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Abstract: Some details of events occurring during collisions that affect the profiles of collision-broadened spectral
lines are reviewed. Emphasis is 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 involves the dynamical
evolution of the radiator as it undergoes a series of
multiple collisions with a large number of perturbers,
while the interaction between the radiator 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-dipole transitions are treated. The material is not
new but consideration of these phenomena within a single
context provides insight into their character. The infrared
spectrum of the hydrogen molecule provides an ideal
illustration of  some of the general phenomena involved.

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-

mation is often taken to mean that the time of duration of
collisions may be considered small compared to the time
between collisions, thereby rendering the details of what
happens during the collision unimportant. This last
statement can mislead. More correctly, and mathema-
tically, the approximation applies in the regime where1

( ) 10 <<τω−ω C ... (1)

Here ( )0ω−ω  is the detuning from the line centre at
ω0 and τC is the time duration of the collision. The major
part of this paper concerns the situation where the collision
does indeed have a finite duration and, moreover, where
collisional propagation, i.e. inelastic transitions occurring
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; the more
subtle changes in frequency shift are not considered.

The work of Boulet, Robert, Galatry and Marteau2, 3

provides an introduction to the concept. The absorption
coefficient at frequency ω is given by:
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( )tC = ( ) ( ) >µ•µ< t


0 ... (4)

is the autocorrelation function of the dipole moment
operator ( )tµ . ( )tC  can be represented as:

( )tC = ( ) ( )( )tnti p ψσ−ω 3
0 expexp ... (5)

where nR and np are the number densities of the radiators
and of the perturbers respectively, σ is the collision
diameter specified by the intermolecular potential, and

( )tψ  is a dimensionless function. In the impact
approximation, a linear dependence of ( )tψ  on t is
obtained for times longer than the collision duration time
(typically, a fraction of a picosecond). The Fourier
transform of C (t)   is a Lorentzian profile. The slopes of
the straight lines of the real and imaginary parts of
npσ

3ψ (t) versus t respectively give the halfwidth γ and
frequency shift δ of the spectral profile (Fig. 1).

Fig. 1: Calculated values of the ψ (t) function for the HF-Ar
R (2) line in the 0-2 band at 295 K. In the notation of the present

paper the vertical axes in this figure are (a) P/npσ
3 and (b) – Q/npσ

3

(reprinted with permission from Ph. Marteau, C. Boulet and D.
Robert, J. Chem. Phys. 80, 3632 (1984). Copyright 1984,

American Institute of Physics.)

These lines however, do not necessarily pass through
the origin. The asymptotic behaviour for t ≥ τC  may be
expressed as:

( )tnp
t C

ψσ
τ>>

3lim  = ( ) iQPti ++δ+γ ... (6)

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

( ) 1
0

−τ<<δ−ω−ω C  and
1−

τ<<γ C , the profile is the
sum of a Lorentzian and an anomalous dispersion line
shape whose amplitudes are modified by a factor

( )πγ− /exp P , i.e.
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The total line shape is thus asymmetric with intensity
modified from that obtained from the pure impact
approximation.

ψ (t) is usually obtained by two separate approaches.
For times much greater than τC, the impact limit is
adequate. For times smaller than τC, the quasi-static
approximation gives accurate results. In it the perturbers
are thought to be stationary during the collision and their
motion neglected. Again more correctly, this regime is
characterized by a mathematical relationship1

( ) 10 >>τω−ω C ... (8)

It is thus often appropriate to treat long range collision
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 ψ (t), which includes the intermediate region lying
between the quasi-static and impact regimes.4

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 molecules or
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.5, 6

For example, the symmetric molecule H2 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.5, 6 The hydrogen isotopomer HD does have a
small permanent dipole moments of the order of 10 – 3 to
10 – 4 D which lies along the direction of its interatomic
axis.7, 8 This moment is responsible for allowed rotational
and vibrational transitions in the HD spectrum. The
formalism outlined in the following may be applied
judiciously to both H2 and HD.

2. A GENERAL 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.9 The whole
system lies in an electromagnetic radiation field. The
molecule has a series of low-lying energy levels that 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 several frequencies, including the same
frequencies as the allowed transitions. Then it is possible
that the probability amplitudes for an allowed and
induced transition interfere.10 – 13 Absorption and
stimulated emission events as considered. Radiative
lifetimes of excited states are long compared to the
duartion of a collision τC  and the time between collisions.
Spontaneous emission is therefore ignored. The spacing
of the molecular states is not large compared to Cτ/
or kT. As a result 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 gas in
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.9 There are several contributions to

the absorption coefficient which arise from different
physical phenomena. Four of them are immediately
relevant to the present discussion, namely:

( )ωα =
4

c

π  ω ×  3

( )[ ]
( )[ ] ( )

( ) ( ) ( )
( )

( ) ( ) ( )

( ) ( )[ ]
( ) ( )

( ) 























































































Σ











τ

−∞

ττ
+

Σωω+












ττ−−

Σ











τ

−∞

τ

ω+ω−

Σω

ℜ

∫

∫

∫

∞
τ−ωτ

↓

−

∞
τ−τω+↓

∗
∞

τ−τω+

−

∗−

→

Bsi

av
I
e

I
e

I
e

pR

B
RR

siL

av

I
e

I
epR

R
B

av

I
e

I
e

I
esiL

RpR

R
B

RR

R
s

de
D

UD
nn

DiL

deUDnn

Dd
U

DU
e

iLnn

DDn

Tre
R

R

0

1

0

0

1

1

0

,0ˆ
0,ˆ

ˆ

,00ˆ

ˆ
,0

0ˆ0,

ˆˆ

2lim

L

L

L

... (9)

These equations are written in the Liouville space
formalism.14 UI

e is the one-perturber collisional propa-
gation operator in the interaction picture and is a Liouville

space operator; I
eD̂  is the induced dipole moment in the

interaction picture and is a Hilbert space operator; RD̂  is
the allowed dipole moment of the molecular operator and
also is a Hilbert space operator; BΣ is the Boltzmann
distribution function for the molecular states. The
superscript ↓ denotes a Hermitian conjugate. Each of these
terms will be elucidated in the following paragraphs. The
details of the derivation of this expression need not
concern us here; they may be found in ref. 9.

The first term describes the purely allowed spectrum.
Here nR is the number density of the molecular radiators.
Transitions occur between the initial state g and an excited
state e. The second and third terms describe interference
between the amplitudes for allowed and collision-induced
transitions. Again np is the perturber number density; LR
is the Liouville operator associated with the Hamiltonian
of the free molecular radiator. The average (av) indicated
by the angular brackets is taken over all the collision
variables (velocity, impact parameter, orientation). The
last term describes collision-induced transitions occurring
in a single collision and is the principal contributor to the
purely collision-induced spectrum. Intercollisional
interference effects in the purely collision-induced
spectrum are neglected in the present discussion.

The line shape operator ( )ωL  appears in the first
three terms and is given by
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aI
eV  is the Liouville operator associated with the

anisotropic part of the interaction potential and is written
in the interaction picture. The presence of the line  shape
operator in the interference terms means that 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 is important to be aware of two
important and related phenomena. One is rotational level
or line mixing that arises because of the presence of
anisotropic components in the intermolecular potential.
The other is the collisional propagation among rotational
levels that is due to 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 a translation of the time origin from 0 to t0 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 iJ  at t = – ∞ and the system
propagates to t = t0 while the molecule possibly undergoes
J or m mixing. At t = t0 there is an interaction with the
light field through the induced dipole moment in general
connecting two intermediate Jm states of the molecule,

2  and 3 . The system then propagates to the end of
the collision. At t = + ∞ there remains a coherence

between eemJ  and ggmJ . This is path 1 in Fig. 2.
Then the molecule interacts with the light field through
the allowed dipole moment to leave the molecule in state

eJ . 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
( ) 132 ≤τω−ω Ceg . The time t0 represents the time
between the radiative event and the time of closest
approach.

Fig. 2: The pathways contributing to interference between
allowed and induced transitions as described by the second term in

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 ge JJ

coherence and the system propagates to t = t0 with the
radiator possibly undergoing J and m mixing. At t = t0
the induced dipole acts leaving the radiator in an arbitrary

state 3J . Again interference can occur between the
amplitudes for these two paths. Again the mixing is

important if ( ) 132 ≤τω−ω Ceg .

When the impact approximation is made, the total
absorption coefficient may be parameterized as the sum
of Lorentzian and anomalous dispersion components and
the expression for the total absorption coefficient due to
these three terms is:
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Here ρR and ρp are the radiator and perturber densities

in amagat units, ∑
gJ

B  is the Boltzmann function for state

Jg, and µR is the reduced matrix element of the allowed
radiator dipole. The parameter B is a line-broadening
coefficient and S is a frequency shift coefficient. The
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four parameters a, b, c and d describe the role of the
interference process in the absorption process; a and c
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 arise from
additional terms appearing in Eq. (9) which have been
excluded here for purposes of clarity and brevity.9 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
in systems involving HD10, 11, 15– 19. In general, coherence,
which is a necessary ingredient for the occurrence of
interference, is a manifestation of indistinguishability.
In the 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.9 The parameters B, a, b, c 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.20– 24 The HD-Ar
and HD-He systems have been treated. Both semi-
empirical anisotropic interaction potentials (Ve) and ab
initio calculations of the induced dipole moment (De)
are available from the literature. The results demonstrate
that inelastic collisions are indeed crucial.

Calculations have been made both with semi-
classical trajectories20– 23 and through a fully quantum
mechanical approach.24 The following describes some
typical results. First consider the pure rotational spectrum
in the infrared region (Fig. 3).

The R0 (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 a factor
of 2 and the one available fully quantum result (ref. 24)
agrees well with experiment. Clearly the cases where only
elastic collisions were used cannot account the observed
broadening.

Fig. 3: The far infrared absorbance spectrum of pure HD at 42.8
amagats and 77 K. The sharp R (J) lines (more correctly, R0 (J)) sit

upon a broad 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 – 1 amagat – 1. Results are from

Ref. 21 unless otherwise specified

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

HD-He

R0 (0) 77 0.15 0.31 3.7 × 10 – 2

0.18 [24]

R0 (2) 195 0.41 0.48 1.2 × 10 – 6

HD-Ar

R0 (0) 195 1.4 2.2 1.3

R0 (1) 295 1.5 2.3 4.4 × 10 – 3

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 c the same tends are evident
(Table 3). Notice that 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 R1 (J)
lines of the vibration-rotation transitions.22,23 In this case,
collisional propagation can occur in principle among
rotational levels in the ground vibrational state, among
levels in the excited vibrational state and between levels
in these two vibrational states. Collision duration is too
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long and experimental temperatures normally too low to
make the last contribution significant and it is neglected

in this analysis. The parameters a and c depend on ( ) 1−µR

and b and d on ( ) 2−µR . The allowed transition dipole µR

is about –8.3 × 10– 4 D for pure rotational transitions and
+5.5 × 10 – 5 D for lines in the fundamental band. The
parameters a and c should then differ by a factor 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 almost 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 state is thereby shown to be important.
Comparison with experiment is only possible for R1 (0)
and R1 (1) at 77 K. Agreement is good for a and reasonable
for b; c 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 – 1. Results are from

Ref. 21 unless otherwise specified

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

HD-He
R0 (0) 77 6.0 (16) 2.99 4.33

R0 (2) 77 4.4 (15) 6.47 4.34

R1 (0) 77 – 1.44 (2) – 1.83
[16] [23]

HD-Ar
R0 (1) 295 1.8 (3) 3.22 8.92

R0 (2) 295 6.1 (2) 7.80 8.92

Table 3
Asymmetry parameter, c, 10 – 3 amagat – 1. Results are from Ref.

21 unless otherwise specified

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

HD-He
R0 (0) 77 – 3.0 (6) – 1.2

– 2.18 [24]

R0 (0) 195 – 3.4 (24) – 1.5 – 0.67

R0 (2) 195 – 1.8 (7) – 0.31 – 1 × 10 – 3

R1 (0) 77 11.8 [16] 5.33
9.8 [24]

HD-Ar
R0 (1) 195 – 1.6 (2) – 0.21 – 0.04

R0 (2) 195 4.06 (30) 1.3 – 1.7 × 10 – 3

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 is employed. 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 decreases in 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 us turn 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 lines in the HD spectrum which
we have been discussing sit in the observed spectrum on
a broad collision-induced background (Fig. 2). In the
spectrum of H2, there are no allowed lines, only a
collision-induced component. In Eq. (9) the last term
describes the single collision contribution to the collision-
induced spectrum. Recall that it depends solely on
propagation during the collision. The line shape operator

( )ωL  does not appear and the width 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
potentials and ab initio calculated induced dipole moment
functions.6 More recently there has been investigation
of the role of the anisotropic part of the potential in the
formation of the spectral profile.25, 26 To discuss this
activity, it is appropriate to work in essentially the
opposite to the impact limit, namely the quasi-static
approximation (Eq. (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 state at t = –∞ 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
the instants when the dipole-field interactions take place.
It is assumed that the most important contribution to the
rotational level mixing comes in a relatively short period
of time τ 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 accounts for the far wing properties of the spectrum.

The Fourier and Laplace transforms of this
expression can be calculated for the high frequency region
of the spectrum through the stationary phase method4,
which applies to high frequency detuning. (Then τC may
be short and Eq. (8) can still apply). The matrix elements

of the I
eU  operator need to be calculated; since it is an

exponential operator, this is a non-trivial task if

nondiagonal terms of the form «
jjii mJmJ | UI

e |

kknn mJmJ » are to be considered. The problem is
resolved by transformation of the wavefunctions to the

basis where the aI
eV  operator, which describes the

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

JmZ
Jm

Jm∑ ξ=ξ . With this approach, after integration

over velocity and impact parameter, the analytic
expression for the absorption coefficient becomes:
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Here the ±λ  correspond to points of stationary phase;
λ– stands for the point of entering and λ+ for the point of

departing the collision volume; R (λ) is the value of the
intermolecular separation R at the stationary phase point;

A is a constant and ∑
α

B  is The Boltzmann factor for

state Jαmα.

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 12−R dependence on separation. The
induced dipole moment has an exponential R-dependence
and the angular symmetry of a quadrupole-induced
component. (This model is reminiscent of the early exp-
4 model of Van Kranendonk for the induced dipole5).
These specifications roughly model the H2-Ar system at
high temperature. Potential and dipole moment
parameters appropriate to that system were chosen for
the calculation.

For H2-Ar the pronounced lines in the pure rotational
induced spectrum involve initial levels with J not
exceeding Jmax = 5. The transitions occur for ∆J = 0 and
+2. Therefore, lines with initial levels J = 0, 2, 4 and
J = +1, 3, 5 were included in the calculation. These two
cases, even and odd J, were treated separately throughout
the diagonalization since within the model the even and
odd manifolds do not mix with each other. The influence
of the nondiagonal matrix elements of the UI

e operator
(which are responsible for the mixing and propagation
effects) may be appreciated by concentration on one line
and adding corrections by the switching on of various
coupling contributions.

Fig. 4: The calculated absorption spectrum in the region of the S
(2) line at 295 K. The distinctions among the curves a, b, c, and d
is explained in the text. (Reprinted with permission from W. Glaz
and G.C. Tabisz, Phys. Rev. A 54, 3903 (1996). Copyright 1996,

The American Physical Society)
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Consider the S (2) line, i.e. the transition from J = 2
to J = 4. As a first step let us deal only with the diagonal
elements of the evolution operator, namely «2, 4 |UI

e |2, 4»
(profile a in Fig. 4). Next allowance is made for the J to
vary in the assumed range (0 to 4), i.e. S (0) and S (4) are
considered as well, but the diagonal character of the
elements «JaJb |UI

e |JaJb» is maintained. There is still no
propagation but influence of lines other than S (2) appears
(profile b). The S (2) profile is more intense as the effect
from the other lines is purely additive. Then the
nondiagonal elements of UI

e are included and a dramatic
change occurs (profiles c 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). Profile c is a single S (2) line but with inelastic
collisions or propagation 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 profiles a and b. Instead
the intensities are smaller. This result suggests that line
mixing and propagation reduce intensity by overcoming
the increase due to adding contributions from several
lines.

The effect is most important at high frequencies and
the gap between c 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 spectral lines shapes have been illustrated. Most
of the calculations discussed have been performed
for matrix elements involving collision-induced
transitions — the case where what occurs during the
collision is fact everything, the radiation event included.
However it is not only in the far spectral wing where the
quasi-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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