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INTRA-COLLISION EFFECTS IN THE COLLISION-BROADENING OF
SPECTRAL LINE PROFILES
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Department of Physics and Astronomy, University of Manitoba, Winnipeg, Manitoba, Canada, R3T 0C2

Abstract: Some details of events occurring during collisions that affect the profiles of collision-broadened spectral
lines are reviewed. Emphasisis on the impact and quasi-static approximations. Rotational level mixing and collisional
propagation are shown to be important processes. The general principles are illustrated through consideration of the

infrared spectrum of the hydrogen molecule.

Collision-broadened spectral line shapes carry
important information on the time-dependent dynamical
and collisional processes occurring in the radiating
medium. The physical description involvesthedynamical
evolution of the radiator as it undergoes a series of
multiple collisions with a large number of perturbers,
whiletheinteraction between theradiator dipole moment
and the external electromagnetic field results in
absorption and emission processes.

This article reviews, in an informal manner, a
particular aspect of collisional broadening, namely some
details of what can transpire during the collisions that
are ultimately responsible for the broadening
phenomenon. Both allowed and collision-induced
electric-dipoletransitions aretreated. The material isnot
new but consideration of these phenomenawithinasingle
context providesinsight into their character. Theinfrared
spectrum of the hydrogen molecule provides an ideal
illustration of some of the general phenomenainvolved.

1. COMMON APPROXIMATIONS

To begin, recall some basic principles employed in the
consideration of allowed transitions. Many treatments
of collisional line broadening are presented within the
impact approximation (or limit) where the time between
collisions controls the spectral line width. This approxi-
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mation is often taken to mean that the time of duration of
collisionsmay be considered small compared to thetime
between collisions, thereby rendering the detail s of what
happens during the collision unimportant. This last
statement can mislead. More correctly, and mathema-
tically, the approximation applies in the regime where!

- (D)

Here (w-w,) isthedetuning fromtheline centre at
wy, and 1. isthetime duration of the collision. The major
part of thispaper concernsthesituationwherethecollision
doesindeed have afinite duration and, moreover, where
collisional propagation, i.e. inelastictransitionsoccurring
during the collision process, but not due to radiative
processes, are prominent. Only the modifications to the
shape and intensity of the profile are discussed; themore
subtle changesin frequency shift are not considered.

Thework of Boulet, Robert, Galatry and Marteau?3
provides an introduction to the concept. The absorption
coefficient at frequency wis given by:

o (W) = Ng %%ﬂ%- exp @-ﬁ—?%cp(w), (2

where

(w-0p)te <<1

NE)

o(w) = %De}exp (-iwt)C (t)

and
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cft)=<n(0)-nlt)> . (4)
is the autocorrelation function of the dipole moment
operator fi(t). C (t) can be represented as:

C (t) = exp(iwpt) exp (—npostp (t)) ...(5)

where ng and n_ arethe number densities of theradiators
and of the perturbers respectively, o is the collision
diameter specified by the intermolecular potential, and
@ (t) is a dimensionless function. In the impact
approximation, a linear dependence of  (t) on t is
obtained for timeslonger than the collision duration time
(typically, a fraction of a picosecond). The Fourier
transformof C (t) isaLorentzian profile. The slopes of
the straight lines of the real and imaginary parts of
np03qJ (t) versust respectively give the halfwidth y and
freguency shift & of the spectral profile (Fig. 1).
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Fig. 1: Cadculated values of the g (t) function for the HF-Ar
R (2) linein the 0-2 band at 295 K. In the notation of the present
paper the vertical axesin thisfigure are (a) P/npcr3 and (b) —Q/npcr3
(reprinted with permission from Ph. Marteau, C. Boulet and D.
Robert, J. Chem. Phys. 80, 3632 (1984). Copyright 1984,
American Institute of Physics.)
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Theselines however, do not necessarily passthrough
the origin. The asymptotic behaviour for t > 1. may be
expressed as:

limn oy (t) = (y+ig)t+P+iQ ...(6)

t>>T¢

The quantities P and Q characterize the effect of the
finite duration of collision on the line shape. In the core
region of the profile for moderate densities where
(-, -8)<<1. " and Y<<T¢ " the profile is the
sum of a Lorentzian and an anomalous dispersion line
shape whose amplitudes are modified by a factor

exp(-P/my), i.e

-P
<p(w)=—exp( )
5 Y . Sv(w-wo-5)zg
B +(w-wo -8 v +(0-w, -8 F
(7

Thetotal line shapeisthus asymmetric with intensity
modified from that obtained from the pure impact
approximation.

Y (t) isusually obtained by two separate approaches.
For times much greater than T, the impact limit is
adequate. For times smaller than 1., the quasi-static
approximation gives accurate results. Init the perturbers
arethought to be stationary during the collision and their
motion neglected. Again more correctly, this regime is
characterized by amathematical relationship*

(w-wy)Te >>1 .. (8)

Itisthusoften appropriatetotreat long rangecollision
in the impact approximation and short-range collisions
in the quasi-static limit.

These two limiting approaches can be reconciled
through a unified theory that provides a representation
of Y (t), which includes the intermediate region lying
between the quasi-static and impact regimes.*

Now consider not just solely allowed transitions but
a more general case where both allowed and collision-
induced transitions may be present. Collision-induced
transitions occur quite generally and are due to dipoles
induced in pairs or higher order clusters of moleculesor
atoms through molecular or atomic interactions. The
induced dipole moment by its nature is a short-lived
entity, in effect, existing only during the duration of the
collision. The dipoles and their associated spectra are
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weak in magnitude and intensity respectively and are
usually observed in highly symmetric systems where
allowed transitions are forbidden.>®

For example, the symmetric molecule H, does not
have a permanent dipole moment in the ground electric
state nor an allowed infrared spectrum. It does, however,
display a collision-induced pure rotational and
vibrational - rotational spectrum that has been extensively
studied.>® The hydrogen isotopomer HD does have a
small permanent dipole moments of the order of 10~3to
10-% D which lies along the direction of its interatomic
axis.”® Thismoment isresponsiblefor allowed rotational
and vibrational transitions in the HD spectrum. The
formalism outlined in the following may be applied
judiciously to both H, and HD.

2. AGENERAL FORMALISM

Consider a system consisting of a single diatomic
molecule (absorber or radiator) immersed in a bath of
perturbers, here taken to be neutral atoms.® The whole
system lies in an electromagnetic radiation field. The
molecule has a series of low-lying energy levelsthat are
to be taken as vibration-rotation levels. The perturbers
have much more widely spaced energy levels, taken as
electronic energy levels, Electric dipole allowed
transitions are assumed possible between levels in the
radiator and perturbers. In addition interactions between
the molecule and the perturbers induce cluster electric
dipole moments that may also participate in radiative
transitions at severa frequencies, including the same
frequenciesasthe allowed transitions. Thenit ispossible
that the probability amplitudes for an allowed and
induced transition interfere.1°-* Absorption and
stimulated emission events as considered. Radiative
lifetimes of excited states are long compared to the
duartion of acollision T and thetime between collisions.
Spontaneous emission isthereforeignored. The spacing
of the molecular states is not large compared to 7/t
or KT. As aresult the radiator-perturber interaction may
cause mixing and inelastic collisions among the
molecular states. The radiator is assumed to be at rest
(heavy radiator approximation) and the perturbers are
considered to move along classical trajectories.

To treat this system, the density matrix of the gasin
which collisions take place is constructed and its
evolution in the presence of the incident radiation is
described to obtain the absorption and stimulated
emission spectrum.® There are severa contributions to
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the absorption coefficient which arise from different
physical phenomena. Four of them are immediately
relevant to the present discussion, namely:

04n Q0
a () = BgHe>

. (9)

w =

o3

N

o
amoooo00dEuoooooocd

—

Py
D]I:‘_DDDDDI;JDDDDDDDQD;

6: (T)Jelz (T’0)> eim—srdT%ZB
av

.

These equations are written in the Liouville space
formalism.* U}, is the one-perturber collisional propa-
gation operator intheinteraction pictureandisaLiouville

space operator; f);_ istheinduced dipole moment in the

interaction picture andisaHilbert space operator; [SR is
theallowed dipole moment of the mol ecul ar operator and
aso is a Hilbert space operator; sBis the Boltzmann
distribution function for the molecular states. The
superscript | denotesaHermitian conjugate. Each of these
termswill beelucidated inthefollowing paragraphs. The
details of the derivation of this expression need not
concern us here; they may befound inref. 9.

Thefirst term describesthe purely all owed spectrum.
Here ngisthe number density of the molecul ar radiators.
Transitionsoccur betweentheinitial stategandanexcited
state e. The second and third terms describe interference
between theamplitudesfor allowed and collision-induced
transitions. Again n_isthe perturber number density; Ly
istheLiouvilleoperator associated with the Hamiltonian
of thefreemolecular radiator. Theaverage (av) indicated
by the angular brackets is taken over al the collision
variables (velocity, impact parameter, orientation). The
last termdescribescallision-induced transitionsoccurring
inasinglecollisionandisthe principal contributor tothe
purely collision-induced spectrum. Intercollisional
interference effects in the purely collision-induced
spectrum are neglected in the present discussion.

The line shape operator L (o) appears in the first
three terms and is given by
/ 55
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n ) §<Veal (O)J eI (0, _.[)>av e (Lr +iu))r—srd.[E

(L +ic) .. (10)

V2 is the Liouville operator associated with the

anisotropic part of theinteraction potential and iswritten
intheinteraction picture. The presence of theline shape
operator intheinterferenceterms meansthat the spectral
features to which they give rise have similar width and
shifts to that of the purely allowed lines. The last term
depends solely on propagation during the collision and
its width thus depends on the duration of the collision.

In what follows, it isimportant to be aware of two
important and related phenomena. Oneisrotational level
or line mixing that arises because of the presence of
anisotropic componentsin the intermolecul ar potential.
Theother isthecollisional propagation among rotational
levelsthat is dueto inelastic collisions during the finite
duration of the collision.

3. THE INTERFERENCE TERMS

Even if the purely allowed and the interference terms
are evaluated in the impact approximation, collisional
propagation is still present. For example consider a

transition between an initial state |g) and a final state

|e) . After atranslation of the time origin from O to t, in
the second term, the history of the system, as described
by it, may be presented as follows. The molecule starts
in an arbitrary state |J;) at t = —co and the system
propagatesto t = t, whilethe mol ecule possibly undergoes
Jor mmixing. At t =t there is an interaction with the
light field through the induced di pole moment in general
connecting two intermediate J_ states of the molecule,
|2) and |3). The system then propagates to the end of
the collision. At t = + there remains a coherence

between |J.m,) and ‘ngg>. This is path 1 in Fig. 2.

Then the molecule interacts with the light field through
the allowed dipole moment to |eave the mol eculein state

|J.) . This is path 2 in Fig. 2. Interference occurs

between the quantum mechanical amplitudes associated
with these two paths. The mixing effect is important if

(weg _Q)gz)Tc <1. The time t, represents the time
between the radiative event and the time of closest
approach.
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Fig. 2: The pathways contributing to interference between
alowed and induced transitions as described by the second termin
Eq. (9). The zigzag arrows denote radiative transitions and the
straight arrows represent collisional propagation and mixing.
(reprinted from G.C. Tabisz, in weakly interacting molecular pairs:
unconventional absorbers of radiation in the atmosphere, Edited
by C. Camy-Peyret and A. A. Vigasin, (Kluwer, Dordrecht, 2003),
pp. 83. Copyright Kluwer, 2003)

The third term describes a process in which the

allowed radiator dipole initially creates a |Jo}(Jq|
coherence and the system propagates to t = t, with the
radiator possibly undergoing J and m mixing. At t = t,
theinduced dipole actsleaving theradiator inan arbitrary
state |J;) . Again interference can occur between the
amplitudes for these two paths. Again the mixing is
important if (weg - %z)rcs 1.

When the impact approximation is made, the total
absorption coefficient may be parameterized asthe sum
of Lorentzian and anomal ous dispersion componentsand
the expression for the total absorption coefficient due to
these three termsis:

a(w) = pRBAT—[wQ%—eXP E‘%%g ®| b ‘2

03ac

Bp, /
E(co—mo —:; )2"+ Bo, ) eer, +bpp2)_E
p p
(oo—ooo—Spp /T E
(o= -5p, F +(Br, f ;

o, +dp,?)

.. (12)

Herepgand P, aretheradiator and perturber densities
inamagat units, Z B jsthe Boltzmann function for state
Jg, and i is the reduced matrix element of the allowed

radiator dipole. The parameter B is a line-broadening
coefficient and Sis a frequency shift coefficient. The
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four parameters a, b, ¢ and d describe the role of the
interference process in the absorption process; a and ¢
refer to effects which occur in single collisions as
described above. The leading interference parameter a
affects the strength of the symmetric Lorentzian
component and c controls the asymmetry of the total
profile. The parameters b and d play roles analogous to
the latter two, but for effects important at high densities
and happening in successive collisions. They arisefrom
additional terms appearing in Eq. (9) which have been
excluded here for purposes of clarity and brevity.® All
four parameters depend on the permanent dipole moment
of the molecule and on the pair induced moment.

Such interference effects have only been observed
insystemsinvolving HD® 1 15-19 |n general, coherence,
which is a necessary ingredient for the occurrence of
interference, is a manifestation of indistinguishability.
Inthe HD problem, the amplitudes of two electric dipole
transitions between the same initial and final states are
capable of interference, despite vastly different origins.
In the simplest scenario, both the small magnitude and
symmetry properties of its permanent moment are the
crucial factors that permit observable interference to
occur. References 11-13 provide an elaboration of this
mechanism.

The treatment discussed here goes beyond that
simplest scenario.’ The parameters B, a, b, ¢ and d
appearing in Eq. (11) have been evaluated by the taking
of the collision average through the computer simulation
of the molecule-perturber interaction.?°-2* The HD-Ar
and HD-He systems have been treated. Both semi-
empirical anisotropic interaction potentials (V,) and ab
initio calculations of the induced dipole moment (D,)
areavailablefromtheliterature. The resultsdemonstrate
that inelastic collisions areindeed crucial.

Calculations have been made both with semi-
classica trajectories’®-2® and through a fully quantum
mechanical approach.?* The following describes some
typical results. First consider the purerotational spectrum
intheinfrared region (Fig. 3).

The R, (J) lines are allowed but also contain
contributions from the interference terms. For the
broadening coefficient B (Table 1) the semi-classical
calculations can differ with experiment by up to afactor
of 2 and the one available fully quantum result (ref. 24)
agreeswell with experiment. Clearly the caseswhere only
elastic collisions were used cannot account the observed
broadening.
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Fig. 3: Thefar infrared absorbance spectrum of pure HD at 42.8
amagats and 77 K. The sharp R (J) lines (more correctly, R, (J)) sit
upon abroad collision-induced background. (reprinted with
permission from L. Ulivi, Z. Lu and G.C. Tabisz, Phys. Rev. A 40,
62 (1989). Copyright 1989, The American Physical Society)

Table 1
Broadening coefficient, B, cm~tamagat ~%. Resultsare from
Ref. 21 unless otherwise specified

Temperature Experiment  Full Elastic
(K) Calc. Call. Only
HD-He
R,(0) 77 0.15 031 37x10°2
0.18[24]
R,(2) 195 0.41 048 1.2x10°°
HD-Ar
R,(0) 195 14 2.2 13
R,(1) 295 15 23 4.4 %1073

For the interference parameter a, there are large
differences between calculations permitting inelastic
collisions and those that do not (Table 2). In particular a
pronounced J-dependence appears for the former case.
For the asymmetry parameter ¢ the same tendsare evident
(Table 3). Noticethat experimentally its sign may change
from line to line and that the calculation is capable of
providing agreement.

Similar calculations have been made for the R, (J)
lines of the vibration-rotation transitions.?223 In this case,
collisional propagation can occur in principle among
rotational levelsin the ground vibrational state, among
levelsin the excited vibrational state and between levels
in these two vibrational states. Collision duration istoo
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long and experimental temperatures normally too low to
make the last contribution significant and it is neglected

inthisanalysis. The parametersaand c depend on (u R )'l

andband don (uR)_Z. The allowed transition dipole p,

isabout —8.3 x 104 D for purerotational transitionsand
+5.5 x 1075 D for lines in the fundamental band. The
parametersa and ¢ should then differ by afactor of about
—15 between the two types of transitions and b and d by
about 230. In fact a and c are always of opposite sign
and b and d are ailmost always of the same sign (as
expected). The ratio of these magnitudes however, can
be considerably different from 15 and 230. (For details
concerning these results the reader is asked consult
references 21 to 24). Collisional propagation in the
excited vibrational stateisthereby shownto beimportant.
Comparison with experiment is only possible for R, (0)
andR, (1) at 77 K. Agreement isgood for aand reasonable
for b; ¢ and d on the other hand are too small. The
calculation, semi-classical or quantum mechanical, does
not predict as large an asymmetry as observed.
Table 2

Interference parameter, a, 10~3 amagat ~*. Resultsare from
Ref. 21 unless otherwise specified

Temperature Experiment  Full Elastic
(K) Calc. Call. Only.

HD-He
R,(0) 77 6.0 (16) 2.99 4.33
R, (2) 77 4.4 (15) 6.47 4.34
R, (0) 77 -144(2) -1.83

[16] [23]

HD-Ar
R,(1) 295 1.8(3) 3.22 8.92
R,(2) 295 6.1(2) 7.80 8.92

Table3

Asymmetry parameter, ¢, 10~ amagat ~*. Results are from Ref.
21 unless otherwise specified

Temperature Experiment  Full Elastic
(K) Calc. Call. Only
HD-He
R,(0) 77 -3.0(6) -12
-2.18[24]
R,(0) 195 -34(224) -15 -0.67
R, (2) 195 -18(7) -031 -1x1073
R, (0) 77 11.8[16] 5.33
9.8[24]
HD-Ar
R, (1) 195 -16(2) -021 -0.04
R, (2) 195 4.06 (30) 1.3 -17x1073
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These examples have been elaborated to show that
collisional propagation or, in other words, details of
events during the collision process are important even
when the impact approximation isemployed. They affect
the line-broadening coefficient and are important in the
interference effect, particularly to the line asymmetry. It
is interesting to note that the interference parameter a
usually decreasesin magnitude when inelastic collisions
are included in the calculation. These collisions reduce
the degree of indistinguishability between the two
transition paths and the interference is accordingly
reduced. On the other hand the profile asymmetry usually
increases when inelastic collisions are considered. Such
results suggest that the collisional interference
phenomenon consists of two distinct effects which may
be complementary sources of information on
intermolecular interactions.

4. COLLISION-INDUCED SPECTRA

Now let usturn to the other common approximation, the
quasi-static, and investigate another manifestation of
events occurring during collision effects. Here the
influence of inelastic collisions on the purely collision-
induced spectrum is analyzed through a different
approach to the problem of the non-diagonal matrix
elements of the propagation.

The sharp rotational linesinthe HD spectrumwhich
we have been discussing sit in the observed spectrum on
a broad collision-induced background (Fig. 2). In the
spectrum of H,, there are no allowed lines, only a
collision-induced component. In Eg. (9) the last term
describesthe single collision contribution to the collision-
induced spectrum. Recall that it depends solely on
propagation during the collision. The line shape operator
L (w) doesnot appear and thewidth of the spectral feature
is controlled by the duration of the collision.

There has been much activity, and success, in
accounting for the observed broad spectral profile of
induced transitions based on isotropic intermolecular
potentia sand ab initio cal culated induced dipole moment
functions.® More recently there has been investigation
of the role of the anisotropic part of the potentia in the
formation of the spectral profile.?>2® To discuss this
activity, it is appropriate to work in essentially the
opposite to the impact limit, namely the quasi-static
approximation (Eg. (8)).

From the last term in (9), the history of a purely
induced transition in the system can be specified. The
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radiator propagates from some initial stateat t = —co to
the moment at the beginning of the collisional event
during which the induced dipole operator acts twice,
eventually leaving the radiator Omit (Fig. 4) in the final
state. The J and m mixing is possible both before the
collision occurs as well as during the collision between
theinstantswhen the dipole-fie d interactions take place.
It isassumed that the most important contribution to the
rotational level mixing comesin arelatively short period
of time 1 between the instants when the dipole operator
acts (when radiator and perturber are more likely to be
strongly interacting). It is the part of the time evolution
that accountsfor thefar wing properties of the spectrum.

The Fourier and Laplace transforms of this
expression can be cal cul ated for the high frequency region
of the spectrum through the stationary phase method?,
which appliesto high frequency detuning. (Then T may
be short and Eq. (8) can still apply). The matrix elements
of the Ué operator need to be calculated; since it is an
exponential operator, this is a non-trivial task if

nondiagonal terms of the form « JmJ;m, [UL]
J,m.J,m » are to be considered. The problem is
resolved by transformation of the wavefunctions to the
basis where the Vea' operator, which describes the

anisotropic molecular interactions, is diagonal,
specifically through a transformation of the form

|§> = Z z§m| Jm> . With this approach, after integration
m

over velocity and impact parameter, the analytic
expression for the absorption coefficient becomes:

2
o) =3 A3 3l zm a3 reurb
m} $o E3

 T0(3gmy g (M) I )35ty X)) Jom,)
2 av&p(Ai) Ve, ()
R | R |

E‘ o Hz - (12)

where

= (EV[E)~(oV"9)

Herethe A, correspond to pointsof stationary phase;
A_standsfor the point of entering and A, for the point of

.. (13)

departing the collision volume; R (A) isthe value of the
intermol ecul ar separation R at the stationary phase point;

A is a constant and z is The Boltzmann factor for
state J,m,.

To understand the implications of this expression it
has been applied to a particular case of a simple model.
The anisotropic potential is taken to be completely
repulsive with an R™? dependence on separation. The
induced dipole moment has an exponential R-dependence
and the angular symmetry of a quadrupole-induced
component. (This model isreminiscent of the early exp-
4 model of Van Kranendonk for the induced dipole®).
These specifications roughly model the H,-Ar system at
high temperature. Potential and dipole moment
parameters appropriate to that system were chosen for
the calculation.

For H,-Ar the pronounced linesin the purerotational
induced spectrum involve initial levels with J not
exceeding J_, = 5. Thetransitions occur for AJ = 0 and
+2. Therefore, lines with initial levels J =0, 2, 4 and
J=+1, 3, 5wereincluded in the calculation. These two
cases, even and odd J, weretreated separately throughout
the diagonali zation since within the model the even and
odd manifolds do not mix with each other. Theinfluence
of the nondiagonal matrix elements of the U, operator
(which are responsible for the mixing and propagation
effects) may be appreciated by concentration on oneline
and adding corrections by the switching on of various
coupling contributions.

-
Q,
-3

ABSORPTION SPECTRUM W(w)

10°
800

1000

1200 1400
FREQUENCY (c¢m-")

Fig. 4: The calculated absorption spectrum in the region of the S

(2) line at 295 K. The distinctions among the curves a, b, ¢, and d

is explained in the text. (Reprinted with permission from W. Glaz

and GC. Tabisz, Phys. Rev. A 54, 3903 (1996). Copyright 1996,
The American Physical Society)
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Consider the S(2) ling, i.e. thetransition from J=2
toJ=4. Asafirst step let usdeal only with the diagonal
elements of the evolution operator, namely «2, 4|U.,|2, 4»
(profileain Fig. 4). Next allowance is made for the Jto
vary intheassumed range (0to 4), i.e. S(0) and S(4) are
considered as well, but the diagonal character of the
elements «J,J, |UL|J,J,» ismaintained. Thereis still no
propagation but influence of linesother than S(2) appears
(profileb). The S(2) profileismoreintense as the effect
from the other lines is purely additive. Then the
nondiagonal elementsof U}, areincluded and adramatic
change occurs (profiles ¢ and d). The intensity of the
S (2) line alone is smaller than when propagation was
not taken into account (profile c). When the S (0) and
S (4) lines are also allowed to contribute, these
contributions tend to lower intensity even more
(profile d). Profilecisasingle S(2) linebut withinelastic
collisions or propageation possible between the rotational
states, possible between the times at which the dipole
operator acts. If there were no line mixing effects, the
adding of S (0) and S (4) to S (2) should result in an
increase in intensity as between profilesaand b. Instead
the intensities are smaller. Thisresult suggests that line
mixing and propagation reduce intensity by overcoming
the increase due to adding contributions from several
lines.

Theeffect is most important at high frequenciesand
the gap between ¢ and d increases with increasing
frequency. Direct comparison with experiments is not
possible, as not all contributions to the spectrum are
included in the model. Notably those from isotropic
components of the induced dipole can not be treated by
the stationary phase method since, in that case, the
potential energy differences that remain are zero.

SUMMARY

How collisional propagation and mixing effects can
influence spectra linesshapeshave beenillustrated. Most
of the calculations discussed have been performed
for matrix elements involving collision-induced
transitions—the case where what occurs during the
collisionisfact everything, the radiation event included.
However it isnot only in the far spectral wing wherethe
guasi-static approximation applies that these effects are
important. They can influence allowed spectra in the
line core, i.e. in the impact approximation regime,
both directly and, indirectly, through interference
phenomena.
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