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High-resolution inverse Raman experiments for H, diluted in Ar have revealed unusual Q-line profile
features at various concentrations which have been interpreted in terms of speed-changing collisions. A
more general approach including both speed- and phase-changing collisions has led to an alternative in-
terpretation of these features. In order to further analyze the role of these various collisional mecha-
nisms, new experiments have been performed. Pure H, and H, perturbed by Ne, Ar, and Xe have been
investigated at various temperatures between 295 and 800 K.

PACS number(s): 33.70.Jg, 33.20.Fb

1. INTRODUCTION

Numerous studies have been devoted to vibrational line
profiles of the hydrogen molecule in pure medium and in
mixtures. These studies were largely motivated by the
simplicity of its rovibrational spectrum and performed to
get information on the collisional mechanisms in connec-
tion with the intermolecular potentials. At subatmos-
pheric pressure, the well-known Dicke effect [1-3] due to
velocity-changing collisions was exhaustively analyzed
[4-6].

Recently, new features were observed by Farrow et al.
[7] for H,-Ar at pressures well above the Dicke minimum
and interpreted in terms of speed-changing collisions.
The main feature was the observation of a remarkable de-
viation from the usual linear mixing rule for the
linewidth [i.e., y=c, v 4 +(1—c4)v 4.5, Where y 4 and
Y 4.8 are the collisional broadening parameters for the
two kinds of colliders in proportions ¢, and 1—c ,, re-
spectively]. An asymmetry of the H, vibrational line
profile was also observed [7]. These spectral features
were first interpreted [7] by accounting for both the inho-
mogeneity due to the radiator speed dependence of the
line shift 8(v) and the narrowing exchange between the
various speed groups through speed-changing collisions.
A more general approach, including not only the roles of
the speed changing and the dephasing collisions but also
that of collisions changing both speed and phase, was
proposed [8]. This generalization for the collisional
mechanisms allows an alternative interpretation of the
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profile, based on the last two types of collisions only. Be-
fore presenting our experimental results, we will briefly
recall the main characteristics of this general model and
its two limit cases mentioned just above.

II. THE COLLISIONAL MODELS
FOR THE Q-LINE PROFILE

In the model of Ref. [8], three types of collisions were
considered: the dephasing collisions (D), the speed-
changing ones (SC), and those changing both speed and
phase (SCD). Let us summarize the role of these types of
collisions on the spectral profile: dephasing collisions
lead to an inhomogeneous profile through the speed-
dependent line-shift coefficient &8p(v) and the line
broadening yp(v); speed-changing collisions narrow and
symmetrize this inhomogeneous line shape and are
characterized by the speed-changing collision frequency
v, (assumed to be independent of the radiator speed v);
the SCD collisions characterized by the speed-changing
frequency parameter vgcp also induce narrowing and
symmetrization of the inhomogeneous profile, which be-
comes Lorentzian with average parameters (8gcp(v))
and {yscp(v)) when the two previous types of collisions
are inefficient. All the collisional parameters 8p(v),
Yp(V), Vso Vseps Oscp(V), and ygcp(v) obviously follow
the usual mixing rule with respect to the concentration.

From the kinetic equations and within the hard-
collision approximation, the resulting analytical expres-
sion for the line profile is [8]

I{lw)=7"'Re

(1

I-VSC< [la)+F(U)]—l ) _<[VSCD_YSCD(U )"iﬁsCD(U)][I(O"'F(U)]_l) ’

where F(v)=vgc+vgcp+7p(v)+i8p(v) and  is the detuning frequency. In Eq. (1), { ) means an average over the ra-

diator speed. Two limiting cases are of particular interest.

The first limit case corresponds to that proposed by Farrow et al. [7] and will be referred as FRSR in the following.
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Only D and SC collisions are thus considered leading to the following line profile:
({vsc+7p)+ilo+8p)]} )
1—vsc{ {(vse+ypw) +Hilo+8p)1} 1) |

Ilw)=7"'Re (2)

Notice that the speed dependence of the line-broadening coefficient ¥ (v) is also considered here.

This model is characterized by three physical parameters [vsc, 8p(v), and yp(v)], which cannot be directly deduced
from experiment. Their determination requires the measurement of the temperature dependence 8(T) and yp(T) as
well as a model for the relative speed dependence of these two coefficients [i.e., 8p(v,) and ¥ p(v); cf. Sec. V]. For
this model, y(T) and 8p(T) represent the collisional broadening and shifting coefficient, respectively [y p(T)=v on(T)

and BD( 7= 800“( T)].

In the second limit case, only D and SCD collisions are thus considered and the line profile takes the form

{{vscp+yp)+i[o+8p)]} 1)

I(w)=7n"'Re

We will term this model RTBT, since it has been estab-
lished in Ref. [8] starting from the general expression (1).
Let us define the fraction x of SCD collisions in terms of
the total collision frequency

X =vgcp/Vit Where v, =vgep+vp 4)

and introduce the following definitions for the collisional
line broadening y .;;(v) and line shifting 8 ., (v):
Ysep(W)=xY (V) , 8scp(v)=x85y(v) , 5)
Yp)=(1—x)yn(v), Spw)=(1—x)8y(v) .

The collisional broadening and shifting coefficients are
given through thermal average

7coll( T)=‘}’D( T) +YSCD( T,
8con(T)=8p(T)+8scp(T) -

(6)

This model is characterized by four physical parameters
X, Viop Yeon(v), and 8. (v), but v, can be reasonably
identified as the velocity-changing collision frequency B.
This parameter has been defined by Rautian and
Sobel’man [9] as

B=kT/mD , o)

where m is the mass of the radiator and 2 the diffusion
coefficient of the two colliders. When D collisions are
predominant (i.e., x << 1), the profile is strongly inhomo-
geneous and thus asymmetric. This is similar, but not
identical, to the FRSR profile when vgc is small. In the
opposite situation, only SCD collisions are efficient
(x=1), the line profile is thus Lorentzian, and the
Doppler effect is negligible in the density range con-
sidered.

This last feature constitutes the main difference be-
tween FRSR and RTBT models since in the former mod-
el the asymptotic Lorentzian behavior would be reached
only in the extreme narrowing of the inhomogeneous
profile by the speed-changing collisions (cf. Ref. [10]).

(3)

1—{[vscp— ¥scp(v)—i8scp(0)]{Vscp+ ¥ () +Hilw+8p()]} 7' |

III. EXPERIMENTAL RESULTS

A. Experimental device

Inverse Raman spectroscopy was used to obtain the
Q(1) transition (near 4155 cm™!) and the spectra were
recorded with the Raman spectrometer of the Dijon Uni-
versity (Fig. 1). The probe beam is obtained from the
476-nm line of a single-mode argon laser which is actively
stabilized by a Fabry-Pérot interferometer. The frequen-
cy jitter (initially about 20 MHz) was then reduced to 1
MHz. Because the Fabry-Pérot interferometer was tem-
perature stabilized, the slow drift of the laser was reduced
to about 30 MHz per hour. The pump source used a con-
tinuous tunable narrow bandwidth ring dye laser (1 MHz)
which was pulse amplified (up to 200 kW) in a dye
amplifier system (Spectra Physics PDA-1) pumped with a
frequency-doubled single-mode Nd:YAG laser (where
YAG denotes yttrium aluminum garnet).

The pump- and probe-laser beams were focused in the
gas sample with a 30-cm focal-length lens. It can be not-
ed that in order to avoid Stark effect, the highest peak in-
tensity produced at the focus of the beams was kept
below 2 GW/cm?. However, at high concentrations of
H,, the gain is sufficient and it is not necessary to focus
the laser beams. After the focalization in the gas cell,
beams were then separated by an optical filter. The in-
verse Raman signal was detected by a fast photodiode,
amplified, and stored in the data acquisition system.

A Michelson wavemeter provides accurate absolute

Punp Source 1-200kH  100mM Probe Source
" Single S-stase JA7°S SOBS  Hodulato
Iar Las!an”:Iold:‘.r anolifier| | M " Singte moas
— {ar+ Laser -5
476.6om | |

i i
e _@J

ref
signal G

Fabry-Pérot
Interferometer

bopond

BOXCAR

Ly +

M ps2 | o

M A cxen

i
|
|
i

s n—:::n

FIG. 1. Stimulated Raman device at the Dijon University.
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measurements of both argon and dye lasers, owing to a
reference He-Ne laser stabilized on hyperfine components
of I,. For each spectral scan of the dye laser, only the ini-
tial and final wavelengths of both lasers were measured
with an accuracy of about 3 MHz. During the scan, the
dye frequency was controlled by a confocal étalon, which
is used as a frequency marker to correct the nonlinearity
of the dye laser.

The gas sample was contained in a 10-mm-i.d.
stainless-steel cylinder which was placed inside a heater.
The gas cell was equipped with sapphire windows. The
6-mm-thick windows were cut with their C axes perpen-
dicular to their faces. The cutting error amounted to
about three angular degrees, and it was necessary to ro-
tate the windows during assembly in order to correct the
residual birefringence. The measurements were made at
densities of nearly 10 amagat and at temperatures from
295 to 795 K and the investigated H, concentrations were
roughly equal to 2%, 20%, 50%, and 80%. The trans-
ducer used for pressure measurements was continuously
in contact with the gas sample but placed externally to
the heater. Thus the pressure was controlled and mea-
sured for each spectrum with an accuracy of +0.3%.
Gas densities were calculated in amagat units using the
virial expression (limited to the second order). For H,
mixtures, the second virial coefficient is given by

=2 2
Br=cy,Bu,-n, T 2¢u,Cper By, —per TCPerBper—per - (8)

Most of the second virial coefficients for the mixtures
were derived from experiments [11,12]. The others were
calculated according to Ref. [13]. The magnitude of the
largest virial correction to the density was found for the
highly dilute H,-Xe mixture and was equal to 6% above
ideal gas density (at 296 K and 10 atm). For the other
mixtures, corrections were less than 19%. Temperatures
were measured with thermocouples accurate to +2.5 K
from 295-600 K and to £0.75% of the temperature (ex-
pressed in °C) above 600 K. The temperature was moni-
tored with two thermocouples which were not in physical
contact with the gas volume. Indeed, the first one was
near the heater and the other one was located in a small
hole made in the cell and centered on the sample gas
volume. With another configuration of the vessel, we
measured the real temperature by locating a thermocou-
ple exactly at the gas volume center in order to avoid sys-
tematic temperature measurement errors. The measure-
ment discrepancies between this thermocouple and the
one placed outside the gas volume (in the small hole) were
found to be equal to 4 K at 450 and 600 K and equal to 5
K at 800 K. Note that we observed nearly the same tem-
perature discrepancies whatever the mixture (although
the thermal conductivities of the various mixtures are
strongly different). The temperature corrections due to
these discrepancies were taken into account in the follow-
ing. As a consequence of the errors on pressure and tem-
perature, the density error was estimated to be less than
1.5%.

B. Line-shift measurements

The frequency at the peak of the line exhibits a non-
linear behavior vs perturber concentration which in-
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FIG. 2. Experimental IRS spectra (data points) of the Q(1)
line at 295 K when the perturber is (a) neon or (b) xenon. The
spectra are fitted with a Lorentzian profile (dashed lines).

creases with temperature. This deviation from the usual
linear mixing rule [6=c 8 4+ (1—c4)8,_5] is due to
the asymmetric profile (Fig. 2). This asymmetry requires
us to consider the center of gravity of the line to deduce
the experimental shift. This effectively suppresses the
previously mentioned nonlinearity for the shift and will

Line-shift cocefficients (mK/amagat)

argon mole fraction

FIG. 3. The line-shift coefficients (symbols) are reported
versus the argon mole fraction for several temperatures. Non-
linearities are observed if one considers the line peak (dotted
line). They disappear for the center of gravity of the line (solid
line).
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TABLE 1. Collisional line-shift coefficients (in 1073 cm™!/amagat), for H,-H,, H,-Ne, H,-Ar, and
H,-Xe mixtures (100% rare-gas mole fraction) at several temperatures. The numbers in parentheses in-
dicate experimental uncertainties in the last digit(s).
295 K 400 K 446 K 500 K 596 K 795 K
H,-H, —3.32(10) —0.03(15) 2.57(15) 5.80(15)
H,-Ne 5.14(20) 8.17(20) 10.95(20) 13.18(20)
H,-Ar —11.82(20) —8.35(20) —5.39(25) —2.73(25)
H,-Xe —37.6(3) —35.6(4) —33.7(5)
be discussed below. It thus allows us to get accurate 20DVA
values for 8 , and 6 , 5. Consequently, the usual mixing HTN)=yYgs(T)————, 9)
rule has been used to determine the H,-rare-gas col- cp

lisional shift coefficients at several temperatures (Table I).
An example of the discrepancies observed between the
line shift obtained from the line peak frequency position
and the line shift obtained from the center of gravity po-
sition is shown in Fig. 3. These discrepancies are only
significant for highly dilute H,-Ar mixtures. Notice that
in the experimental conditions of Ref. [7] (i.e.,, a 50%
concentration), the measurement of the shift from the
line maximum was realistic.

C. Linewidth measurements

The experiments have been carried out for densities
about p=10 amagat, well above the Dicke minimum
equal to ~2.7, 1.1, 1.0, and 0.7 amagat when the per-
turbers are H,, Ne, Ar, and Xe, respectively [4-6]. For
H,-heavy-rare-gas mixtures, the residual Doppler
linewidth is negligible. Below a 50% perturber concen-
tration, the observed profiles are symmetric and well
fitted by a Lorentzian shape, allowing the direct deter-
mination of the broadening coefficient I'(T). For pure H,
and for the H,-He mixture, the residual Doppler effect
must then be accounted for in this “Dicke regime” [1].
The broadening coefficient I'( T') is thus given in hertz by
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FIG. 4. Experimental HWHM Q (1) broadening coefficient I"
versus the perturber mole fraction for several H,-X mixtures at
295 K (X =He,Ne,Ar,Xe).

where 7,,(7) is the half width at half maximum
(HWHM) of the observed Lorentzian line shape, c¢ the
speed of light, and v the Raman frequency. For highly
diluted H, mixtures, the line profiles are asymmetric.
For asymmetric spectra, broadening coefficients I'(T) are
found to be significantly larger than those determined
from a Lorentzian description of the line shape. Figure 4
shows the dependence on the perturber mole fraction of
the observed line width at room temperature for several
perturbers. The variation of the linewidth vs perturber
concentration at different temperatures for H,-Ar is given
in Fig. 5. Above a 50% perturber concentration, a non-
linearity of the HWHM is evidenced. This nonlinear
behavior increases vs temperature.

IV. COMPARISON WITH OTHER RESULTS

In Tables II and III our measured values for the line
shift and the linewidth are compared to previous results
[7,14-18]. Bischel and Dyer [14] have studied the tem-
perature dependence of the pure H, Raman linewidth
and line shift for the Q(0) and Q (1) transitions for tem-
peratures between 77 and 450 K and in a density range
from 1 to 50 amagat. The data reported at 295 K and

broadening coefficient I'(T) (mK/amagat)

argon mole fraction

FIG. 5. Experimental HWHM Q(1) broadening I'(T)
coefficient for H,-Ar versus the argon mole fraction, at several
temperatures.
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TABLE II. Comparisons between line-shift coefficients expressed in 1073 cm™!/amagat at 100% rare-gas mole fraction. The numbers in
parentheses indicate uncertainties in the last digit(s). At 450, 750, and 1000 K, our values are interpolated or extrapolated from our measurements at

295, 446, 596, and 795 K.

295 K 450 K 750 K 1000 K
This This This Previous This Previous
work Previous works work Previous works work works work works
H,-H, —3.32(10) —3.20(5° —3.20(4)° —2.9520)° 0.05(10) 0.70(5) 0.05(6)° 0.57(20° 5.13(20)  5.85(8)° 8.61(20) 9.16(11)*
H,-Ne 5.14(20) 4.403)¢
H,-Ar —11.8220) —12.0(1)* —13.5(4)° —8.35(20) —8.2(1)° —11.8(4)° —3.2420) —2.7(2)° 0.30(30) 0.86(40)°
Hy-Xe —37.63) ~—30¢

#Reference [15].
YReference [14].
“Reference [16].
dReference [17).
“Reference [7].

450 K exhibit an excellent agreement with ours.

More recently, Rahn and Rosasco [15] realized a simi-
lar study. At room temperature good agreement with
our data for the line shift is observed, but at high temper-
atures their values are significantly larger than ours. Be-
cause of those differences, we have studied the possibility
of systematic errors in our temperature measurements.
To do this, a thermocouple was introduced in the cell ex-
actly at the center of the gas volume in order to avoid
systematic temperature measurement errors. The mea-
surement discrepancies between this thermocouple and
the one placed outside the gas volume (in the small hole)
were found to be equal to 4 K at 450 and 600 K and equal
to 5 K at 800 K. The error concerning our results (Table
IT) includes the previously discussed systematic tempera-
ture error.

In order to minimize the error of measurement, the
spectrum of pure H, has been recorded several times and
at different times throughout our studies of H, mixtures.
For the linewidths, the values measured from 295 to 1000
K are in agreement with ours (see Table III).

Let us note that a study of the pure H, Q branch
(J =0-5) was recently realized from 295 to 1000 K. At
high temperature, the comparison with the results of
Refs. [15] and [18] leads to the same observations as for
the Q(1) transition, i.e., significant discrepancies for the
line-shift coefficients and agreement for the linewidth
coefficients. The other values for pure H, were obtained
from less accurate techniques [7,14,16]. This explains the
observed discrepancies.

For the mixture H,-Ar, data of Ref. [7] are in reason-
able agreement with ours, accounting for the fact that the
relative uncertainties are larger at high temperature. For
the data of Ref. [16], the same remark as that above
holds.

V. SPEED DEPENDENCE
OF COLLISIONAL LINE SHIFT
AND LINE-BROADENING COEFFICIENTS

For most molecules, in the impact regime, the shift and
broadening speed dependence is usually disregarded. For

TABLE III. Comparisons between measured HWHM expressed in 107> cm™'/amagat for 100% rare-gas mole fraction. The
numbers in parentheses indicate uncertainties in the last digit(s). At 450, 725, and 1000 K our values are interpolated or extrapolated
from our measurements at 295, 446, 596, and 795 K. The data labeled by d have been deduced from calculations through Eq. (2) us-
ing the values for collision broadening and narrowing coefficients given in Ref. [7].

295 K 450 K 725 K 1000 K
Previous Previous
This work Previous work This work Previous works This work works This work works
H,-H, 0.87(5) 0.87(5)* 0.87(2)° 1.44(5) 1.55(3*  1.44(3)° 2.72(10) 2.84(5)* 4.31(15) 4.28(9)*
H,-Ne 3.25(15) 2.7(3)°
H,-Ar 4.42(13) ~4.64 8.95(20) ~10.0¢
H,-Xe 6.90(20) ~8°

*Reference [18].
*Reference [14].
‘Reference [17].
dReference [7].
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H,-rare gas, the mentioned nonlinearity of the linewidth
vs concentration (Fig. 4) and the asymmetric line profile
for diluted mixtures require the accounting for this speed
dependence (cf. Sec. II).

A. Collisional line shift

The following empirical expression for the relative
speed dependence of the dephasing shift cross section has
been used in Ref. [7] with the FRSR model

acoll(vrel)=avrel+b +c/v (10

rel »

with a, b, and ¢ being three adjustable parameters. The
corresponding temperature dependence for the shift is
straightforwardly obtained from Eq. (10) through a
Boltzmann average of v, 0 .o;(V 1)

Seon( T)=av2, +b0,,+c=AT+BVT +C, (11

where U, =V 8kT /7, with u being the reduced mass of
the two colliders.

The radiator speed-dependent shift coefficient appear-
ing in Eq. (2) is obtained from a partial Boltzmann aver-
age of v, 0o (V) With the distribution f(T+0,,T)
over U,

Beotl(0, T)= [ f(T 470,01, TI0 10 (01 T ey - (12)
Equations (10) and (12) lead to
Seot(y, T)=av}e ™ "M(3,3,5%)
+bv,e " M(2,2,p))+c (13)

where U, means the average speed of the perturber
U, =V 8kT /mm,), y=v /T, (Up being the most probable
perturber speed U, =V 2kT/m,), and M() is the
confluent hypergeometric function [19]. A more con-

venient expression is given in terms of the error function
[20] @(y)

Scou(y,T)
_ 2y
=av; 1+T
2
e~ Vo | yWr
+b1, 5 + 4y+ 5 d(y) [+c .

(14)

In Ref. [7], the line-shift coefficients were determined
by measuring the Q (1) line in a 50% H,-Ar mixture al-
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lowing to fit the profile by a Lorentzian shape. The v
average shift 8_,;(7T) was thus assumed to be approxi-
mately equal to the maximum frequency for the con-
sidered line. We have seen that if such a procedure is
used for higher argon concentration, a nonlinearity of the
line shift then appears (cf. Fig. 3). The use of the center
of gravity 85(T) for the observed line (i.e., its first mo-
ment) suppresses this nonlinearity and permits us to as-
sume that, for all concentrations, 8.;(T)=84;(T). A
justification for this approximation is given in the Appen-
dix. Thus the a, b, and ¢ parameters are determined by
fitting 8.,,(T) [Eq. (11)] to 84(T) experimentally mea-
sured (Table I) using a least-squares procedure.

The empirical expression (10) has been found unrealis-
tic. Indeed, at very high temperature, the first contribu-
tion becomes predominant. This requires a positive value
for the a parameter due to the repulsive nature of the in-
termolecular forces at high collision energy. The fitting
procedure has led to a negative a coefficient for all the
considered mixtures as well as for pure H,. An alterna-
tive empirical expression for the temperature dependence
of 8.,(T), found proportional to V'T (Fig. 6), is suggest-
ed in this paper. So, a consistent expression for the shift
cross section is

Oeot(Vret ) =b tc /v (15)
leading to
8eon( T ={8eon(y, T)) =bb,q+c=BVT +C . (16)

Experimental values for B and C coefficients are given in
Table IV. As physically expected, B is positive and C is
negative for all the molecular pairs.

B. Collisional linewidth

The collisional linewidth unlike the line shifts cannot
be deduced directly from experiments (cf. the Appendix),
but requires the calculation of the line shape from a
theoretical model (FRSR or RTBT). This calculation
starting from Egs. (2) and (3) needs the knowledge of the
two B and C coefficients through the expression of the
shift in terms of the reduced speed (y =v /7,)

acoll(y ’ T)
eV
2

yr
+_
2

=BV u/m VT ®(y) [+C .

Y
4y

(17)

We have analyzed our experimental data by neglecting,
as in Ref. [7], the speed dependence of the linewidth [i.e.,

TABLE 1IV. Parameters B and C of expression (16) fitted through a least-squares procedure to the

experimental line shifts (cf. Table I).

Parameter H,-H, H,-Ne H,-Ar H,-Xe
B 0.823 0.739 0.835 0.770
(1073 ecm™ 'K~ '2amagat™!)
(o] —17.41 —17.442 —26.11 —50.96

(1073 cm™!amagat™!)
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FIG. 6. The line-shift coefficients measured for several H,-X
mixtures (X =H,,Ne,Ar,Xe) are reported (symbols) versus the
temperature square root. These data have been modeled by
straight lines.

y(v,T)=y(T)]. The characteristic physical parameters
for the two models [i.e., (yERSR, vsc) for the FRSR model
and (yRIBT,vsop) for the RTBT one] are obtained from a
least-squares fit between the calculated [from Eq. (2) or
(3)] and experimental broadening coefficients [I'(T')].

1. Pure H,

In this case, the two parameters cannot be determined
from symmetric experimental spectra for the two follow-
ing reasons. A large range of values for vgc or x leads to
symmetric calculated profiles (when vgc- is one order
larger than yp or when 0.9 <x < 1) and the two parame-
ters Y.on and vge or x are strongly correlated. So, we
have set vg- and x by assuming that all collisions are
efficient for changing the speed of radiator (in other
words, each velocity-changing collision also changes the
speed); thus we have set x equal to 1 and vy equal to B
[Eq. (7)]. Let us note that this assumption was made by
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Farrow et al. [7] only at 295 K; at 1000 K, they have set
vgc equal to 60(x£20)% of B. The results (Table V) ob-
tained for the two models from this same assumption are
basically different. Indeed, as said before in the RTBT
model, when x is equal to 1, the profile is homogeneous
and consequently the broadening coefficient I' exactly
corresponds to ¥.,. In the model FRSR when vy is
equal to B, an inhomogeneous broadening remains and
¥ coll 1S close but not equal to the broadening coefficient I'
(cf. the Appendix).

2. H,-rare-gas mixtures

For H,-rare-gas mixtures, the pairs of parameters
[(YERSR vo) and (yRIBT, vop)] for the two models have
been determined from Egs. (2) or (3) and (17), using a
linear mixing rule. Both FRSR and RTBT models lead
to consistent description of the concentration dependence
of the observed HWHM at each considered temperature
(Fig. 7). The corresponding characteristic parameters
(yFRSR wse) or (yRIBT vcp) are given in Table V. The
choice of a different law for §_;(7) with respect to that
of Ref. [7] [Eq. (15) instead of Eq. (10)] explains the ob-
served significant differences with parameters of Ref. [7]
for H,-Ar.

The temperature dependence of y_;(7), in the above
assumption consisting in disregarding the v dependence,
is given in Fig. 8. This temperature dependence is
correctly reproduced by the linear law

Yol N=A'T+C" . (18)

To deduce the speed dependence law of the collisional
broadening, we have proceeded along the same way as for
the collisional shift [cf. Eq. (15)]. Accounting for Eq. (18)
we have introduced the following expression for the
broadening cross section vs v

o(vrel)zalvrel+cl/vrel ’ (19)

with the coefficients a’ and ¢’ being related to 4’ and C’
by

TABLE V. Parameters for the H,-X mixtures (X =H,,Ne,Ar,Xe) for 100% rare-gas mole fraction adjusted from the RTBT and
the FRSR models to obtain the best agreement with the experimental linewidths at different perturber concentrations.

295 K 400 K

446 K

500 K 596 K 795 K

Hz'Hz HZ'NC Hz'Ar Hz'xe Hz'Xe Hz‘Hz H2"NC Hz"Al’ HZ-XC H2'H2 Hz-Ne Hz'Ar H2'H2 Hz'Ne Hz'Ar

Parameters of the RTBT model

Y coll
(mK/amagat) 0.87 1.7 235 5.0 5.0 1.48
x 1.0 0.15 0.12 0.08 0.1 1.0
Vscp=XB

(mK/amagat) 47.0 93 109 104 13.7 520

2.4 2.8 5.0 204 33 3.2 3.1 4.2 34
0.15 0.12 0.1 1.0 0.16 0.11 1.0 0.16 0.11

11.0 145 550 130 123 580 142 139

Parameters of the FRSR model

YD~ Yeolt
(mK/amagat) 0.7 1.5 2.1 4.5 4.5 1.22

Vsc
(mK/amagat) 470 100 11.0 8.0 100 52.0

10.0

2.5 4.5 1.7 3.0 2.8 27 40 3.1

12.0 13.0 550 120 120 580 140 12.0
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FIG. 7. The experimental (symbols) and calculated (dotted
lines) HWHM I'(7) versus the perturber mole fraction at vari-
ous temperatures. The perturbers are (a) argon and (b) neon.

The resulting speed dependence of the collisional
broadening coefficient is

Yeory, T)=a"vZe V" M($, 2,7 +c" . (20)
Introducing Egs. (20) and (17) into Eq. (2) or (3) following
the model considered, it is in principle possible to deduce,
from experiments, the speed dependence of the line
broadening coefficient knowing that of the line shift [i.e.,
B and C coefficients in Eq. (17)]. This requires the deter-
mination of the three parameters A’, C’, and v, for the
FRSR model (or vgcp for RTBT) by a least-squares fit
procedure of the calculated profile with the experimental
one. Unfortunately, the signal-to-noise ratio and the
correlation existing between these three parameters has

not allowed a consistent determination of the speed
dependence of y .

VI. DISCUSSION

Apart from the nonlinearity of the line broadening
coefficient for H,-rare-gas mixtures vs concentration evi-
denced previously [7], the present work has shown that
the shift of the asymmetric line maximum exhibits the
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same feature. The origin of this shift nonlinearity has
been clearly explained and the use of the first-order mo-
ment of the line, restoring the linearity, has been justified.

The experimental study shows that the temperature
dependence of this line shift is BT'/2+C. Thus the
empirical form for the Q (1) shift cross section averaged
over impact parameter as a function of relative velocity is
0(v,q)=b+cv . The resulting dependence of this shift
vs the radiator speed v has been deduced from the deter-
mination of the B and C coefficients.

The two models considered (FRSR and RTBT), ac-
counting for such a v dependence of the shift and for the
collisional narrowing exchange between the various speed
groups, lead to a consistent description of the line-
broadening nonlinearity for all the molecular pairs H,-X.
The line-broadening coefficient, assumed to be v indepen-
dent, has been determined as a function of temperature.
It exhibits a variation in 4T+ C’. The coefficients y .

6

a) FRSR model

collisional broadening coefficients (mK/amagat)

[e]

Hz-Xe

T T T —T T
250 350 450 5§50 650 750 850

Temperature (K)

b) RTBT model

S © ©- ©-

Ha-Ha
a Hz-Ne
e Hy-Ar
© Hz-Xe

collisional broadening coefficients (mK/amagat)

T T T T
250 350 450 550 650 750 850
Temperature (K)

FIG. 8. Collisional line broadening coefficients (yf5} or
yRTBT) versus temperature for the different mixtures. A linear

temperature dependence is observed.
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for the FRSR and RTBT models are close, with yRTBT

coll
being about 10% larger than yERSR for all H,-rare-gas

coll

mixtures. Notice that in the RTBT model, due to the as-
sumed 100% rate of speed changing and dephasing col-
lisions for pure H,, . is exactly equal [8] to the experi-
mental I value. A residual inhomogeneous broadening,
as in the FRSR model [7], would be obtained for x <1,
leading to a concomitant change of the ¥RIBT parameter
for H,-rare gases.

These collisional broadening parameters may be com-
pared to the available calculated values. Semiclassical
calculations of Refs. [17] and [21] for H,-Ar at room tem-
perature are larger by a factor of 2. But an empirical pa-
rameter characterizing the vibrational dependence of the
repulsive part of the potential was adjusted to obtain
agreement with the experimental width I instead of ¥,
obtained with the two speed-dependent models (RTBT or
FRSR). More recently, accurate close-coupling calcula-
tions [22] using a refined intermolecular potential deter-
mined from van der Waals complexes spectra [23] have
been achieved for H,-Ar and D,-Ar. In contrast with
calculations for HCI-Ar [24], D,-He [25-27], and CO-He
[28] leading to a good agreement with experiments,
significant discrepancies with respect to y.,;(T) were ob-
tained for H,-Ar [22]. Neither the amplitude nor the
temperature dependence is reproduced. This is particu-
larly true for the shift, for which the discrepancy reaches
one order of magnitude at 1000 K. An explanation of
such a disagreement could be the inaccuracy of the po-
tential surface used, but further theoretical analyses are
needed.
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APPENDIX

The FRSR and RTBT profiles can be expressed in
terms of S () and R (w) as

Ipgsr(@)=Re [%::S)(—a_)—) ERelJl(lw) J, (A1)
and

Irsr(0)=Re {220 ERe[jB(lw) ] (A2)
where

S@=[" iw+v+£§,v(1fd)v+i8,,(u) ’ (A3)

v=vgc for FRSR, v=wvgcp for RTBT, f(v) is the
Boltzmann function, and

Riw)= fow [Vscp —¥scp(v) —idscp(v)]f (v)dv

io+vscp+¥plv)+idpv) (A
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In the limit |[yp(v)+idp(v)]/[ie+v]|<<1, S(w) and

R (w) can be developed in terms of successive powers of

this quantity leading, at the first-order correction, to [10]
28D

A
.ﬂ(w)=iw+(yD)+i(8D>+T—+ e

A5
o+vgc (A3)

Argon mole fraction
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FIG. 9. Relative first-order corrections to (a) the shift and (b)
the broadening, introduced by the FRSR model if compared to
a Lorentzian profile.
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with
A28D=(8%)) _<8D>2
and

(1—x) A%8scp

with

A%8scp=(83cp) — (Bscp)? -

— . + P
Blw)=io+{yon) +il{8on)+ o Ve
(A6)  The resulting profiles are then
]
< )+ ‘VSCAZBD
YD (02+V§c
IFRSR(CD)= 2 2 2 2 (A7)
(o) — B0 Tl 4 YschOp
PR —__ D I Slint °
P ﬂ’z"'V%c ° ‘02+V§c
- Ve A28
<?’co11)+ 1—x sc2D SCD
o +V§CD
IRTBT(“’)z 2 2 T 2 7 . (AS)
1—x | @A%8scp 1—x | YscpAdscp
o+ (8on) — T + {¥eon? + 212
"+ Vscp 0"+ vscp

As expected, Eq. (A8) describes a Lorentzian profile for
x =1, i.e., when only SCD collisions are efficient; Eq.
(A7) gives asymptotically the same result for high-speed-
changing collision frequency.

The relative first-order correction for the shift and the
width in the two models considered may be expressed
simply in the limit case for which (8p)>>{yp) (or
( Bcoll) >> < Y coll ) ) by taking == ( 8D ) (or
@=~—{8,y)). This approximation thus consists of con-
sidering an equivalent Lorentzian line accounting for the
speed effect practically centered on the maximum of the
experimental line. It results in

(8p") A%

(8p)  (8p)2+vic N
(8% _|1=x A%85cp “
(8ean) | x (8con)*+¥icp

(88)) c3[(83(Hy,— X)) — (8p(H,— X))?]

) v (8
(7o)~ Crp) (8p)

(1) (1)
{7col _ _Yscp (8eon?

<Ycou) N <7’cou> <8co|1> '

(A10)

For the binary mixture H,-X, the variance A28y, is given,
in terms of the concentration cy of the perturber

A% =c3[{84(H,—X))—(8p(H,—X))?], (All)

where the speed dependence of the shift and width for
pure H, has been neglected. So, these corrections (A9)
and (A 10) can be written, through Eq. (A11), as

(A12)

(8p) — (1—cy)?A(H,) +c2AX)+2cx(1—cy)A(H,—X)
where
A(H,)=[8}4(H,—H,)+v}{c(H,—H,)], AX)=[85(H,—X)++vic(H,—X)],
A(H,—X)=[8p(H,—H,)8p(H,— X )+ vgc(H,— H, g H,— X)] ,
and

(‘}’g)) - (1_CX)VSC(HZ—H2)+CXVSC(H2—X) <8g))
(rp) | U=cy)yp(H,—H,)+cxyp(H,—X) | (8p)

(A13)
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Similar expressions hold for (8{!))/(8.,) and
(1)

( Ycoﬂ) /< ¥ coll )

The numerical estimation of these corrections requires
the calculation of the quadratic average shift for the H,-X
pair from Eq. (17). Using the numerical parameters for B
and C from Table IV and the yp and vy values from
Table V, the resulting relative corrections at room tem-
perature are shown in Fig. 9 for H,-Ar as a function of
concentration. For this physical situation, the approxi-
mation (8p) >>(yp) is realistic. As expected, the shift
correction is negative and negligible for concentrations of
argon lower than 50% (less than 1% at 295 K). It
remains a perturbative correction for higher concentra-
tions (less than 10%). This explains the origin of the
correction introduced through the use of the gravity
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center of the line (first-order moment) to compensate the
first-order correction (83’). Let us note that the nega-
tive sign of the first-order correction (84’) implies a
super-Lorentzian behavior in the high-frequency wing
consistent with the experiments. The approximation
85=(8p) is thus realistic and leads to a remarkable
linearity vs concentration (cf. Fig. 3).

In contrast, the width correction must be accounted
for any significant concentration of argon. It is nonper-
turbative at high concentration (Fig. 9). The origin of
this difference is straightforward from Eq. (A13) since the
collision frequency term in the numerator of Eq. (A10) is
typically one order of magnitude higher than the
broadening term in the denominator.
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