for thesNHllision partner

3. Spectral shape model and data used
3.1 Spectral shape

The spectral shape model used here is that prdpng@3] which assumes uncorrelated
hard collisions, i.e.: that the changes of the dia@ional and rotational motions are
uncorrelated and that collisions thermalize thediaional speed. The frequeniy' — v)

of changes from a translational speedo v' is then independent of and given by
f(v' < v)=Bfyg(V') , wherefyg(Vv') is the Maxwell-Boltzmann factor anfl = PB is the

(speed independent) velocity-changing collisiore.raRecall that, for collisionally-isolated
lines, complementing this model with speed-dependgdihs and shift leads to the so-called
speed-dependent Rautian (or Nelkin-Ghatak) prgfileThe latter, as well as the (equivalent)
un-correlated Hartmann-Tran profile [24,25] whicésames quadratic speed dependences,
have enabled very accurate fits of measured amdlestd isolated line shapes for a variety of
absorber-perturber pairs (e.g. references in Sécof4[2]). The absorption coefficiemt(w)

at angular frequency= 21co , o being the wave number, is then given by Eqs. (2abd
(3.1) of [23]:

a(w) = Na%[l— expliw kgl )& @), (2)
where Ny is the number density of absorbing molecules, and:

~ 1 -1

a(co)z;[Re{ut[ld—BG ©) G(oo)pop} . 3)

In this expressiond denotes the unity matrixy is a column vectorp(t being its transpose)
of the dipole transition moments in the (Liouvilleje space, an@g is the diagonal matrix of
the populations of the initial levels of the lindhe matrixG(w) is obtained from its speed-
dependent equivaler@(w,v):

-1

G(w,V)=[W(v)+B|d—i(w|d—90—|2.\7|d)] (4)
through the equilibrium average:
G(w) = [G(wV)fyp(V)d¥V . (5)



In Eq. (4),Qq is the diagonal matrix of the unperturbed lineipmss w,, k is the radiation

wave vector (the terrk.v leading to the Doppler effect), ai(v) is the speed-dependent
impact (thus frequency independent) relaxation imain the line space. The diagonal
elements ofW(v) are the pressure-induced widkh(v) and spectral shifz,(v) of the

individual transitions, with:
Wy (V) =T (V) +id,(V) (6)

while the off-diagonal elementé/, ,.(v), which describe the coupling between lineand

¢, are responsible for the line mixing process. émegal, the preceding equations, which
involve matrix inversions, must be solved numehgabut, as shown in [23], much can be
done analytically in the case of a doublet, thattkghe fact all matrices have 2 by 2
dimensions.

3.2 Data used

First recall that, within the binary collisions mpximation, valid at the pressures
considered below, all collisional parameters agpprtional to the gas density (i.e. that of the
collision partner for highly diluted absorbing molées). Assuming an ideal gas, one can thus
write T ;(v) = Py,(v), Ay(v) =Pd,(v), W, ,+(v) =Pw, ,:(v), andB=PB where all lower
case letters are pressure normalized and expréssadi/s/atm (cri/atm if wave numbers are
used).

Concerning the speed dependences of the widthstafid, they are commonly described
using two different approaches. The first is thpdrgeometric function [21] introduced at the
end of Sec. 2, i.e. (with =m,/m):

_93 2
(v or8))= (v ord)x (1A ) 2072m | - 92 3 AV 1 7)
2q9-2 2" 2
The second approach assumes a quadratic deperj@déhaee.:
(y ord)(v)=(y ord )>{1+(ATJ or%ajx N 3/2} . (8)

Note thatq, or alternativelyAy/y and Ad/d, are quantities that are generally floated,

together withy and &, while carrying fits of measured speed-dependeatdhapes (e.g. Sec.

4.1 of [2] and, for NH, Ref. [17]).
By consistency with these approaches for the bmiadeand shifting, and in the absence of
any alternative model, the same equations are lhsedfor the speed dependences of the line

coupling termsw, ,+(v) , which were, in addition, considered purely realeed since nothing

is known on their expected very small imaginaryt.piar other words, we use the same value
of g for all the collisional parameters [i.e. fgy(v), d,(v) andw,,(v)]. This is (partly)

justified by the fact that the rotational stateruipes between the levels of the selected doublet
transitions, responsible faw, o(v) andwj; 1(v), make a large contribution to the broadening

coefficientsy;(v) andy,(v), as shown by Table 1.

As explained in Sec. 2, we have retainedsddublets perturbed by Ar since they are, in
our opinion, the best candidates for the demonetraif the SD of LM. Among them the
PP(6,6) of thev, band and th&€R(4,4) of thevs band are of particular interest because their
two transitions are significantly coupled and reklly little affected by perturbing lines.
Furthermore, these two doublets are in differegiars (6.53 and 2.8fim, respectively),



which provides flexibility for measurements. Withine above mentioned choices, Table 1
summarizes the data used, which were obtainedllmsvéo The unperturbed line positions

01 » and the integrated intensiti& 5(296K) of the two lines (subscripts 1 and 2) were taken

from the 2016 edition of the HITRAN database [2¥{te that the dipole transition moments
My o for Eq. (3) can be deduced from the latter through

S1.2(T) = (8101 o/ 3)[ 1~ exphco 1 2 k F )Jp ol )14y, . (9)
wherepg(T), is the relative population of the lower level afd /. The speed-averaged
pressure broadening coefficienfg , were assumed equal (a good approximation) with
values(y; +Y»)/2 deduced from those given in [15] and [19] for ttansitions of the, and
v3 bands, respectively. The same two references gedvihe relaxation matrix elements
W =W, = W>, (sincep; andp, have extremely close values) coupling the twoslingote

that, in the absence of measurements for'R{@,4) doublet, the theoretical prediction wf
from [19] was empirically corrected using

W[RR(4,4)]:WC""'C[RR(4,4)]X{WmeaTPP(5,5)]W Calc[PP(S,S}], where the superscripts "calc"

and "meas" denote values from Refs. [19] and [X8§pectively. The line shifts were
disregarded in a first step, but the sensitivitytheé results to these parameters is discussed
later. For the hypergeometric model, the paramgtdniving the speed dependences through
Eq. (7) [which also applies tey,(v) andwy4(v)] was taken equal to 6. This value, which

assumes that dispersion forcesRR® dominate the NEtAr interaction, is consistent with
those deduced from measured spectra in [17]. Siwmilthe velocity changing ratg=0.02
cm*/atm is representative of those given in [17].

Parameters "P6,6) |TR(4,4)

v4 band vz band
oy (cm™) 1532.4503 3505.4364
g, (cm?) 1532.6830 3505.8700
S =S, (cm?/atmy) 1.209 0.0653
Y = V1 =Y, (cmi*/atm) 0.0494 0.0496
3 =8, (cmi'/atm) 0 0
W= W5 = Wypq (cmi/atm) | -0.018 -0.019
B (cm*/atm) 0.02 0.02
q=0y =Gy 6 6

Table 1. Spectroscopic and collisional parameters usedhercalculation of the shapes of
Ar-broadened Nkldoublets.

4. Spectra simulations and their fitting procedure
4.1 Simulating the spectra

In a first step, spectra for each doublet (witle§ denoted as 1 and 2) were calculated at
various pressure§_; , using the equations and values of the spectrosgzpameters given

above. The pressure range was chosen in orderatothp various collisional regimes, thus
including:




(i) “Small” pressures for which line mixing effsctare negligible, i.e. such that
PY1 2 <<|01- 0|, while the shapes of the lines show a signifidaoppler effect and Dicke

narrowing, i.e. forPy; ,/I'p of the order of unity or smaller.

(i) “Intermediate” P values for which line mixing effects are still tiggle, i.e. such that
PY12<<|01-0,|, while the shapes of the lines are now dominatgdthe collisional

broadening, i.ePy; o/ p >>1.

(ii) “Large” pressures for which collisional limgixing significantly influences the overall
absorption profile, such th&y,; »/|01—-0 | is of the order of unity or greater.

The spectra simulated in such a way show effectgetiicity changes (Dicke narrowing,
through f), of the pressure broadening, throughy, and of its speed dependences, through

dy, of line mixing, throughwy, and W, as well as of their speed dependence, thraygh

Note that the relative importance of each of thevabmentioned collisional effects depends
on the pressure, as discussed below.
The spectra calculated for the(6,6) doublet using the data of Table 1 and thegons in

Sec. 3.1 are shown in the main panel of Fig. 2. ifisert displays the ratioBy/yp and
Py/|Aoy 5, | showing that the three pressure regimes discussede are indeed included in
the 20-4000 Torr range retained. One can schertgtigay that the two lowest pressures
essentially provide information on velocity changesl on the Dicke narrowing process (i.e.
on B). For the three next pressures, the pressure &énoagland its speed dependence §.e.

and qy) play an increasing role while the line overlagpis still small and LM effects are

weak. Then, the latter (i.év and g, ) have a significant influence and change the gitgor

more and more at the three highest pressures.@d forr and above, the doublet starts to
look like a single line. In this case of strong B&pping, its profile is essentially governed by
the effective broadening coefficiefjt+ w and the associated speed dependences, as shown in
Sec. 1IV.2.2b of [1]. This is when the relative udhce of LM, and thus also of its SD, is the
greatest, as demonstrated by Fig. 3. This figuse shows that neglecting the SD of LM then
leads to an underestimation of the doublet widilkh errors on the absorption of typically 1%

of the peak value that have a M shape. This coal@xpected (recalling tha¥, and W,

have negative values) from the well known fact3J1and [17] for NH) that the speed

dependence of the broadening results, for isolated, in a narrowing with changes of the
absorption of similar magnitudes and a W shape &hape if transmissions are considered).
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0.1% NH; diluted in Ar at various pressures, using the patars of Table 1 with (thus using
oy =6) and without (thus using,, =3) the inclusion of the speed dependence of lineng

relative the peak absorption value.



4.2 Fitting procedure

In a second step, which leads to the various tequiesented in Sec. 5, the spectra
simulated for each doublet at various pressuregt(®0 Torr, e.g. Fig. 2) as explained above,
were simultaneously adjusted using a multispectiittmg procedure [28] with a model that
neglects the SD of LM. In other wordsy; , 02, §, &, Y=V1=V2, Gy (or

Ay, /Y =Ay,/Y), andWw =W, = Wy, were floated whileg,, =3 (or Aw/w=0) was imposed.
The root-mean square of the deviation betweennpatiand fitted absorption coefficients,
including all spectral points at the 8 pressuresign 2, was minimized. Note that the Doppler
width was fixed to its input value, and that noddaee was floated in the fits.

5. Resultsfor thetest case of the "P(6,6) doublet of NHzin Ar
5.1 Hypergeometric/Hypergeometric

As a first exercise, we adjusted the spectra gf Ej simulated for th8P(6,6) doublet
using the parameters of Table 1 with the hyperg&aenkaw, by using exactly the same
model and floating all parameters. The fact thatdhtained parameters and fitted spectra are
exactly identical to the input ones, as they shdn@dince the spectra carry no noise, validates
the numerical procedure.

Then, the same model, but now disregarding thedspiependence of line-mixing (i.e.
fixing the value ofq,, to 3) was used in the fits. Table 2 (columns 2 &pdrovides a

comparison between the input and retrieved (fittmal)isional parameters. As can be seen,
there is a good agreement, with small differendest tan be explained by the above
mentioned fact that the SD of LM induces a broadigruf the absorption feature when the
two lines overlap significantly. Indeed, the fitthhout the SD of LM tries to mimic this
through the adjustment oy, Gy » and w by: increasingy +w and decreasing}y, two

changes that both contribute to a broadening oabis®rption structure at elevated pressure.

Parameter Input Fitted Fitted
Hypergeo| Hypergeo| quadratic
op (cm) 1532.4503 1532.4503| 1532.4503
g, (cm?) 1532.6830 1532.6830| 1532.6830
S =S, (cm? atmit) 1.209 1.209 1.209
V=% =V, (cm*atm?) |0.0494 |0.0490 0.0491
ay 6.0 4.8
Ayly 0.123
3, =0, (cm* atm’) 0. 0. (fixed) | 0. (fixed)
W=W, =W, (cm' atni [-0.0180 |-0.0174 | -0.0174
1

qu 6.0 3.0 (fixed)
Aw/w 0.0 (fixed)
B (cm’ atm?) 0.020 0.0238 0.0248

Table 2: Input and fitted parameters for tfe(6,6) doublet broadened by Ar.

The fit residuals, shown in Fig. 4 (see also Fjg.call for the following remarks. The first is
that their amplitudes are, when compared to thas€ig. 3, significantly reduced at the



elevated pressures and increased at the lowestwitlesign changes in some cases. This
results from the adaptation of the parameters ifhegih ad-hoc but “wrong” values of, dy,

B andw , see Table 2) made by the multispectrum fit isleorto adjust, as well as possible,

all the input data. Furthermore, detailed analyl@monstrates that the pressure-dependent
shapes of the fit residuals can be explained bydtfierences between the input and fitted
parameters displayed in Table 2. Finally recalt tha shapes and magnitudes of the residuals
depend on the weight associated with each specifferent results may thus be obtained if,
for instance, the high (resp. low) pressure speotiaded less (resp. more) spectral points, as
discussed latter.

0.34 —— 20Torr
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100xAa(o)/a™
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II—‘ o

760 Torr
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Fig. 4: Differences, relative the peak absorption vahetyween the input absorptions (Fig. 2)
computed for thEP(6,6) doublet (alone) for 0.1% NHdiluted in Ar at various pressures, and
the fitted results withoutd,, =3) the inclusion of the speed dependence of lingéngn

5.2 Hypergeometric/Quadratic

In order to evaluate the influence of the userobpproximate speed-dependence model
(which is the case for both the hypergeometric gonddratic laws), the same spectra,
simulated using the hypergeometric law, were eitusing a quadratic speed-dependent
broadening [Eq. (8)], still disregarding the SDLdfl. The obtained values are displayed in
Table 2 (column 4) where they can be compared with input ones (column 2). The
comments made above for the fit using the hyperg#acriaw and concerning columns 2 and
3 of Table 2 remain valid. Furthermore, the fitidesls (not shown) are very similar to those
displayed in Fig. 4 with peak-to-dip amplitudesatele to the maximum absorption value also
close to 0.5% when LM effects are significant, &sven by Fig. 5. The only significant
differences appear at low pressures and resulttHer differences (quadratic instead of
hypergeometric) in the modelling of the speed ddpane of the broadening.
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Fig. 5: Peak-to-dip amplitudes of differences betweercspeof the"P(6,6) doublet (alone)
for 0.1% NH; diluted in Ar, relative to the peak absorptiotues. The reference spectrum is
that computed with the parameters of Table 1 afidrdnces are shown with those: computed
with the same parameters but disregarding the SDMVbfblack squares) ; fitted using the
hypergeometric speed dependence with no SD of led ¢ircles) ; fitted using the quadratic
speed dependence with no SD of LM (blue triangles).

5.3 Influences of other collisional parameters

We here investigate the influence of changes ofesmput collisional parameters on the
results obtained for spectra simulated and adjusigidg the hypergeometric law, still
disregarding the SD of LM in the fits.

e Influence of the pressure shift: Here, "P(6,6) spectra were first simulated using the
parameters in Table 1 complemented by line shiist wwere equal for the two lines
(3 =3, =4 10° cmi'/atm according to the predictions in [16]). Mulégprum fits
disregarding the SD of LM were then made by flaatintogether with the other parameters
(as done above), while imposing a consistent caimst(i.e. & =8, = ). The results show

that the value ob is very well retrieved and that the fit-residuatel the values of the other
parameters are practically identical to those olethi(Sec. 5.1) when all shifts are disregarded.
This could be expected since the fitted spectrattires are fully symmetric (with respect to

the doublet center) and becausenly induces an overall displacement of the atbigmp
spectra without affecting their shapes. A secondr@se was carried, in which spectra

simulated without any shift were adjusted floatsigfts of opposite signs (.6 = -8,). It

provides a more stringent test because it has beewn that shifts of opposite signs may
mimic LM effects [15,29] by "wrongly" making the twlines closer in order to increase the
absorption at the center and reduce it in the worgboth sides. Again, and thanks to the fact
that spectra in a broad range of pressure are tsinadusly fitted, the changes of the retrieved
parameters and fit residuals are very small. Temahstrates that introducing shifts in the fits
does not affect the detectability of the influeont¢he SD of LM.
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e Influence of the narrowing parameter: In order to quantify the influence of the
frequency of velocity changing collisions, the hsgeometric/hypergeometric study of Sec.
5.1 was redone with the input valuefothanged by factors of 1/2 and 2, leading to tkalte
displayed in Fig. 6. As can be seen (compare fatlkbsquares, full blue and red circles),
increasingP reduces the residuals. This could be expecteck derge values off favor
exchanges between the various speed classes, amsdldhds to a reduction of the
inhomogeneous effects tied to the speed dependehbesh the broadening and line mixing.

e Influence of the perturber (mass): In order to quantify the influence of the masshe
collision partner, the hypergeometric/hypergeorsettudy of Sec. 5.1 was redone replacing
Ar (40 g) by Kr (84 g) and Xe (131 g). With respéatthose for Ar, slightly different input
values ofy , W and3 were used, increased by about 10% for Kr and 2886XE. In the
absence of experimental values, these changey (trus also applied t&) and3 were
estimatedassuming a dominant dipole-induced dipoleRi?) absorber-perturber interaction,
from the changes of the mass and isotropic polaiftigaof the collision partnerFigure 6
shows (compare full black squares, down cyan angemta triangles), consistently with the
results in Fig. 1, that the residuals are the ktrgénen the perturber mass is the highest, in
agreement with studies for isolated lines (e.g,11,80-33]).
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Fig. 6: Influences of the narrowing parameter, perturbass and line shift on the peak-to-dip
amplitudes of the fit residuals for thB(6,6) doublet (alone), relative to the peak absmmp
values. All reference spectra (and fits) have bemnputed using the hypergeometric speed
dependence.

5.4 Influence of “perturbing” transitions.

In real NH spectra, the doublets are not fully isolated, atiter lines within or on the
sides of the spectral region where the two linemiafrest significantly absorb can contribute
to the overall absorption. In order to investigtte effect of errors in the modeling of these
contributions, reference spectra at the selectpte8sures were computed by adding, to the
isolated doublet absorption of Fig. 2, 5% of theaption of the other lines (computed using
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Voigt profiles). These spectra were then fitted sidering that the doublet is alone (thus
assuming a perfect modeling of the perturbing lioestributions and without adjustment of
any baseline) and neglecting the SD of LM. Thistigctly equivalent to a procedure in which
the doublet is fitted while the computed (and fixedntribution of perturbing lines carries a
relative error of 5%. The changes of the resid(aith respect to those in Fig. 4) can be seen
in Fig. 7. As could be expected, the approximadé ¢ror) computation of the absorption
due to lines other than th®(6,6) doublet modifies the residuals. However, Ititer have
shapes and magnitude that are not too differem fitose obtained when the doublet is fully
isolated. In other words, the influence of the SIDM remains distinguishable.
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Fig. 7: Peak-to-dip amplitudes of the residuals of fitspectra of théP(6,6) doublet (alone)
for 0.1% NH; diluted in Ar , relative to the peak absorptionues. The full (resp. dashed)
lines have been obtained disregarding (resp. takibgy account) the other lines in the
calculations of the references spectra while &ldisregarded this contribution.

6. Other doublets and advicesfor experiments

6.1 Other doublets
As mentioned above, the; band "R(4,4) doublet is another good candidate for the

experimental highlighting of the speed dependerfcéne mixing. It offers a potentially
interesting alternative to theP(6,6) doublet of thes, band because it lies in a different
spectral region. Table 1 shows that the spacingdmat its two transitions and its Doppler
width are both approximately two times larger thiaose of théP(6,6) while the collisional
parameters are similar. This implies that all reswalbtained for théP(6,6) are directly
applicable to thER(4,4) provided that the pressuPds doubled. In other words, tf&(4,4)
shape for a giveR value is close to that of tH&(6,6) forP/2. However note that the lines
intensities are about 18 times smaller which rexguithe use of significantly longer path
lengths in the measurements.

Recall that large LM effects have been evidenceseveral other doublets of the band
for NH; diluted in Ar [15], including théP(5,5) and’P(7,7) for instance. Although they are
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more affected by perturbing lines contributionsirth€hapes deserve measurement and
analysis, particularly if broad band spectra cowgra large part of the, band are recorded
(e.g. by Fourier transform).

6.2 Advices for dedicated experiment

In order to unambiguously highlight the (smalle $&gs. 4 and 6) influence of the speed
dependence of line mixing on the proposed;Nidublets, dedicated experiments should
satisfy several demanding constrains. The lattéichvare discussed below, also apply for
studies of refined effects on the shapes of isdlétes, but extended pressure and spectral
ranges must be investigated for the present study.
(i) As discussed in Sec. 1, measurements shouddlydee made for a range of total pressures
for which the pressure-broadened widths vary fraetow the Doppler width to above the
doublet lines separation.
(i) The total pressure of each studied sample Ishtw very precisely known, with an
uncertainty (0.1% or less) much smaller that theeeted residuals obtained when the SD of
LM is disregarded (see Fig. 5).
(i) Mixtures in which NH; is highly diluted should be used for two reasdr® first is that,
since the self broadening of ammonia is almost dpadependent, NEHNH;3 collisions
provide no information on the SD of LM. The seconmthre crucial, is that errors on the
knowledge of the NHlrelative amountx(NH3) that are inconsistent from one sample to
another will bias the results. In order to defineriderion, let us target an error smaller than
0.1% on the spectral shape, assume x(fdH3) is known within a relative uncertainty of
Ox(NHg) » and consider the influence of the pressure bruade The self-broadening

coefficient being about ten times larger than tha#r [15,34], one straightforwardly obtains:
10X (NH3 )0y (NH,) < 103, Assuming the conservative valdgyp,)=5% (from analysis of

the absorbance area for instance) then lead§Ndi3) < 0.2 %.

(iv) Temperature variations between measuremendgfatent total pressures should remain
small. For an impact on the line shapeTgt 300 K below 0.1%, a maximum value of

AT<0.4 K can be estimated from the typical [:{Zlﬂ,/T)ojtemperature dependence of the

line broadening.

(v) The relative frequency scale should also becipety known, and the deformation
(broadening) by the instrument function should begligible or precisely modeled,
particularly if a conventional Fourier transformesprometer is used. This issue can be
investigated experimentally by using low pressysecta and analysing both the Doppler
broadened profiles of the doublet lines and thetspkedistance between them.

(vi) Since the aim is to detect residuals at thvellef 0.5 to 1% of the peak absorption, signal
to noise ratios of 1000 or more are needed.

(vii) Although some broad pressure-dependent haseihay be included in the fits, the
stability of the 100% transmission from one measen& to another is also an important issue.
(viii) From this point of view, introducing a flewility (e.g. by application of a floated
multiplicative factor) in the description of thertabution of “perturbing” lines (weak ones
inside the doublet absorption spectral range aedloutside of this interval) is also relevant.
(ix) A multispectrum fitting procedure [28], in wdh a series of spectra recorded in the
pressure range defined by (i) are simultaneouglysséetl, must imperatively be used in order
to minimize the biases associated with correlatiamsong the various floated parameters.
Fitting models including and disregarding the SOLMf should be used for comparisons and
the results obtained with the hypergeometric anadcptic speed-dependence laws could be
analyzed.
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(x) Finally, since the perturber mass is expecteddve a significant influence (Fig. 6),
studying mixtures of Nkinot only diluted in argon but also in heavier gag¢r, Xe, Sk, ..)
is of interest.

It is important to remind that, as the fit resildudepend on the weights of the various
spectra (e.g. through their number of points) alt ageon the spectral range used for the fits,
the residuals shown in Figs. 4-7 are only india@tiVhose obtained in the treatment of real
experiments may have different amplitudes and tiana with pressure. It is thus of interest
to test the sensitivity of the results to this &sior instance by removing some points,
changing the weights of the various spectra inrthdtispectrum fits, varying the spectral
and/or pressure range(s) retained for the fits.

We are aware that the smallness of the effectsnthist be detected, with residuals
when the SD of LM are disregarded expected to ealevel of one percent or less (see
Figs. 4 and 6), together with the numerous measemerronstrains discussed above, make
devoted experiments very challenging. We howevdiew that they are worth trying,
because the question addressed is, so far, cotyplgten. In parallel, direct theoretical
predictions of the speed dependence of all elenwdritee relaxation matrix (line-broadening,
-shifting and -coupling coefficients) based on lealde NH;-X intermolecular potential would
be of considerable interest. They would enableetiteb understand the mechanisms involved
and could be of great help for the analysis or gie®f dedicated measurements. Such
calculations are not available yet but some appresco exist (e.g. [35, 36, 37] and those
therein) that could be adapted and used for thisqae.

7. Conclusion

Using a realistic theoretical approach, we hawsestigated the effects of the speed
dependence (SD) of line mixing (LM) within NHloublets perturbed by rare gases. This
shows that neglecting the SD of LM leads, in thdtispectrum fits of a series of spectra
calculated for a range of pressures from the Dopjgethe strongly overlapping pressure
broadened lines regimes, to fit residuals with niagles of 0.5 to 1% of the peak absorption.
Although a difficult task, highlighting these thigiu experiments seems feasible with modern
spectroscopy techniques of high sensitivity andisazy. With this aim, some guidelines and
advices for dedicated measurements have been givieh may be of help to experimentalist
wishing to tackle the so far unstudied issue ofsieed dependence of line mixing.

15



10.

11.
12.

13.

14.

15.

16.

References
Hartmann JM, Boulet C, Robert @ollisional Effects on Molecular Spectra:
Laboratory Experiments and Model's, Consequences for Applications. Elsevier,
Amsterdam (2008).
Hartmann JM, Tran H, Armante R, Boulet C, CargparA, Forget F, Gianfrani L,
Gordon I, Guerlet S, Gustafsson M, Hodges J, K&skisak D, Thibault F, Toon G.
Recent advances in collisional effects on spedtraatecular gases and their practical
consequenced.Quant Spectrosc Radiat Transf 2018;213:178-227.
Hartmann JM, Tran H, ,Ngo NH, Landsheere X, @he| Lu X, Liu AW, Hu SM,
Gianfrani L, Casa G, Castrillo A, Lepere M, Deli&@eDhyne M, Fissiaux L. Ab initio
calculations of the spectral shapes of,@0lated lines including non-Voigt effects and
comparisons with experiments. Phys Rev A 2013;8403.
Tran H, Ngho NH, Hartmann J-M, Gamache RR, MtadeD, Kassi S, Campargue A,
Gianfrai L, Castrillo A, Fasci E, Rohart F. Veloc#ffects on the shape of pure
isolated lines: Complementary tests of the paytietirrelated speed-dependent Keilson-
Storer model. J Chem Phys 2013;138:034302.
Wehr R, Ciuryto R, Vitcu A, Thibault F, DrummogddR., May A.D. Dicke-narrowed
spectral line shapes of CO in Ar: Experimental itssand a revised interpretation. J
Mol Spectrosc 2006;235:54-68.
Kowzan G, Wecisto P, Stowski M, Mastowski P, Viel A, Thibault F. Fully quamh
calculations of the line-shape parameters for tagriann-Tran profile: A CO-Ar case
study. J Quant Spectrosc Radiat Transf 2020;248036
Nguyen HT, Ngo NH, Tran H. Prediction of lineaple parameters and their temperature
dependences for GEN, using molecular dynamics simulatiodsChem Phys
2018;149:224301.
Tran DD, Sironneau VT, Hodges JT, Armante R,stad, Tran H. Prediction of high-
order line-shape parameters for air-broadenglin®s using requantized classical
molecular dynamics simulations and comparison wmidasurements. J Quant Spectrosc
Radiat Transf 2019;222-223:108-14.
Kowzan G, Cybulski H, Wcisto P, Stofaki M, Viel A, Mastowski P, Thibault F.
Subpercent agreement between ab initio and expetaineollision-induced line shapes
of carbon monoxide perturbed by argon. Phys Re0202102:012821.
Stowinski M, Thibault F, Tan Y, Wang J, Liu A, Hu S, KaSs Campargue A, Konefat
M, J&wiak H, Patkowski KZuchowski P, Ciuryto R, Lisak D, Wcisto P iHe
collisions: Ab initio theory meets cavity-enhanagskctra. Phys Rev A
2020;101:052705.
Pine AS. Speed-dependent line mixing imthigand Q branch of methane. J Quant
Spectrosc Radiat Transf 2019;224:62-77.
Delahaye T, Ghysels M, Hodges JT, Sung K, Ate&) Tran, H. Measurement and
modeling of airlbroadened methane absorption in the MERLIN spexabn at low
temperatures. J Geophys Res Atmos 2019;124:3556-64.
Wilzewski JSBirk M, Loos J, Wagner G. Temperature-dependenws & absorption
line shape parameters of the S@band. J Quant Spectrosc Radiat Transf
2018;206:296-305.
Drouin BJ, Benner DC, Brown LR, Cich MJ, Crawfd J, Malathy Devi V, Guillaume
A, Hodges JT, Mlawer EJ, Robichaud DJ, Oyafusodyne VH, Sung K, Wishnow
EW, Yu S. Multispectrum analysis of the oxygen Axdal Quant Spectrosc Radiat
Transf 2017;186:118-38.
Hadded S, Aroui H, Orphal J, Bouanich JP, HanimJM. Line broadening and mixing
in NH3 inversion doublets perturbed by BHHe, Ar, and H J Mol Spectrosc
2001;210:275-83.
Dhib M, Echargui MA, Aroui H, Orphal J, HartrmadM. Line shift and mixing in the,
and 2, band of NH perturbed by Hand Ar. J Mol Spectrosc 2005;233:138-48.

16



17.
18.
19.

20.

21.
22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Pine AS, Markov VN. Self- and foreign-gas-breaed lineshapes in tlvg band of NH.

J Mol Spectrosc 2004;228:121-42.

Henck SA, Lehmann KK. Coherence transfer betwetation-inversion transitions in
thevs fundamental of Ngl Chem Phys Lett 1988;144:281-5.

Starikov VI. Calculation of the relaxation paeters of overlapping lines of the
ammonia molecule pressure broadened by argon dindnh®pt Spectrosc
2013;114:15-24.

Ma Q, Boulet C, Tipping RH. Relaxation matrx ymmetric tops with inversion
symmetry: Line coupling and line mixing effects WHl; lines in thev, band. J Chem
Phys 2017;146:134312.

Berman PR. Speed-dependent collisional widthstift parameters in spectral profiles.
J Quant Spectrosc Radiat Transf 1972;12:1331-42.

Cherkasov MR. Theory of relaxation parametéth®spectrum shape in the impact
approximation—Il: Simplifications, application f8@(J,K) doublets in the;\band of

NHj3 self-broadening. J Quant Spectrosc Radiat Trads#241:89-98.

Ciuryto R, Pine AS. Speed-dependent line mixirgfiles. J Quant Spectrosc Radiat
Transf 2000;67:375-93.

Ngo NH, Lisak D, Tran H, Hartmann JM. An iseldiine-shape model to go beyond
the Voigt profile in spectroscopic databases adéteve transfer codes. J Quant
Spectrosc Radiat Transf 2013;129:89-100. Associatemtum: J Quant Spectrosc
Radiat Transf 2014;134:105.

Tennyson J, Bernath PF, Campargue A, CsaszabA@nont L, Gamache RR, Hodges
JT, Lisak D, Naumenko OV, Rothman LS, Tran H, Zobilv Buldyreva J, Boone DC,
Hartmann JM, McPheat R, Weidmann D, Murray J, N¢ Rolyansky OL.
Recommended isolated-line profile for representiiggp-resolution spectroscopic
transitions. Pure Appl Chem 2014;86:1931-43.

Rohart F, Mader H, Nicolaisen HW. Speed depecelef rotational relaxation induced
by foreign gas collisions: studies on §Hoy millimeter coherent transients. J Chem
Phys 1994;101:6475-86.

Gordon IE, Rothman LS, Hill C, Kochanov RV, TénBernath PF, Birk M, Boudon V,
Campargue A, Chance KV, Drouin BJ, Flaud JM, Gara&R, Hodges JT, Jacquemart
D, Perevalov VI, Perrin A, Shine KP, Smith MAH, Teison J, Toon GC, Tran H,
Tyuterev VG, Barbe A, Csaszar AG, Devi VM, Furteciter T, Harrison JJ, Hartmann
JM, Jolly A, Johnson TJ, Karman T, Kleiner I, KyaiseAA, Loos J, Lyulin OM,

Massie ST, Mikhailenko SN, Moazzen-Ahmadi N, Mul#8P, Naumenko OV, Nikitin
AV, Polyansky OL, Rey M, Rotger M, Sharpe SW, S#hétarikova E, Tashkun SA,
Vander Auwera J, Wagner G, Wilzewski J, Wcisto B,Y, Zak EJ. The HITRAN2016
Molecular Spectroscopic Database. J Quant SpedRad@t Transf 2017;203:3-69
Benner DC, Rinsland CP, Malathy Devi V, SniviAH, Atkins D. A multispectrum
nonlinear least squares fitting technique. J Q&p@ctrosc Radiat Transf 1995;53:705-
21.

Tran H, Hartmann JM, Toon G, Brown LR, Frarbeng C, Warneke T, Spietz P, Hase
F. The 23 band of CH revisited with line mixing: Consequences for spestopy and
atmospheric retrievals at 1,87. J Quant Spectrosc Radiat Transf 2010;111:1344-56
Ngo NH, Lin H, Hodges JT, Tran H. Spectralpgsaof rovibrational lines of CO
broadened by He, Ar, Kr and §A test case of the Hartmann-Tran profile. J Quant
Spectrosc Radiat Transf 2017;203:325-33.

Ngo NH, Hartmann JM. A strategy to complet@adases with parameters of refined
line shapes and its test for CO in He, Ar and KQuant Spectrosc Radiat Transf
2017;203:334-40.

Lisak D, CyganA, Bermejo D, Domenech JL, H&d€, Tran H. Application of the
Hartmann-Tran profile to analysis ob® spectra. J Quant Spectrosc Radiat Transf
2015;164:221-30.

Gupta V, Rohart F, Margulés L, Motiyenko RAjl@yreva J. Line-shapes and
broadenings of rotational transitions of £1€! in collision with He, Ar and Kr. J Quant
Spectrosc Radiat Transf 2015;161:85-94.

17



34.

35.

36.

37.

Sur R, Spearrin RM, Peng WY, Strand CL, JegfdB, Enns GM, Hanson RK. Line
intensities and temperature-dependent line broadesuefficients of Q-branch
transitions in the, band of ammonia near 1Qui. J Quant Spectrosc Radiat Transf

2016;175:90-9.

Wang WF. Theoretical study of quantum scattecross-sections and second-virial
coefficients of NH-He using a recent potential energy surface. Cheys P
2003;288:23-31.

Bouhafs N, Rist C, Daniel F, Dumouchel F, lady Wiesenfeld L, Faure A. Collisional
excitation of NH by atomic and molecular hydrogen, Mon Not Roy astSoc
2017;470:2204-11.

Van der Sanden GCM, Wormer PES, van der AwirDifferential cross sections for
rotational excitation of Nklby collisions with Ar and He: Close coupling reswnd
comparison with experiment. J Chem Phys 1996;10%-338.

18



