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A detailed analysis of the deviations from the Voigt profile caused by
the correlation effects and collision-time asymmetry observed by means of
a Fabry-Pérot interferometer is presented. An expression for the response
of scanning Fabry-Pérot interferometer to the speed-dependent asymmetric
Voigt profile is derived.
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1. Introduction

The Fabry-Pérot interferometer (FPI) is one of a few spectroscopic instru-
ments for which analytic approximation to its instrumental function is known with
a high accuracy. If the real shape of a spectral line is known, the shape observed
by means of the FPI can be expressed as a convolution of the real shape and the
instrumental function. The expression for such a convolution is called the response
of the FPI. The responses of the scanning FPI to the Voigt profile (VP) [1], asym-
metric Voigt profile (AVP) [2] and speed-dependent Voigt profile (SDVP) [3] have
been reported in previous papers. In this paper we present a formula for the re-
sponse of FPI to the speed-dependent asymmetric Voigt profile. We also analyse
the dependence of the collision-time asymmetry on the emitter velocity and dis-
cuss the influence of the correlation effects and collision-time asymmetry on the
deviations of the real profile from the Voigt profile observed using the Fabry—Pérot
interferometer.

In the near-wing region the line shape of the pressure broadened spectral
line can be approximately described by a superposition of the Lorentzian and
dispersion profiles [4, 5]:

1 1./2+ B(w —wo — 4) (1)

Iu(w) = 7 (W —wo — A2 + (1./2)%’
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where 71, is the Lorentzian width (FWIIM), A is the shift of the maximum with
respect to the unperturbed frequency wp of the line and g is the collision-time
asymmetry. The collision-time asymmetry was the subject of both theoretical and
experimental investigations [4-12].

If the Lorentzian width +r, shift A, and the asymmetry parameter § are
independent of the emitter velocity, then the resulting line shape, generated by
the pressure and Doppler broadening, is given by an asymmetric Voigt profile
Iavp(w) which is a convolution of the asymmetric profile Ir,(w), Eq. (1), and the
Gaussian distributions. This assumption is not correct in general case because all
parameters of the pressure broadened line are dependent on the emitter velocity.
Following Berman [13], in such a case the resulting profile should be written in the
form

Ispavep(w) = /dS'UEme('UE)IL(W — vgk). (2)

Here k is the propagation vector of emitted radiation such that ¥ = wo/c and
Jmg(ve) is the Maxwellian distribution of the emitter velocity vg when gas tem-
perature is 7" and myg is the mass of the radiating atoms. Following ITarris et
al. [10] this profile will be referred to as the speed-dependent asymmetric Voigt
profile (SDAVP). Such line profiles were experimentally and theoretically investi-
gated by Lewis and his coworkers [10-12].

2. Near-wing line shape parameters

In the classical limit of the unified Franck-Condon (UFC) theory [4,5] the
Lorentzian width yg,(vg) and shift A(vg) for a given value v, of the emitter velocity
averaged over perturber velocities [14], can be expressed as

+o0
1u(v5) = 87N [ e fnp (vp+ ver)oze [ psind [a(p,veri o)) dp, ()
0

+o0
A(vg) = 27rN/d3'uEpfmp('vE + ’UEP)UEP/ psin [2n(p, vep; 00)]dp, (4)
0

where vgp denotes the relative emitter—perturber velocity, which is connected with
perturber velocity by equality vp = vg + vgp. Using a formula for the asymmetry
parameter 3 derived by Szudy and Baylis [4,5] and performing an averaging over
perturber velocities in analogy to a treatment proposed by Ward et al. [14] we
obtain

B(vg) = 87rN/d3vEmep(vE + vgp)upp

+o00
[ palp, voe)sin (o, ver o)) i, (5)
where
1 [ .
a(pvep) = / LAV [r(t)] sin [n(p, ver; )] dt. (6)
0

In Egs. (3)-(6) p is the impact parameter, N denotes the density number of the
perturbing gas and 5(p, vgp;t) is the phase shift expressed as a function of p, vgp
and time ¢.
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Assuming that the perturbers move along classical straight-line trajectories,
7n(p, vEp;t) can be written as

1t = 1 [ AVE, (7

where AV(r) is the difference of adiabatic potentials describing the interaction be-
tween the perturber and the emitting atom in its upper and lower state at the dis-
tance »(7) = \/p? + v3p72. The line profile parameters y,(vg), A(vg) and B(vg)
averaged over all emitter velocities can be written as v, = [ d3vg fmg (vE)YL(VE),
A= f(ls'UEme(’UE)A(UE), ﬂ = fd3vEme('vE)ﬂ(vE)~

Following Ward et al. [14] we introduce now the dimensionless width

7L($vm )
Bw(z;a) = ———F~,
w(z;a) L (8)
shift
Azvm,
B (a; ) = 20me), )

and asymmetry

Ba(z;a) = BAlzvms) (10)
g
functions expressed in terms of the perturber/emitter mass ratio a = mp /mg and
dimensionless emitter speed z = vg/Umg, where vy, = \/2kpT/mE is the most
probable speed of the emitter.

It should be noted that these functions are dependent on the potentials de-
scribing the interactions between emitters and perturbers. The general integral
formulae for these functions were given in paper [3]. In the case when the poten-
tial is of an inverse-power form V(r) = Cyr~9, the expressions for the functions
Bw/(z;a) and Bs(z;a) were derived in [13,14]. One can show that

Batei e = (14 e Dur (55,8 —aa) (11)
where M (a,b,z) is the confluent hypergeometric function. For small «, i.e., for
light perturbers, the functions Bw(z;a), Bs(z;a) and Ba(z;a) converge to the
unity function. In such a case 71, 4 and g are independent of the emitter velocity.

Figure 1 shows the plots of the functions Ba(2;«) on z, for various o. We
have performed computations for « = 0.2, 1.0, 2.0, 20.0 assuming a van der Waals
potential: V(r) = Cgr~¢ like for the functions Bw (z; ), Bs(z;a) in paper [3].
In this case, the function Ba(z;a) is independent of the force constant Ce. It
should be noted that the functions Bw(z;a) and Bs(z;a) are identical in this
case and differ very much from the Ba (z; @) function. This is due to the fact that
for the inverse-power potential the width and shift of the line before averaging
over perturber and emitter velocities are proportional to vgqlfa)/(q_l) in contrast

/(g-1) [5].

to the asymmetry which is proportional to UES
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Fig. 1. The plot of Ba(z;a) for the van der Waals potential and various a.

3. Correlation effects in the combined Doppler and pressure
broadening observed by Fabry—-Pdérot interferometer

The observed line shape is a convolution of the instrumental function I and
the real distribution of emitted radiation. If we assume that there is no correla-
tion between collisional and Doppler broadening, then the line profile observed by
means of a Fabry—Pérot interferometer is a convolution of the Airy profile and the
asymmetric Voigt profile Iavp(w). As was shown in paper [2], such a convolution
can be presented in the following analytic form:

[e¢
Iw)=A {% + Z Rre~nLe=n*D?/4 [cos (—2—%7[((.0 - wy — A)>
n=1

+83sin (%ll(w —wy — A))] } , (12)
where A =2/2, D = myp/02VIn2, L = ny./2, vp = wo\/8kpT In2/mge? is the

Doppler width (FWHM), R is the reflection coefTicient of the FPI plates and £2 is
the free spectral range of the Fabry—Pérot interferometer.

To take into account the correlation between the Doppler and collisional
broadening, one ought to evaluate a convolution of the speed-dependent asym-
metric Voigt profile Ispavp(w) and the instrumental function. The profile corre-
sponding to such a convolution can be written as [3]

1) = [ @0 g (45) Ian o = veh), (13)

where Ipr(w) is the convolution of the asymmetric profile Ir,(w) and the Airy
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Fig. 2. (A) Comparison of the responses of FPI to SDAVP ({ull line), AVP (dashed
line) and VP (dotted line). (B) The differences of the responses of FPI to SDAVP (full
line) and AVP (dashed line) with the responses of FPI to VP. Values of parameters
used in this calculations: & = 20, v, = 0.25 cm™!, yp = 0.06 cm™!, A = —0.09 cm™?,
=01 02=1cm™!, R=0.96.

profile which can be expressed analytically by

Ian(w) = Al-— R?® 4+ 28Rsin [%’-(u —wp — 4)] (14)
At 2 1-2Rcos [ (w—wo—A)] + k2’ ’

where 2 = Rexp(—L).
Substituting (14) into (13) and performing calculations similar to those in

paper [3], we obtain

2 +oo : 2
I{w) = — / dw'e= (W' /wp)
71'5(-0% -00

X {att

x1In [1 - 27w’ /k) cos (-};—(w —wo — AW'/K) + ') + E?(w'/k)] } (15)

L+ R(w'/k) =

B(w'[k)
1-—- R(w’/k)’ 02 + 2

w —wp — AW [k) + ')
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where att(a; ) = 7 round (z/7) 4 arctan [a tan(z)] and function round () rounds
a real value & to integer one, wp = kv, W' = kvg, R(w'/k) = Rexp [-L(w' /)],
Lw'/k) = my(w'/k)/2, and 7y (w'/k) = yBw(w'/wp;a), AW'/k) =
ABg(w' Jwp;a), B(w'/k) = BBa(w'/wp;a). In case when v, A and § are in-
dependent of vi, Eq. (15) becomes identical to Eq. (12).

In order to show the differences in the line shape between the response of the
Fabry-Pérot interferometer to the speed-dependent asymmetric Voigt profile (15),
asymmetric Voigt profile (12) and the ordinary Voigt profile which corresponds to
B = 01in (12) we have performed calculation assuming the interaction potential to
be given by the van der Waals form: V(r) = Cer~6 and o = 20.0. Figure 2 shows
these three profiles and dilferences between profiles (15), (12) and the response
of FPI to the Voigt profile. It is clearly shown that in the case of the profile
(15) deviations from the response of FPI to the Voigt profile are caused by the
correlation effects in the core of the line and by the collision-time asymmetry in
line wings. As is seen in Fig. 3 dispersion parts of the profiles (15) and (12) differ
from each other, but the difference between them is not great and decreases with
decreasing c.

As is shown in Fig. 2 the asymmetry of the spectral line can be caused by
the finite time of collisions (the dispersion part of the profile (1)) and also by
correlations between the pressure and Doppler broadening, that means by depen-
dence of the pressure line shift on the emitter velocity. It should be emphasized,
however, that at intermediate pressures of the perturbing gas the effect due to the
finite duration of collision occurs simultaneously with that due to the correlations
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Fig. 3. Comparison of the dipersion parts of the responses of FPI to SDAVP (full line)
and AVP (dashed line). All parameters are the same as in Fig. 2.
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between the Doppler and collisional broadening provided the perturber mass is
heavy enough, i.e. when the perturber mass is greater or comparable with the
mass of the emitter (cf. also [10-12]). In such a case it is necessary to take into
account the simultaneous occurrence of these two eflects in order to perform a
correct interpretation of experimentally observed line profiles. Equation (15) de-
rived in the present paper may thus be useful in the analysis of experimental line
shapes obtained by means of the scanned Fabry—Pérot interferometer when both
the collision-time and the Doppler-collision correlation asymmetry effects should
be simultaneously included.
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