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Conservation of resonance frequency in the collisional transitions between spectral lines
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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 where the transition matrixT(E) obeys the Lippmann-
Schwinger equation

In order to extend some concepts of the usual scattering
theory, such as energy conservation, to collisional transitions
between lines, we recall here some basic points of the impact
approximation theory1] usually adopted in the literature for
the treatment of the frequency-dependent relaxation operat@nd describes the dynamics of the collision between a pair of
(Mc(v)) in the space of the lines introduced by Fai®), = molecules.V is the collisional potentialH, is the unper-
which describes the perturbing effect of the surrounding therturbed Hamiltonian of the colliding pair, and its eigenvalues
mal bath on the spectra. E andE’ are the energy of the “ingoing” stater) and the

Within the impact approximation, the interaction of the “outgoing” state |a’), respectively. Thes function S(E’
absorbing(or emitting molecule with the other perturbing —E) expresses energy conservation in the collision. Each
molecules of the gas is described by sudden uncorrelatestate| @) is composed of the internal states of the two mol-
collisions. Assuming this interaction scheme one usuallyecules(absorbeia and perturbep) and of the wave vectde
omits the frequency dependence(df.(»)) which would be  of the relative motion:
induced by correlation between collisions or by their non-
negligible duration. Moreover, the collisional regime is bi- |a)=la,p,k). (1.5
nary, as is usually the case for densities up to several tenths )
of amagats, so thafl.) is linear with the number density | € matrix element

of the perturbers, (a’,p’ K'|T(E)|a,p,k) S(E' —E) (1.6

1
T(E)=V+ +i€T(E) (e—0) (1.9

E—Ho,

(Mc(v))~(Me) =n(m). 1. gives the amplitude of a collisional transition between the

ingoing state|a,p,k) with energyE=E .+ E,+Ex and the
outgoing statéa’,p’ k') with energyE’ =E,+E+Ey.

Computable approximations for the scattering matrix ele-
ments(1.6) are obtained3] by resorting in Eq.(1.4) to a
perturbative expansion &f(E) in terms ofV:

(m) is an operatof2] in the space of lines which describes
the average contribution of a binary collision to relaxation. It
can be expressdd] in terms of transition matrix elements
T,. between the states of the colliders.

The impact model has proved to be valid for microwave
spectra and in general is applicable in a frequency range
where the durationr of the collision is negligible with re-
spect to the inverse of the distance between the line pgak TL(E)=V
and photon frequency: ! ’

TE)=Ty(E)+Tx(E)+---,

lv—v, |< . (1.2 TZ(E)_VE—HO—l—isV'
27T
1.7
In the opposite case, the short time details of collisional dy-
namics should be considered. Since molecular transitions, rather than single molecular
In the ordinary space of molecular wave vectors, the efstates, are the spectroscopic observables, spectral quantities,

fect of collisions is described by the scattering magijx such as resonance frequencigsand linewidthd’, are better

treated in the Liouville subspace of the lin&g whose vec-

Spra= 04t a— 2T 41 (E)S(E'—E), (1.9  tor basis|/))=|/;){(/| corresponds to dipolar transitions
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/i—/+ between two states of the absorbing molecule. Ap-

propriate Liouville operatorS,,» andT, ., in this subspace

can be obtained describing the scattering between line vec-

tors; just asS,,, andT,/, describe this process in the ordi-
nary space. An operatat, . (p,k) can be definefll] which
represents the contribution to the relaxation ma¢til)

of a collision occurring at given values of the thermal bath
parameterg and k. The Liouville scattering matrixs(p,k)
and the relaxation operatet(p,k) can be expressed in terms
of the ordinary scattering matri®

m, (P, K)=((/m(p,K)|/"))=68,,—5,,(p,k),

(1.89
S, (P, K)=((7[S(p,K)|~"))
=Z_fM%ApMH/LWkU
p
(/1P KIS APk (18D

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

(my=(f(p,Km(p,K))p . (1.9

wherenf(p,k) is the probability per unit time that the ab-
sorber has a collision at given valuespodindk. The average
over these variables is indicated byy, .

The diagonal term(m),, describes the relaxation of a
single line/" having Lorentzian shape

FAv)=1, L z ; (1.10
(v—v,—A))"+I7
with line intensity
L=p A/l 3)]? (1.1
and resonance frequency
v,=[E(/5)—E(/})]/h. (1.12

The collisional widthl” , and collisional shiftA , are, respec-
tively, the real and imaginary parts of the relaxation matrix
element(M;),,,

I +iA,=(M),  =n(m),, . (1.13

Equations(1.8) and(1.3) allow one to express the diago-
nal part of(m), and hence the relaxation parametgysand
A, of isolated lines/, in terms of matrix elements of the
transition operatoiT(E) in the ordinary space of collider
states|/,p,k):
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FIG. 1. Schematic representation of collisional coupling effect.
(m),, = < f(p,k)( (7i,p.KIT(E)|7;,p.k)
_</f ip!leT(E)l/f 1p!k>
+2 f dk,</| 7pvk|T(E)|/l 1p’1k’>
pl

X(/¢,p" K |TI(E)

71,p,K)

X 2mi 8(E)+Ef—Ep—Ey)

> ) (1.19
p.k

The Dirac functioné(E;Jr Ex—E,—Ey) in the third term,
bilinear in T(E), follows from energy conservatiod(E’
—E) in the scattering matrix elemeis,., of Eq. (1.3. In
the semiadiabatic transitiong’,p,k—/,p’,k’ energy is
transferred only between translation and internal degrees of
the perturber.

The perturbative expansiofl.7) of T(E) in terms ofV
and a classical treatment of relative motion in the collision
allow the semiclassical calculations commonly used in the
literature forI' , and A , to be obtained.

In the case we will study, the shift effect is small in any
case and therefore the imaginary part of the relaxation matrix
(M) will be neglected in the following.

II. COLLISIONAL COUPLING

The off-diagonal par{M.), . of the relaxation matrix
accounts for the collisional transitions between spectral lines,
an effect receiving growing attention in recent decades and
usually called collisional couplinffl,2,4—1Q. A good bibli-
ography can be found in Reff11]. Collisional coupling be-
tween a pair of molecular lineg’'=/;—/; and /' =/

— /'t occurs when, as shown in Fig. 1, collision induced
transitions between the initial and final states«— /| and
/y++/¢, produce an amplitude transfer betweérand /.

The off-diagonal relaxation terméM.),,» can be ob-

tained from Eqs(1.1), (1.8), and(1.9):
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M r=n(f ,k ’ ,k - 0
(Me) v =n{f(p,K)m,,(p,K))p K T=2 (I,)YM), . (2.50)
» 2] ’ ! /'/’
=—n<f(p,k)2 fdk’</i,p,k|5|/i P’k
P’ Separation of diagonal and off-diagonal terms in the right-
hand side of Eq(2.50 yields
X(/t,p" K |[S" /4 ,p,k>> : (2.0 B
p.k 1ﬂzlﬂav"'l—‘coupa (2.69
When off-diagonal relaxation occurs, the line shape is more

complicated than a simple sum of Lorentzians and, in the Fav=2 |/<MC>///|_:E |/1~//|_, (2.6b
Liouville formalism, is given by[2,5,10 A 7z

1 JR—
v—(]Lo+i<Mc>) M>>’ (2'2) Fcoup: E (I/l/’)l/2<Mc>//’“a (Z-GQ
A4 Ve

il
F(V)=;|m M

where the scalar product is defined by(A|B)) _

=Tr{pA'B}. u is the molecular dipole moment whose rep- and makes it clear that the effective widih is not the
resentation in the Liouville space is given by weighted averagé’,, of the width of the resolved compo-
nents because @sually negativetermI'¢,,, must be added
as a consequence of the collisional coupling effect.

|u>>=2 mAON, 2.3

. . . . Ill. ENERGY CONSERVATION AND FREQUENCY
whereun , =(/¢|pn|/;) is the amplitude of the linel.q is the CONSERVATION

Liouville time evolution operator in absence of collisions,
whose eigenvectors are the spectral lines with eigenvalues In the space of ordinary wave vectors each collision is
the resonance frequencies: described by & matrix that is subject to energy conservation
between ingoing and outgoing molecular states, as expressed
) by the 6 function §(E'—E) in Eq. (1.3). We denote by
N=vA0)). AE,=E(a’)—E(a), by AE,=E(p')~E(p), and by AE,
=E(k") — E(k) the energy changes of the internal degrees of
In the region of line peaks the effect of collisional cou- the absorber, of the perturber, and of translation, respectively.
pling is not simply described and requires a diagonalizatioriThe S-matrix element(1.3) for the collisional transition
of the non-Hermitian effective Liouville operatoi, a,p,k—a’,p’,k’ becomes
+i(M,). Fortunately, a simpler approach can be used when

i d

h at |/>>:“‘O

the spread of the eigenvalues Iof is negligible in the de- (a’',p',k'|Sla,p,ky=—2mi(a’,p’,k'|T(E)|a,p,k)
nominator of Eq.(2.2). This is the case when the frequency

distance between the lines is far smaller than their collisional X S(AEa+AE,+AEY) 3.1
width,

and therefore vanishes unless
F/>|V/_V//|, (24@
_ . _ . AE,+AE,+AE(=0. (3.2
or when the spectrum is observed in the far wing region,
In the Liouville space of the lines the contributions of
each collision to the relaxation matr{xn) and(}M;) involve
dwo Smatrix elements, as can be seen from Eqs8) and
(1.9. Energy conservation must hold for both of them. When
the off-diagonal componentan),,, and (M), are con-
o T sidered, this raises the problem that is the object of this pa-
F(v)=l————. (2.5a per. Looking at Eq(2.1), one can see that the energy change
(v—v)2+T in the same transitiop,k—p’,k’ of the thermal bath must
compensate two different energy changes of the absorber:
The intensity, frequency, and width of the effective line are tnat of the transition’,— /7 between the two initial states of

the coupling lines and that of the transitigh— /; between
1= 1,=2 p|u? (2.5p their final states.
7 / No problem exists for diagonal terms=/". In this case,
energy conservation imposes just

lv—v, |>|v,— v, (2.4b

In both these cases absorption is well described by an effe
tive line[12]

v=2 LI, 25
=2 v (259 AE,+AE,=0 (3.3
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for both the transitions in Eq41.8b and (1.14). But the
situation is different for the off-diagonal ternqdf.), . in

Eq.(2.1), receiving contributions from correlated products of

Smatrix elements
(Zi.p KISz K710 KIS 7 pk) (3.4

where/ # /. From energy conservation in the fimatrix
element we have
AEi=E(/{)—E(/})=—AE,— AEy. (3.59

The same energy balance holds for the secénahtrix ele-
ment of Eq.(3.4):

AE(=E(/{)—E(/y)=—AE,—AE,.  (3.5b
Since
Av=v, —v,=(AE;—AE)/h, (3.6
Egs. (3.5 yield frequency conservation
Av=v, —v,=0 (3.7

for the two coupling spectral transitions.

Equations(1.8), (1.3, and (3.5 allow the off-diagonal
part of the relaxation matri&M.) to be expressed in terms of
matrix elements of the transition operafb{E) in the ordi-
nary space of colliders states:

<MC>//,=n(m>//r
:n<f(p,k)(z [ akeipuT@l P K
p
X(/¢.p" KI[TNE)|/¢,p.k)

><277i5(AE/+AEp+AEk)>> , (3.8a

p.k

AE/:AEi:AEf. (38b)
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T, (pR=2 Jdk'</i,p,k|T(E) 7i.p" K"
p/

X(/1.p" K ITHE)| /¢ ,p.k)

X S(AE,+AEy+AEy). (3.10

According to Eqgs.(3.7)—(3.10, collisional coupling be-
tween separated lines would be strictly forbidden, in com-
plete disagreement with a large number of experimental re-
sults. However, due to collisional interaction with bath
molecules, the energy levels, and resonance frequencies
v, of the absorber are both affected by an indeterminacy of
the order of the linewidtH",, which is the inverse of the
time T elapsing between two successive collisions experi-
enced by the absorbdr,=1/27T. The restrictions on colli-
sional transitions imposed by energy and frequency conser-
vation are consequently weakened: the limitations on the
energy and frequency difference$; and d,,,

|6¢|=|E’ —E|=AT,

|6,|=|v, —v,/|=T, (3.1

take the place of the classicalE’'—E) and 6(v,—v,)
functions in Eqgs(1.3) and(3.9) for the scattering matrig

and S. This means that when the indeterminacy caused by
collisions of the resonance frequencies is taken into account,
coupling does not violate frequency conservation, provided
that the lines are not well resolved. As a consequence, the
density dependence should be different for diagonal and off-
diagonal relaxation matrix elements of the relaxation opera-
tor (M,). Denoting byv the average relative velocity in the
collisions, the cross section

(3.12

describes the averaged relaxation efficiency of a single col-
lision. The diagonal elements,, are independent af and
this leads to a linear density dependence&f),,, which
has been accurately checked in many experimental studies. If
energy conservation hinders collisional coupling,
should be density independent only when the lines overlap,

O'//r=2’7T<NIC>/// /nv

Energy conservation is formally described by the functionbut should go to zero at low pressures when the lines are well

S(E’'—E) in the expression(1.3) of the scattering matrix
S, ., likewise the conservatiofB.7) of resonance frequency

resolved, giving rise to decoupling. One might think that
such a nonlinear dependence(6f.),,» should already have

in collisional transitions between spectral lines is describedbeen observed. However, as we will discuss in the next sec-

by the functions(v,, — v,) in the Liouville scattering matrix
S, of Eq. (1.8), which we express in the form

S//,(p,k)=(</|S(p,k)|/’)>=5//,—m///(p,k),
m///(p,k):_ZWiT///(p,k)hilé(V//_V/). (39)
The Liouville transition matrixXI',(p,k) plays in the space

of lines the same role as the transition maffiy,. of Eq.
(1.8b in the ordinary space. From Eq§l1.8), (1.3), and

tion, such an effect is not easily disentangled in the usual
cases. On the contrary, it could be clearly observed, if it
exists, in an experiment that we propose in order to decide
which one of the two following hypotheses is trug the
theory of collisional coupling must be better formulated; or
(i) when lines are well separated decoupling occurs.

IV. FAR WING ABSORPTION OF ND 3

Particularly suitable for this kind of investigation is the

(3.9, the expression of the off-diagonal coupling partmicrowave spectrum of ammonia, the same spectrum that
T, (p,K) in terms of transition matrix elements between provided the first evidence of the collisional coupling effect

molecular states becomes

[5]. Both isotopic species NHand ND; are symmetric top
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molecules whose rotational states, defined by the quantum
numbers] andK, are split into symmetri¢+) and antisym-

metric (—) parity states. The inversion transitions (a)
I'/v,=0.

/JYK‘JF,EJ,K,‘F%J,K,_

have a frequency depending dnand K, with an average
value v, of approximately 1.6 GHz for Npand approxi-
mately 23 GHz for NH. Due to pressure broadening, the
different inversion transitions merge into a single inversion = — . .
line /, _. For the case of NPthis occurs at pressures of 0 1 2 3 4
some hundreds of pascals. When the pressure is raised to still
higher values, a strong coupling can be observed between the
positive frequency inversion transitio, _, which has
resonance frequenay, and corresponds to photon emission,
and the negative frequency inversion transition, , which

has resonance frequeneyr, and corresponds to photon ab-
sorption. When/, _ and/_ . merge into a unique Debye
profile, the linewidth is reduced by collisional coupling ap-
proximately by a factor of 4 for Nkland approximately by a
factor of 5 for ND;. The problem in this case is simply
described in a Liouville space of dimension 2 by the relax- 0 1 2 3 4
ation matrix[5]

absorption

absorption

A7)
<MIC>_ _ § r ’ (41)

wherel is the collisional broadening of both absorption and
emission lines and is their collisional coupling parameter.

The effective time evolution operatbg+i(M,) in Eq. (2.2)
is in this case easily diagonalized, yielding the line shape

absorption

(T—&)v?+ (T +&)(v5+T2-&2)
(V2= g2+ £9)2+ 40T 2

Fe(v)=2I , (4.29

very different from the simple sum of two Lorentzians, one
at frequencyv, (absorption and the other at frequency
— vy (emission:

(4.2b

absorption

o) = 2 2 T g2 T2

In Fig. 2 a comparison is performed betwdepnandF for
different values of the overlap ratib/v,, a parameter de- 0 1 2 3 4
pending linearly on the gas pressure. We used I, which
is a reasonable value for the inversion spectrum of ammonia. 0

Figure 2a) shows_that, Whe'r<7’0 and the tW‘_) lines are FIG. 2. Collisional coupling between two lines, one at frequency
well resolved, collisional coupling has a negligible effect in , ', the other at frequency v, It is assumed that the relaxation
the frequency region of the line peaks. The effect is larger fop, iy is given by Eq(4.1) and£=(3/4)T. The line shape is plot-
higher values of the overlap ratio. When, on increasing thgeq versuss/v, for four different values of the overlap ratio/ v,
pressure, the lines are partially overlappifdgs. 2b) and  ejther taking(solid line) or not taking(dotted ling collisional cou-
2(c)], they attract each other, while, at still higher pressurespiing into account.
when they merge into a single profile, the linewidth is re-
duced by collisional couplingFig. 2(d)]. According to Egs. which had been observed by Bleaney and Loubser fog NH
(2.5 and(2.6), in the high pressure limif > v, the shape is  [13] and by Birnbaum and Maryott for N 14]. Coupling
given by a single Debye profile with a width reduced frbm was later observed for many other molecules and for ammo-
tol'-¢&. nia also between the two parity components-¢ — and
Collisional coupling was introduced by Ben-ReuM&]  — — +) of the far infrared rotational transitiori5,16 and
just in order to explain thigat that time anomalojieffect,  of the infrared rotovibrational transitioid7—21].
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We denote byl" the ND; linewidth obtained when colli- 12— T
sional coupling is taken into account and by, the same ] 0_' ________________________ ]
guantity in the absence of this effect. The same notation is ] T
extended to the corresponding cross sections27l'/nv ‘:J«_s 08- i
and radiir =% 7. Quite reliable theoretical calculations = 1
are available for andr . Indeed, the broadening parameter Ng 0,6 -
of isolated lines can be obtained by the commonly used "o 1 1
semiclassical method&2]. Then, by performing the average T 044 T
in Eq. (2.6a one had23] o 02
s 0
ra=15.1x1078 cm. (4.3a 0.0
’ R T

The effective line method of Eq$2.5) and2.6) can be used 10 (Pa) 10
to take the collisional coupling effect into account, yielding P
[12,23 FIG. 3. Dependence on the pressprier the ND; absorptiona

_ at 18 GHz, divided by?. Solid line takes collisional coupling into

r=6.6x10"% cm, (4.3D  account, dotted line omits this effect.

in reasonable agreement with the measured vatue . e .
—6.9x10 8 cm[14] the dotted line, which is higher by approximately a factor of

- . 5. The transition from solid line to dotted line should occur
On the whole, we have seen that coII|S|o_na_I couplmg ha% the pressure range 3:010* Pa. Indeed, at a pressure of

trum. Modification of the line shape is very large and theo—clog Pa, the average linewidth is a_pprox!mately 200 MHz,
much lower than the average inversion frequengy

retical treatment is particularly simple because the Liouville_ 1.6 GHz. The two inversion components are well resolved

space is essentially of dimension 2. However, the existin . . . . i
studies look at absorption peaks; as a consequence, as sho%lvr?’ld collisional coupling might be hindered by resonance fre

by Fig. 2a), the coupling effect is small in the case of well quency conservation. At pressures of the order dfRa, all

resolved lines, which is of interest for the present discussion;[.:; p:SIStilxegegtl:sec;q{ioind rr:)efﬁ:t';ﬁ dfrigﬁii, ri];r)]/a:mc?c?unri?] rge
Decoupling is not easily examined in that frequency region. 9 b P piing

The far wing line shape, which is more suitable for theshould be allowed by the indeterminacy of the resonance

problem we are interested in, has been studied for other mo[[equency of the broader_led spectral components.
On the whole, from Fig. 3 one can see that if resonance

ecules but in this case also a firm conclusion is not easilire Lency conservation affects collisional counling. this
obtained. Analysis of the spectra is complicated by the larg q y . . piing,
Should be clearly observed in the microwave far wing of the

number of off-diagonal terms in a relaxation matrix of IargeND inversion spectrum. A number of reasons make this
dimension. In some cases a deviation from the line shape., 3 P '

forecast by the impact approximation was observed, but thi§Ituatlon particularly suitable for the purpose.

was ascribed to the effect of finite duration of the collisions (1) CO”'S'O”"%' coupling is very large. Absorption is
(24,25 changed approximately by a factor of 5, larger by far than the

In contrast, the problem could be easily solved by observ&mors involved in the semiclassical calculation of linewidths,

. J : : which usually do not exceed 10—-20 %.

ing the far wing absorption of deuterated ammonia. Indeed, " ; . N

while condition (2.43 is false when the lines are well re- (2) Both conditions required by impact approximation are
well satisfied. The collisional regime is binary up to°1®a,

solved, condition(2.4b is always true in the far wings. If . . .
collisional coupling is not hindered by energy conservation,WhIIe the pressure range of interest is'2Q0" Pa. Moreover,

the far wing absorption should be characterized at any predhe frequency distance from line peak v=18 GHz) is
sure byr_of Eq.(4.3D. In the opposite case, at low pressuressmall in comparison to the inverse of the duration of a col-

the far wing absorption should be characterized fyof Eq. lision (1fr=r/u=500 GHz) and conditioril.2) is well re-
(4.33. spected.

As an example, we choose= 18 GHz. Results of calcu- (3) Contribution from the wings of transitions other than

lations performed at this frequency are shown in Fig. 3,inversion_ s ne_gligible; the.nea.rest rotational lige0—1
where the absorptiom, divided by p?, is reported versus has low intensity and is quite distant.

pressurep. The solid line includes the collisional coupling

gffect, that is to say, uses Ec{Q..Sa_) and (4.3b. Th(_a dotted _ V. CONCLUSIONS

line neglects the collisional coupling effect, that is to say, it

is simply the sum of the Lorentzian shapes of all the positive The impact approximation is usually adopted to treat the
and negative frequency inversion lines. If energy conservaeollisional coupling effect, which consists of a coherent am-
tion has no effect on collisional coupling, absorption shouldplitude transfer between two molecular transitions. We have
be described in any case by the solid line. If, on the contraryshown that within this approximation the requirement of en-
decoupling is present, the solid line might be reliable only atergy conservation in the space of molecular states is reflected
high pressure, while at low pressure absorption might followin the requirement of frequency conservation for the cou-
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pling transitions. Hence, collisional coupling between transi-103—1(¢* Pa. This check should show either that the theoret-
tions at different frequencies should be possible only wherical framework commonly used to describe collisional cou-
they are not well resolved and because of the indeterminacpling should be modified, or that a decoupling effect exists
in the resonance frequencies of the broadened lines. We sugthich was never considered, but which could be relevant for

gest an experimental check, consisting in a measurement tifie far wings of molecular lines. For the case of \@b-
the ND; absorption at 18 GHz and in the pressure rangesorption could be changed by a factor of 5.
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