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Conservation of resonance frequency in the collisional transitions between spectral lines

S. Belli, G. Buffa, and O. Tarrini
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~Received 25 May 2001; published 27 March 2002!

Collisional transitions between molecular lines give rise to relevant modifications of the spectral distribution
of absorption. We discuss here the consistency of such a coupling effect with the conservation of resonance
frequency for the scattered lines, a requirement that, in the frame of the usually adopted impact approximation
models, should follow from the conservation of energy in the collisions. This problem, leads either to the need
for a more appropriate theoretical treatment of collisional coupling or to the existence of a decoupling between
well resolved lines which could heavily affect the line shape in the far wings. A check allowing discrimination
between these two events could be obtained by measurement of the microwave far wing absorption of deuter-
ated ammonia.
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I. IMPACT APPROXIMATION

In order to extend some concepts of the usual scatte
theory, such as energy conservation, to collisional transiti
between lines, we recall here some basic points of the im
approximation theory@1# usually adopted in the literature fo
the treatment of the frequency-dependent relaxation oper
^Mc(n)& in the space of the lines introduced by Fano@2#,
which describes the perturbing effect of the surrounding th
mal bath on the spectra.

Within the impact approximation, the interaction of th
absorbing~or emitting! molecule with the other perturbin
molecules of the gas is described by sudden uncorrel
collisions. Assuming this interaction scheme one usua
omits the frequency dependence of^Mc(n)& which would be
induced by correlation between collisions or by their no
negligible duration. Moreover, the collisional regime is b
nary, as is usually the case for densities up to several te
of amagats, so that^Mc& is linear with the number densityn
of the perturbers,

^Mc~n!&'^Mc&5n^m&. ~1.1!

^m& is an operator@2# in the space of lines which describe
the average contribution of a binary collision to relaxation
can be expressed@1# in terms of transition matrix element
Taa8 between the states of the colliders.

The impact model has proved to be valid for microwa
spectra and in general is applicable in a frequency ra
where the durationt of the collision is negligible with re-
spect to the inverse of the distance between the line pean l

and photon frequency:

un2n l u!
1

2pt
. ~1.2!

In the opposite case, the short time details of collisional
namics should be considered.

In the ordinary space of molecular wave vectors, the
fect of collisions is described by the scattering matrixS,

Sa8a5da8a22p iTa8a~E!d~E82E!, ~1.3!
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where the transition matrixT(E) obeys the Lippmann-
Schwinger equation

T~E!5V1
1

E2H01 i«
T~E! ~«→0! ~1.4!

and describes the dynamics of the collision between a pa
molecules.V is the collisional potential,H0 is the unper-
turbed Hamiltonian of the colliding pair, and its eigenvalu
E andE8 are the energy of the ‘‘ingoing’’ stateua& and the
‘‘outgoing’’ state ua8&, respectively. Thed function d(E8
2E) expresses energy conservation in the collision. E
stateua& is composed of the internal states of the two m
ecules~absorbera and perturberp) and of the wave vectork
of the relative motion:

ua&[ua,p,k&. ~1.5!

The matrix element

^a8,p8,k8uT~E!ua,p,k&d~E82E! ~1.6!

gives the amplitude of a collisional transition between t
ingoing stateua,p,k& with energyE5Ea1Ep1Ek and the
outgoing stateua8,p8,k8& with energyE85Ea81Ep81Ek8 .

Computable approximations for the scattering matrix e
ments~1.6! are obtained@3# by resorting in Eq.~1.4! to a
perturbative expansion ofT(E) in terms ofV:

T~E!5T1~E!1T2~E!1•••,

T1~E!5V,

T2~E!5V
1

E2H01 i«
V,

•••. ~1.7!

Since molecular transitions, rather than single molecu
states, are the spectroscopic observables, spectral quan
such as resonance frequenciesn0 and linewidthsG, are better
treated in the Liouville subspace of the lines@2# whose vec-
tor basisul &&5ul i&^l f u corresponds to dipolar transition
©2002 The American Physical Society11-1
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l i→l f between two states of the absorbing molecule. A
propriate Liouville operatorsSl l 8 andTl l 8 in this subspace
can be obtained describing the scattering between line
tors; just asSa8a andTa8a describe this process in the ord
nary space. An operatorml l 8(p,k) can be defined@1# which
represents the contribution to the relaxation matrix^Mc& l l 8
of a collision occurring at given values of the thermal ba
parametersp and k. The Liouville scattering matrixS(p,k)
and the relaxation operatorm(p,k) can be expressed in term
of the ordinary scattering matrixS:

ml l 8~p,k!5^^l um~p,k!ul 8&&5d l l 82Sl l 8~p,k!,
~1.8a!

Sl l 8~p,k!5^^l uS~p,k!ul 8&&

5(
p8

E dk8^l i ,p,kuSul i8 ,p8,k8&

3^l f8 ,p8,k8uS†ul f ,p,k&. ~1.8b!

The relaxation operator̂m& of Eq. ~1.1! is obtained by av-
eragingm(p,k) over the bath variables:

^m&5^ f ~p,k!m~p,k!&p,k , ~1.9!

wheren f(p,k) is the probability per unit time that the ab
sorber has a collision at given values ofp andk. The average
over these variables is indicated by^ &p,k .

The diagonal term̂ m& l l describes the relaxation of
single linel having Lorentzian shape

F l ~n!5I l

G l

~n2n l 2D l !21G l
2 , ~1.10!

with line intensity

I l 5r l u^l f umul i&u2 ~1.11!

and resonance frequency

n l 5@E~ l f !2E~ l i !#/h. ~1.12!

The collisional widthG l and collisional shiftD l are, respec-
tively, the real and imaginary parts of the relaxation mat
element̂ Mc& l l ,

G l 1 iD l 5^Mc& l l 5n^m& l l . ~1.13!

Equations~1.8! and~1.3! allow one to express the diago
nal part of^m&, and hence the relaxation parametersG l and
D l of isolated linesl , in terms of matrix elements of th
transition operatorT(E) in the ordinary space of collide
statesul ,p,k&:
04271
-

c-

^m& l l 5K f ~p,k!S ^l i ,p,kuT~E!ul i ,p,k&

2^l f ,p,kuT†~E!ul f ,p,k&

1(
p8

E dk8^l i ,p,kuT~E!ul i ,p8,k8&

3^l f ,p8,k8uT†~E!ul f ,p,k&

32p id~Ep81Ek82Ep2Ek!D L
p,k

. ~1.14!

The Dirac functiond(Ep81Ek82Ep2Ek) in the third term,
bilinear in T(E), follows from energy conservationd(E8
2E) in the scattering matrix elementSa8a of Eq. ~1.3!. In
the semiadiabatic transitionsl ,p,k→l ,p8,k8 energy is
transferred only between translation and internal degree
the perturber.

The perturbative expansion~1.7! of T(E) in terms ofV
and a classical treatment of relative motion in the collisi
allow the semiclassical calculations commonly used in
literature forG l andD l to be obtained.

In the case we will study, the shift effect is small in an
case and therefore the imaginary part of the relaxation ma
^Mc& will be neglected in the following.

II. COLLISIONAL COUPLING

The off-diagonal part̂ Mc& l l 8 of the relaxation matrix
accounts for the collisional transitions between spectral lin
an effect receiving growing attention in recent decades
usually called collisional coupling@1,2,4–10#. A good bibli-
ography can be found in Ref.@11#. Collisional coupling be-
tween a pair of molecular linesl 5l i→l f and l 85l i8
→l f8 occurs when, as shown in Fig. 1, collision induc
transitions between the initial and final states,l i↔l i8 and
l f↔l f8 , produce an amplitude transfer betweenl and l 8.

The off-diagonal relaxation termŝMc& l l 8 can be ob-
tained from Eqs.~1.1!, ~1.8!, and~1.9!:

FIG. 1. Schematic representation of collisional coupling effe
1-2
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^Mc& l l 85n^ f ~p,k!ml l 8~p,k!&p,k

52nK f ~p,k!(
p8

E dk8^l i ,p,kuSul i8 ,p8,k8&

3^l f8 ,p8,k8uS†ul f ,p,k&L
p,k

. ~2.1!

When off-diagonal relaxation occurs, the line shape is m
complicated than a simple sum of Lorentzians and, in
Liouville formalism, is given by@2,5,10#

F~n!5
1

p
Im K K mU 1

n2~L01 i ^Mc&!
UmL L , ~2.2!

where the scalar product is defined bŷ^AuB&&
5Tr$rA†B%. m is the molecular dipole moment whose re
resentation in the Liouville space is given by

um&&5(
l

m l ul &&, ~2.3!

wherem l 5^l f umul i& is the amplitude of the line.L0 is the
Liouville time evolution operator in absence of collision
whose eigenvectors are the spectral lines with eigenva
the resonance frequencies:

i

h

]

]t
ul &&5L0ul &&5n l ul &&.

In the region of line peaks the effect of collisional co
pling is not simply described and requires a diagonalizat
of the non-Hermitian effective Liouville operatorL0
1 i ^Mc&. Fortunately, a simpler approach can be used w
the spread of the eigenvalues ofL0 is negligible in the de-
nominator of Eq.~2.2!. This is the case when the frequen
distance between the lines is far smaller than their collisio
width,

G l @un l 2n l 8u, ~2.4a!

or when the spectrum is observed in the far wing region

un2n l u@un l 2n l 8u. ~2.4b!

In both these cases absorption is well described by an e
tive line @12#

F̄~n!5 Ī
Ḡ

~n2 n̄ !21Ḡ
. ~2.5a!

The intensity, frequency, and width of the effective line a

Ī 5(
l

I l 5(
l

r l um l u2, ~2.5b!

n̄5(
l

I l n l / Ī , ~2.5c!
04271
e
e

es

n

n

al

c-

Ḡ5 (
l ,l 8

~ I l I l 8!
1/2^Mc& l l 8 / Ī . ~2.5d!

Separation of diagonal and off-diagonal terms in the rig
hand side of Eq.~2.5d! yields

Ḡ5Gav1Gcoup, ~2.6a!

Gav5(
l

I l ^Mc& l l / Ī 5(
l

I l G l / Ī , ~2.6b!

Gcoup5 (
l ,l 8;l Þl 8

~ I l I l 8!
1/2^Mc& l l 8 / Ī , ~2.6c!

and makes it clear that the effective widthḠ is not the
weighted averageGav of the width of the resolved compo
nents because a~usually negative! term Gcoup must be added
as a consequence of the collisional coupling effect.

III. ENERGY CONSERVATION AND FREQUENCY
CONSERVATION

In the space of ordinary wave vectors each collision
described by aSmatrix that is subject to energy conservatio
between ingoing and outgoing molecular states, as expre
by the d function d(E82E) in Eq. ~1.3!. We denote by
DEa5E(a8)2E(a), by DEp5E(p8)2E(p), and byDEk
5E(k8)2E(k) the energy changes of the internal degrees
the absorber, of the perturber, and of translation, respectiv
The S-matrix element~1.3! for the collisional transition
a,p,k→a8,p8,k8 becomes

^a8,p8,k8uSua,p,k&522p i ^a8,p8,k8uT~E!ua,p,k&

3d~DEa1DEp1DEk! ~3.1!

and therefore vanishes unless

DEa1DEp1DEk50. ~3.2!

In the Liouville space of the lines the contributions
each collision to the relaxation matrix^m& and^Mc& involve
two S-matrix elements, as can be seen from Eqs.~1.8! and
~1.9!. Energy conservation must hold for both of them. Wh
the off-diagonal componentŝm& l l 8 and ^Mc& l l 8 are con-
sidered, this raises the problem that is the object of this
per. Looking at Eq.~2.1!, one can see that the energy chan
in the same transitionp,k→p8,k8 of the thermal bath mus
compensate two different energy changes of the absor
that of the transitionl i→l i8 between the two initial states o
the coupling lines and that of the transitionl f→l f8 between
their final states.

No problem exists for diagonal termsl 5l 8. In this case,
energy conservation imposes just

DEp1DEk50 ~3.3!
1-3
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for both the transitions in Eqs.~1.8b! and ~1.14!. But the
situation is different for the off-diagonal terms^Mc& l l 8 in
Eq. ~2.1!, receiving contributions from correlated products
S-matrix elements

^l i ,p,kuSul i8 ,p8,k8&^l f8 ,p8,k8uS†ul f ,p,k& ~3.4!

wherel Þl 8. From energy conservation in the firstS-matrix
element we have

DEi5E~ l i8!2E~ l i !52DEp2DEk . ~3.5a!

The same energy balance holds for the secondS-matrix ele-
ment of Eq.~3.4!:

DEf5E~ l f8!2E~ l f !52DEp2DEk . ~3.5b!

Since

Dn5n l 82n l 5~DEf2DEi !/h, ~3.6!

Eqs.~3.5! yield frequency conservation

Dn5n l 82n l 50 ~3.7!

for the two coupling spectral transitions.
Equations~1.8!, ~1.3!, and ~3.5! allow the off-diagonal

part of the relaxation matrix̂Mc& to be expressed in terms o
matrix elements of the transition operatorT(E) in the ordi-
nary space of colliders states:

^Mc& l l 85n^m& l l 8

5nK f ~p,k!S (
p8

E dk8^l i ,p,kuT~E!ul i8 ,p8,k8&

3^l f8 ,p8,k8uT†~E!ul f ,p,k&

32p id~DEl 1DEp1DEk!D L
p,k

, ~3.8a!

DEl 5DEi5DEf . ~3.8b!

Energy conservation is formally described by the funct
d(E82E) in the expression~1.3! of the scattering matrix
Sa8a ; likewise the conservation~3.7! of resonance frequenc
in collisional transitions between spectral lines is describ
by the functiond(n l 82n l ) in the Liouville scattering matrix
Sl l 8 of Eq. ~1.8!, which we express in the form

Sl l 8~p,k!5^^l uS~p,k!ul 8&&5d l l 82ml l 8~p,k!,

ml l 8~p,k!522p iTl l 8~p,k!\21d~n l 82n l !. ~3.9!

The Liouville transition matrixTl l (p,k) plays in the space
of lines the same role as the transition matrixTaa8 of Eq.
~1.8b! in the ordinary space. From Eqs.~1.8!, ~1.3!, and
~3.9!, the expression of the off-diagonal coupling pa
Tl l 8(p,k) in terms of transition matrix elements betwe
molecular states becomes
04271
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Tl l 8~p,k!5(
p8

E dk8^l i ,p,kuT~E!ul i8 ,p8,k8&

3^l f8 ,p8,k8,uT†~E!ul f ,p,k&

3d~DEl 1DEp1DEk!. ~3.10!

According to Eqs.~3.7!–~3.10!, collisional coupling be-
tween separated lines would be strictly forbidden, in co
plete disagreement with a large number of experimental
sults. However, due to collisional interaction with ba
molecules, the energy levelsEl and resonance frequencie
n l of the absorber are both affected by an indeterminacy
the order of the linewidthG l , which is the inverse of the
time T elapsing between two successive collisions exp
enced by the absorber,G51/2pT. The restrictions on colli-
sional transitions imposed by energy and frequency con
vation are consequently weakened: the limitations on
energy and frequency differences,dE anddn ,

udEu5uE82Eu&\G,

udnu5un l 82n l u&G, ~3.11!

take the place of the classicald(E82E) and d(n l 2n l 8)
functions in Eqs.~1.3! and ~3.9! for the scattering matrixS
and S. This means that when the indeterminacy caused
collisions of the resonance frequencies is taken into acco
coupling does not violate frequency conservation, provid
that the lines are not well resolved. As a consequence,
density dependence should be different for diagonal and
diagonal relaxation matrix elements of the relaxation ope
tor ^Mc&. Denoting byv the average relative velocity in th
collisions, the cross section

s l l 852p^Mc& l l 8 /nv ~3.12!

describes the averaged relaxation efficiency of a single
lision. The diagonal elementss l l are independent ofn and
this leads to a linear density dependence of^Mc& l l , which
has been accurately checked in many experimental studie
energy conservation hinders collisional coupling,s l l 8
should be density independent only when the lines over
but should go to zero at low pressures when the lines are
resolved, giving rise to decoupling. One might think th
such a nonlinear dependence of^Mc& l l 8 should already have
been observed. However, as we will discuss in the next s
tion, such an effect is not easily disentangled in the us
cases. On the contrary, it could be clearly observed, i
exists, in an experiment that we propose in order to dec
which one of the two following hypotheses is true:~i! the
theory of collisional coupling must be better formulated;
~ii ! when lines are well separated decoupling occurs.

IV. FAR WING ABSORPTION OF ND 3

Particularly suitable for this kind of investigation is th
microwave spectrum of ammonia, the same spectrum
provided the first evidence of the collisional coupling effe
@5#. Both isotopic species NH3 and ND3 are symmetric top
1-4
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molecules whose rotational states, defined by the quan
numbersJ andK, are split into symmetric~1! and antisym-
metric (2) parity states. The inversion transitions

l J,K,12[J,K,1→J,K,2

have a frequency depending onJ and K, with an average
value n0 of approximately 1.6 GHz for ND3 and approxi-
mately 23 GHz for NH3. Due to pressure broadening, th
different inversion transitions merge into a single invers
line l 12 . For the case of ND3 this occurs at pressures o
some hundreds of pascals. When the pressure is raised to
higher values, a strong coupling can be observed betwee
positive frequency inversion transitionl 12 , which has
resonance frequencyn0 and corresponds to photon emissio
and the negative frequency inversion transitionl 21 , which
has resonance frequency2n0 and corresponds to photon a
sorption. Whenl 12 and l 21 merge into a unique Deby
profile, the linewidth is reduced by collisional coupling a
proximately by a factor of 4 for NH3 and approximately by a
factor of 5 for ND3. The problem in this case is simpl
described in a Liouville space of dimension 2 by the rela
ation matrix@5#

^Mc&5S G 2j

2j G
D , ~4.1!

whereG is the collisional broadening of both absorption a
emission lines andj is their collisional coupling paramete
The effective time evolution operatorL01 i ^Mc& in Eq. ~2.2!
is in this case easily diagonalized, yielding the line shap

Fc~n!52I
~G2j!n21~G1j!~n0

21G22j2!

~n22n0
22G21j2!214n2G2

, ~4.2a!

very different from the simple sum of two Lorentzians, o
at frequencyn0 ~absorption! and the other at frequency
2n0 ~emission!:

F0~n!5I F G

~n2n0!21G2 1
G

~n1n0!21G2G . ~4.2b!

In Fig. 2 a comparison is performed betweenFc andF0 for
different values of the overlap ratioG/n0, a parameter de
pending linearly on the gas pressure. We usedj5 3

4 G, which
is a reasonable value for the inversion spectrum of ammo
Figure 2~a! shows that, whenG!n0 and the two lines are
well resolved, collisional coupling has a negligible effect
the frequency region of the line peaks. The effect is larger
higher values of the overlap ratio. When, on increasing
pressure, the lines are partially overlapping@Figs. 2~b! and
2~c!#, they attract each other, while, at still higher pressur
when they merge into a single profile, the linewidth is r
duced by collisional coupling@Fig. 2~d!#. According to Eqs.
~2.5! and~2.6!, in the high pressure limitG@n0, the shape is
given by a single Debye profile with a width reduced fromG
to G2j.

Collisional coupling was introduced by Ben-Reuven@5#
just in order to explain this~at that time anomalous! effect,
04271
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which had been observed by Bleaney and Loubser for N3
@13# and by Birnbaum and Maryott for ND3 @14#. Coupling
was later observed for many other molecules and for am
nia also between the two parity components (1→2 and
2→1) of the far infrared rotational transitions@15,16# and
of the infrared rotovibrational transitions@17–21#.

FIG. 2. Collisional coupling between two lines, one at frequen
n0 and the other at frequency2n0. It is assumed that the relaxatio
matrix is given by Eq.~4.1! andj5(3/4)G. The line shape is plot-
ted versusn/n0 for four different values of the overlap ratioG/n0

either taking~solid line! or not taking~dotted line! collisional cou-
pling into account.
1-5
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We denote byḠ the ND3 linewidth obtained when colli-
sional coupling is taken into account and byGav the same
quantity in the absence of this effect. The same notatio
extended to the corresponding cross sectionss52pG/nv
and radii r 5s1/2/p. Quite reliable theoretical calculation
are available forr̄ andr av. Indeed, the broadening paramet
of isolated lines can be obtained by the commonly u
semiclassical methods@22#. Then, by performing the averag
in Eq. ~2.6a! one has@23#

r av515.131028 cm. ~4.3a!

The effective line method of Eqs.~2.5! and~2.6! can be used
to take the collisional coupling effect into account, yieldin
@12,23#

r̄ 56.631028 cm, ~4.3b!

in reasonable agreement with the measured valuer
56.931028 cm @14#.

On the whole, we have seen that collisional coupling h
been well studied in the case of the ammonia inversion sp
trum. Modification of the line shape is very large and the
retical treatment is particularly simple because the Liouv
space is essentially of dimension 2. However, the exis
studies look at absorption peaks; as a consequence, as s
by Fig. 2~a!, the coupling effect is small in the case of we
resolved lines, which is of interest for the present discuss
Decoupling is not easily examined in that frequency regi

The far wing line shape, which is more suitable for t
problem we are interested in, has been studied for other m
ecules but in this case also a firm conclusion is not ea
obtained. Analysis of the spectra is complicated by the la
number of off-diagonal terms in a relaxation matrix of lar
dimension. In some cases a deviation from the line sh
forecast by the impact approximation was observed, but
was ascribed to the effect of finite duration of the collisio
@24,25#.

In contrast, the problem could be easily solved by obse
ing the far wing absorption of deuterated ammonia. Inde
while condition ~2.4a! is false when the lines are well re
solved, condition~2.4b! is always true in the far wings. I
collisional coupling is not hindered by energy conservati
the far wing absorption should be characterized at any p
sure byr̄ of Eq. ~4.3b!. In the opposite case, at low pressur
the far wing absorption should be characterized byr av of Eq.
~4.3a!.

As an example, we choosen518 GHz. Results of calcu
lations performed at this frequency are shown in Fig.
where the absorptiona, divided by p2, is reported versus
pressurep. The solid line includes the collisional couplin
effect, that is to say, uses Eqs.~2.5a! and ~4.3b!. The dotted
line neglects the collisional coupling effect, that is to say
is simply the sum of the Lorentzian shapes of all the posit
and negative frequency inversion lines. If energy conser
tion has no effect on collisional coupling, absorption sho
be described in any case by the solid line. If, on the contr
decoupling is present, the solid line might be reliable only
high pressure, while at low pressure absorption might foll
04271
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the dotted line, which is higher by approximately a factor
5. The transition from solid line to dotted line should occ
in the pressure range 103–104 Pa. Indeed, at a pressure
103 Pa, the average linewidth is approximately 200 MH
much lower than the average inversion frequencyn0
.1.6 GHz. The two inversion components are well resolv
and collisional coupling might be hindered by resonance
quency conservation. At pressures of the order of 104 Pa, all
the positive frequency and negative frequency lines me
into a single absorption profile and collisional couplin
should be allowed by the indeterminacy of the resona
frequency of the broadened spectral components.

On the whole, from Fig. 3 one can see that if resona
frequency conservation affects collisional coupling, th
should be clearly observed in the microwave far wing of t
ND3 inversion spectrum. A number of reasons make t
situation particularly suitable for the purpose.

~1! Collisional coupling is very large. Absorption i
changed approximately by a factor of 5, larger by far than
errors involved in the semiclassical calculation of linewidth
which usually do not exceed 10–20 %.

~2! Both conditions required by impact approximation a
well satisfied. The collisional regime is binary up to 106 Pa,
while the pressure range of interest is 103–104 Pa. Moreover,
the frequency distance from line peak (n2 n̄518 GHz) is
small in comparison to the inverse of the duration of a c
lision (1/t.r /v.500 GHz) and condition~1.2! is well re-
spected.

~3! Contribution from the wings of transitions other tha
inversion is negligible: the nearest rotational lineJ50→1
has low intensity and is quite distant.

V. CONCLUSIONS

The impact approximation is usually adopted to treat
collisional coupling effect, which consists of a coherent a
plitude transfer between two molecular transitions. We ha
shown that within this approximation the requirement of e
ergy conservation in the space of molecular states is refle
in the requirement of frequency conservation for the co

FIG. 3. Dependence on the pressurep for the ND3 absorptiona
at 18 GHz, divided byp2. Solid line takes collisional coupling into
account, dotted line omits this effect.
1-6
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pling transitions. Hence, collisional coupling between tran
tions at different frequencies should be possible only wh
they are not well resolved and because of the indetermin
in the resonance frequencies of the broadened lines. We
gest an experimental check, consisting in a measureme
the ND3 absorption at 18 GHz and in the pressure ran
c.

r.

04271
i-
n
cy
g-
of
e

103–104 Pa. This check should show either that the theor
ical framework commonly used to describe collisional co
pling should be modified, or that a decoupling effect exi
which was never considered, but which could be relevant
the far wings of molecular lines. For the case of ND3, ab-
sorption could be changed by a factor of 5.
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