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1. INTRODUCTION

THE Doppler effect is one of the fundamental causes
of broadening of spectral lines. The traditional treat-
ment of broadening caused by the Doppler effect
amounts to the following (see, e.g. (1), 1f an oscil-
lator having an intrinsic vibration frequency w, is
moving with respect to the observer at a velocity v,
then in the observer’s coordinate system its frequency
will be w = wy + kv, where k is the wave vector of the
radiation. Hence it is assumed that the shape of the
emission line of a set of moving oscillators is deter-
mined by their velocity distribution W(v)dv in the
ray direction:
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Strictly speaking, this approach is correct only when
the velocity of each oscillator remains constant for an
infinite time. Actually, in deriving the formula (1.1)
for the intensity distribution I(w)dw, the assumption
was made implicitly that the spectrum of an oscillator
of velocity v in the ray direction contains only the
single frequency wy[l + (v/c)]. However, if the os-
cillator is not in free motion, and its velocity remains
constant only for a finite time 7, then the emission
from the oscillator over the interval 7 will give a
spectrum having a width Aw ~ 1/7 about w1+ (v/¢c)].
In order that we may apply Eq. (1.1), evidently, the
width of this spectrum must be small in comparison
with the mean Doppler shift: 1/7 <« wy(v/c). This in-
equality can be rewritten in the form 2wl > A, where
I =ve is the mean free path, and A = 2r¢/w, is the
wavelength of the light. For the visible region of the
spectrum, A =~ 5 x 107% ¢m. Hence this condition fails
only at relatively high pressures, of the order of at-
mospheric. Thus, for most astrophysical applications
and many light sources, such as low-pressure gas-
discharge lamps, Eq. (1.1) describes the Doppler
broadening with enough accuracy for practical pur-
poses.

However, we can point out a whole series of other
examples in which Eq. (1.1) is inapplicable. For exam-
ple, whenever the wavelength A is large (the far in-
frared and the millimeter and centimeter ranges), the
relation 2wl > A fails to hold even at very low pres-
sures. In addition, conditions can occur in which the
wavelength A is greater than the dimensions of the
vessel holding the gas. In other words, if the free

motion of the atom is restricted for any reason, the
influence of the Doppler effect on spectral lines can
become essentially different. A well-known example
of this sort is the Mdssbauer effect, which is due to
the localization of the emitting particle within a region
small in comparison with A/27 (see, e.g. 2]y, In es-
sence, Doppler broadening plays practically no role in
the spectra of molecules in a liquid for the same rea-
son.

As a rule, the interaction of an emitting atom with
surrounding particles is taken into account only as a
perturbation of the internal motion of the oscillator,
i.e., as a change in the phase and amplitude of its vi-
brations. There is an extensive literature on this
problem (see, e.g. (1, However, what we have said
above implies that the role of collisions in broadening
spectral lines is considerably more complex in the
general case. The reason for this is that collisions
can change the nature of the translational motion of
the oscillator, while simultaneously perturbing its
vibrations. Both of these effects of collisions are
closely connected together, and must be treated jointly.

We should note that all this set of problems is of
interest not only in atomic and molecular spectro-
scopy, but also in understanding a number of subtle
phenomena of the physics of gas lasers (see Sec. 8).

This article is devoted to a detailed analysis of the
effect of collisions on Doppler broadening and the re-
lation of impact broadening to the Doppler effect.

We shall first take up the general method of treat-
ing the effect of collisions on pure Doppler broadening,
neglecting any possible interference with the vibra-
tions of the oscillator. In this case, the amplitude of
the light wave radiated by the moving oscillator de-
pends on the time as follows:
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(1.2)

If the oscillator undergoes collisions with resultant
change of velocity, then v(t) and r(t) will be random
functions of the time. Then the spectrum E(t) from
(1,2) will contain a certain set of frequencies. The in-
tensity distribution I(w) in this case can be found by
the general formulas of Fourier analysis (see, e.g.,[ﬂ)z

I (0)= r[: Re \ M (1) eiwT g1,
0
where @(7) is the correlation function for the ampli-
tude of emission E(t):

(1.3)
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Here r(rt) is the displacement of the oscillator during
the time 7, and the angle brackets denote averaging
over the ensemble of oscillators.

If the oscillators do not collide, and have a Maxwell
velocity distribution,
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then
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Substituting (1,6) into (1,3), we easily obtain
{ V(AL)z _
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which is a special case of (1,1). Here and everywhere
below, the frequency w is referred to the position of
the unshiited frequency wj.

In agreement with (1.4), the width of the distribution
®(7) is determined by the characteristic time 7|
which it takes for the oscillator to move a distance of
the order of 1/k = A/27, where A is the wavelength of
the radiation. When (1,6) holds, this time is of the
order of 1/kv.

Any factor restricting or hindering the movement
of the oscillators must broaden the distribution & (1),
and hence narrow the contour of I{w). Evidently, the
collisions of the atoms of a gas will increase the mean
time taken for an atom to move a distance A/27. Hence,
collisions must be manifested in a decrease in the
width of the spectrum* in comparison with Awp. Such
an effect must be quite substantial when the mean free
path ! is much shorter than A/27. In this limiting
case, the time for an atom to move the distance A/27
is determined by the law of diffusion, and is approxi-
mately equal to 7 = (I/V)()\/27l)%. Hence, for a line
width of 1/7, we find

{
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(1.8)
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Thus, at a high gas density, when the number of colli-
sions per distance A/27 is great, the Doppler contour
must be narrowed in comparison with (1.7) by a factor
of 2ml/A.

These qualitative ideas agree with the calculation
of the Doppler contour I(w) made in [41. In the spe-
cial case of the Brownian-movement model 33 used
in (41, the following expression was derived for the
correlation function:

*We emphasize that we are speaking only of collisions in which
only the velocity of the oscillator is changed, but not its phase.
See below on the subject of collisions with a phase change.
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where (xz) is the mean-square displacement in the
direction of k over the time 7, and vg is the effec-
tive frequency of the collisions, involving the diffusion
coefficient through the relation vg = v%/2D.
In the limiting case when vy —0, Eq. (1.9) goes
over into (1.6), When vg # 0 for ygr » 1,
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and in the region w< vy,
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Thus, the central region of the line is described by a
dispersion contour having a width 2y (cf. (1,8)). At
high enough pressures, when I < A/2m, most of the in-
tensity is concentrated in the region w <« pqg in which
Eqg. (1.11) is valid. This result was derived for the
first time in (%3, We shall return to a more detailed
analysis of the intensity distribution corresponding to
the correlation function of (1,9) in Sec. 2.

We shall now consider other causes of broadening:
radiative decay and broadening due to interaction of
the emitting atom with surrounding particles. A simul-
taneous account of radiative decay and the Doppler ef-
fect involves no difficulties, since these causes of
broadening are statistically independent. As we know,[1]
the correlation function in this case equals the prod-
uct of the correlation functions describing each of the
causes of broadening individually:

D (1) =D, (1) Dy (1), (1.12)
while the intensity distribution I(w) is determined by
the convolution

Io)=\ I(0—0")I(0)do.
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(1.13)

Here, Ij(w) and Ly(w) are expressed in terms of
®,(7) and ®,(7) by using Eq. (1.3).

Conversely, as we remarked above, broadening due
to interaction and that due to the Doppler effect are
statistically dependent in the general case. Broaden-
ing due to interactions involves a phase shift of the
atomic oscillator when the atom collides with sur-
rounding particles. Obviously, both the phase of the
oscillations and the velocity of translational motion
of the atom can be altered in the same collision. Fur-
thermore, the changes in phase and velocity can be
interrelated. (11 The very fact of the statistical de-
pendence of Doppler broadening and broadening due to
interactions had been noted even earlier, L6781 but has
never been taken into account in concrete calculations.

A combined account of broadening due to interac-
tions and to the Doppler effect leads to the correlation
function
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W (1) == (e Hulug— ke, (1.14)
where ¢(7) is the phase shift of the atomic oscillator
due to collisions over the time 7 (the phase ¢ is
complex in the general case: ¢ = n-if, where the
quantity 8 determines the rate of decay of the oscil~
lations ). We shall denote by T the characteristic
time that it takes for the phase ¢ to increase by an
amount of the order of 7, and by 7 the time that it
takes for the velocity of the atom to vary substantially.
The role played by the statistical dependence of the
two factors in (1.14) depends essentially on the rela-
tion between the times 7, and 7. I To <K Ty, L€,
the phase change in the collisions occurs with a much
greater efficiency than the velocity change, then the
effect of collisions on the Doppler effect can be gener-
ally neglected. Then the resulting contour is given to
a good enough approximation by the convolution of the
Doppler contour [(1.1), (1.7)] with the contour describ-
ing the effect of interactions. An example of collisions
of this type is those of an emitting atom with electrons.
Owing to their small mass, the electrons practically
do not alter the velocity of the atom, even in collisions
substantially changing the phase.

However, if 7, ~ 7y or To > Tys there are no
grounds for considering the first and second factors
in (1,14) to be statistically independent. We note that
the most favorable case for manifestation of the nar-
rowing effect discussed above is when Ty > Ty- Then
this narrowing is not masked by broadening due to in-
teractions. In fact, in agreement with (1.9)—(1.11), the
narrowing effect begins to be manifested when vrg
~ 1/7, > Awp. However, this effect can be observed
only when the broadening due to perturbation of the
phase of the oscillator, which is of the same order of
magnitude as l/Tq;, is less than Awp, i.e., when l/T(P
<1/ 1y,

Such a relation between the times 7, and 7, can
actually occur. Often the collisions of heavy particles
are not accompanied by quenching. That is, the imagi
nary component of the phase shift g8 = 0. The real com-
ponent 7 of the phase shift is determined by the differ-
ence in the shifts of the combining levels arising from
interaction. Whenever the shifts in these levels are
almost the same, 5 is small. Another example of this
sort is Rayleigh scattering in a gas. As we know, a
Rayleigh scattering line is not broadened by interac-
tion, since this scattering is due to forced, rather than
intrinsic, vibrations of the oscillator.

Thus, the effect of collisions on pure Doppler broad-
ening is of interest in a number of physical problems.
However, this problem has been discussed heretofore
only within the framework of the Brownian-movement
model.[3] Here we cannot consider even this treat-
ment to be exhaustive, especially in the part dealing
with the intensity distribution in the outer wings of the
line. Besides, in a number of applications, the strong-
collision model is of greater interest than the Brown-
ian-movement model used in [43.
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This entire set of problems involving the effect of
collisions on pure Doppler broadening is discussed in
Secs. 2 and 3 of this article. It has proved extremely
convenient here to use the kinetics-equations method.
This method permits us to treat highly differing colli-
sion models in a unified manner. Most important of
all, it permits us to generalize to the general case in
which the broadenings due to the Doppler effect and to
interaction are statistically dependent. This generali-
zation is the subject of Secs. 4—17.

3. DOPPLER BROADENING (BROWNIAN-MOVEMENT
MODEL)

In pure Doppler broadening the phase shift ¢(7) of
the atomic oscillator due to interaction is zero. Hence
the problem of calculating the correlation function is
reduced, according to (1.14), to finding the mean value
of the function exp [ —ik.r(7)]l, where r(7) is the dis-
tance that the atom moves in time 7.

Let us introduce the distribution function
f(r,v,t; vy). This function gives the relative number
of atoms which move over a distance r and acquire a
velocity v in the time t, when located at the point r = 0
and having the velocity v, at the time t = 0. This dis-
tribution function satisfies the ordinary kinetic equation

of

GrvVie S, (2.1)

where § is the collision integral. In the problem
under discussion, the solution of Eq. (2.1) must sat-
isfy the initial conditions

F(r, v, 0; vo)=W(vy) 6 (v—vy) 8 (x), (2.2)

where W(v,) is the velocity distribution of the atoms
t = 0. By using the function f, Eq. (1.4) can be rewrit-
ten in the form

D (1) = (e~ ( dv dv, ‘: e=krf(r, v, 1; vo)dr. (2.3)
We assume in Eqgs. (2.3) and (2.2) that the medium is
spatially homogeneous. In addition, we assume that a
constant excitation source is acting, so that the prob-
lem is stationary in time. Evidently, the concentration
of excited atoms is determined by the intensity of the
excitation source and by the rate of decay of the ex-
cited states. Since in this section we are neglecting
quenching due to collisions, the decay is determined
only by radiative transitions. Owing to the statistical
independence of radiative and Doppler broadenings,
radiative decay can be taken into account in the last
stage of the calculations.

The method presented here can be extended to
problems that are inhomogeneous both in space and
in time. For example, we can treat the problem of
emission from atoms enclosed in a space of dimen-
sions comparable with the wavelength A. (5] 1 prob-
lems like this, we must change the initial condition
(2.2), and introduce the appropriate boundary condi-
tions. However, we shall limit ourselves below to
treating homogeneous problems.
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We can neglect the collision of excited atoms with
one another in treating the problem of broadening of
spontaneous emission lines. Hence the collision in-
tegral S is a linear integral operator:

Soz — { A Y e, v, 4 vo)— A, ¥) (e, v, 6 vldy,
) (2.4)

where A(v,v’) is the probability per unit time of col-
lisions involving a velocity change v —v’. It is the
form of the function A(v,v’) in particular that deter-
mines the kinetics of the collisions, and hence, the
nature of the spectrum I{w). Often the collision in-
tegral of (2.4) is written in a somewhat different form.
Let the collision be characterized by the set of param-
eters g. These parameters might be the impact dis-
tance (closest distance of approach), or the angles
specifying the orientation of the colliding particles, or
the velocities, etc. We shall denote by P(g)dg the
number of collisions having their parameters g in the
range from g to g+dg, and by Av(g) the velocity
change in these collisions. In this notation the colli-
sion integral S has the form

S — \ P(g)[f(r, v, t; vo)—F(r, v—Av (g), 1; vo) dg.
(2.47)
We see from Egs. (2.1)—(2.4) that we can carry out
the averaging over the initial velocities v in the gen-
eral form before solving Eq. (2.1). Let us introduce
the new distribution function
f(r, v, D=\ f(r, v, t; vo) dv,.

<

(2.5)

Averaging over v, does not change the form of the
kinetic equation (2.1), However, the initial conditions
are changed hereby. Hence, we finally obtain

() \dv S e~ikrf (r, v, t)dr, (2.6)
I (w) :%Re \ elo™d (1) dr
0
= :[—Re S dv \ eHOT-KOf (p v, ) dr dr. 2.7)
A K LU, VY F(n vy ) — AN, V) F(r, v, 0] dv,
2.8)
Fr, v, 0)=W (v)§(r). (2.9)

We see from (2.7) that the spectrum I(w) that we are
interested in is determined by the space-time Fourier
component F(k,v,w) of the function f(r,v,t):

{

F(k, v, 0) - gei(‘”’-'kr)f(r, v, ydrdr,  (2.10)

I (w) = Re SF(k, v, 0)dv. (2.11)

*For brevity, we shall use the term ‘‘probability’’ below, al-

though A(v, v') is a probability density per unit time.
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In a number of cases, it is considerably simpler to
find the function F(k,v,w) than to find the distribution
function f(r,v,t) itself.

When there are no collisions, S =0, and we can de-
rive the ordinary Doppler distribution from (2.8)—(2.11).
1 fact, in this case (2.8) and (2.9) imply that

f(e, v, ) =W ()6 (x—v1).' (2,12)

Upon substituting (2.12) into (2.6) and assuming W(v)
to be a Maxwell distribution, we obtain
) — 51
D(r)= i W(v)e-ivigy ..o "% (2.13)
which agrees with (1.6).

We shall now treat the case of Brownian movement
Wit?ijlll the framework of the model studied in detail
in (31,

As we know, this model can be used in the case of
“‘weak’’ collisions. An example of this type of colli-
sions might be the scattering of a heavy emitting atom
by light perturbing particles. In addition, this model
gives a good description of collisions involving small-
angle scattering. We can use the diffusion approxima-
tion for the collision integral of (2,4) in such cases.[39]
Then Eq. (2.8) acquires the form

af

5 VVif = va divy (vf) + gA.f. 2,14)

Here it is assumed that the coefficients vq and q do
not depend on the velocity, and satisfy the relation

v -2 2kT
4= 5 Va» UV =—-.
n

In its physical meaning, vg is the effective {requency
of the collisions. This frequency defines the time 7,
= 1/vq that it takes for a particle to lose track of its
initial velocity (see Eq. (1.61) in [3J):

(V) == voe Vd¥,

Equation (2.14) is discussed in [}, However, for
further generalizations, it is convenient to solve Eq.
(2.14) by the Fourier-transform method, in distinction
from [3]. Let us introduce the function

¥ (k, %, z):i F . v, 1) e—ikr %) gr gy, (2.15)

.

According to (2.14) and (2.9), this function satisfies
the equation

Li;:——}—(vdu—k) %‘2: — gn2¥ (2.16)
and the initial conditions
¥ (k, %, 0):8 W) e ™Y v 2.17)
Equations (2.6) and (2.15) imply that
D (V=¥ (k, 0, 7). (2.18)

Thus, (2.16) is essentially an equation for the corre-
lation function. This is the essence of the convenience
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of solving the kinetic equation by the Fourier-trans-
form method.

If we solve Eq. (2.16) under the initial conditions
(2.17), we find for a Maxwell distribution of the atomic
velocities:

¥ (k, %, 1) —exp {'i [Ge2 - 2Hxk + Pk L, (2.19)

where

T2
- —v 1
G2 H=g (1=, P

L B
=y vat—t e 'L (2.20)
Vi

If we set Kk = 0 in accord with (2.18), we obtain the ex-
pression of [4] for the correlation function (see Eq.
(1,9)):

- Ao} v C _
@ @=exp [ — o (ur—1e ) |, dwp=k (2.21)

The intensity distribution I(w) can be found by
using (2.7). For the correlation function of (2.21), it
is expressed in terms of a confluent hypergeometric
function: [10]

I(0) =Re J (0); (2.22)
& Aw?
J(co):L exp | it — —2 — 14t
n§ p[zu)r ) (vat—1+¢ d)]d'c
1 1 - Aoy |, Ak
_?ATOT.*—(D"L 1—{-5\73 s ‘275 ; (2.23)
- — o
2vq
where
z 1) 22 +1 -2) 28
@l Vi 2l =1+ S S o (o at (2:29)

Yo+ v 23

If we set vg =0 in (2.21) and (2.23), then again we
obtain the ordinary Doppler intensity distribution for
a Maxwell distribution of the atomic velocities:

! (2 )F
Oy e PP et Tliep)T (2.25)
VaAep

Let us trace the changes in I(w) that result at low
collision frequencies, where vy < Awp. At the center
of the line at w = 0, we find

4

2 v
T(0)=————- = Vd
©) VﬂAwD{ B 31/;[A(uu} :

(2.26)

In the outer wing of the line, the asymptotic expan-
sion for I(w) has the form

( 2
I e~(~%’) 1 2n vg \2/ o 2
©) =Y 1175 (25) (i)}
'VdA(DzD } 5AOJ%) vg \2°
gt | 1 g0 “(‘J) ]
At high enough values of w, we can drop the first term
containing the exponential, and keeping the fundamental

(2.27)
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FIG. 1. Relation of the intensity at the center of the line
(e = 0) at the frequency of elastic collisions. Curve 1 corresponds
to the weak-collision model (Sec. 2), and curve 2 to the strong-
collision model (Sec. 3).

term, we get

1 vq Ao},
Vrhop2 Vot
Thus, the existence of collisions enhances the intensity
of the line in the center and in the wings, the latter de-
clining as w™.

As the frequency of collisions increases, the inten-
sity of the line at the center (w = 0) increases mono-
tonically (Fig. 1, curve 1). In the intermediate case
where vg ~ Awp, and when vy > Awp, we can con-
veniently use the following expansion of I(w):

I (0) 2 (2.28)

(0 » Awp 3 v4).

I(m):%ﬁe{ e

Yd— 4+ Vg —i®

va
T(Ytl%"d’*i(”) (\’d+2vd——im)+ e ]}

eYalva N ,
- {_Ydi__f, dT¥e  Vd
n vito? oy atva)? Ve
2vg-+ vy 1 2
L bk S V_d) — } 2.29
T (1)2’{"' (2\7[1_‘_\;({)2 21 vy e . ( . )

Figure 2 shows graphs of I(w) calculated for certain
values of vg/Awp. The narrowing of the central part
of the line and the appearance of wings of greater than
Gaussian intensities are clearly marked. The dotted
curve in Fig. 2 corresponds to a dispersion line having
the same width as curve 3. Comparison with curve 3
shows that the actual contour of the line has less in~
tense wings than the dispersion curve. This reflects
the more rapid decline of the intensity with increasing
frequency (as w™ rather than w™2).

In the limiting case in which vq > Awp, we can
limit the expansion in (2,29) to the first two terms.
Since here yq = ¥, Awp - (Awp/vgq) < Awp <« vg, the
expression for I(w) takes on the form

2
Yavi

1
Ea 2 1w 2 Lol
[0? +yd] [0? -|-vd]

I {w)= (2.30)

2

Near the center of the line, w* < Vfi, and we can drop
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vV dw,itw)
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FIG. 2. The contour of a Doppler-broadened line for the follow-
ing values of the parameters: Curve 1: pvq = 0; curve
2: vg = 0.7 Awp; curve 3: vq =/2Awp; curve 4 is plotted for the
strong-collision model with v = 0.7 Awp; the dotted curve is a dis-
person contour having a width equal to that of curve 3.

w? in comparison with »4. Then (2.30) gives
4 va

T oat4yd

That is, the line has a simple dispersion form with a
width

T(0)= (2.31)

a=—— (2.32)
Since the mean free path I ~ v/vy,
2Yd=A(uD% , (2.33)

That is, the central part of the line is 27l/A times
narrower than the pure Doppler width Awp, in com-
plete accord with the qualitative discussion of Sec. 1.

At high frequencies where w > vg > vq, Eq. (2.30)
goes over into the asymptotic formula (2.28), which
consequently proves valid for all values of vq.

At a fixed frequency w, the intensity of the wing
first increases with increasing frequency of colli-
sions, and then declines, reaching its maximum at
vg = w. Thus, as vg increases, an ever greater part
of the emission spectrum is described by Eq. (2.31),
while the wing described by Eq. (2.28) is shifted over
into the region of higher frequencies.

We must note that the relative intensity of the wings
is comparatively small. Nevertheless, in an entire set
of problems (astrophysical, in particular), the exis-
tence of a wing proportional to w™* must be taken into
account, since the absolute intensity may be sufficiently
large.

The intensity distribution in the wings of the line
found above differs from that derived in [4] (see
also [1J):
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2
I (w) ~ exp {—Ai:)—,})}, ® > vg. (2.34)

The ideas adduced in "7 to favor (2.34) amount to the
following, Since the integrand in the expression (2.7)
for I{w) contains the oscillating factor exp (iwt), the
value of I{w) will be determined by the behavior of
the correlation function at small 7. If we expand the
argument of the exponential in Eq. (2.21) as a power
series in 7, and keep only the first non-vanishing
term (~7¢), we arrive at Eq. (3.34). An analogous
argument has also been used in [*1J in analyzing the
limiting expressions for the spectrum I(w). At the
same time, it was shown above that I(w) ~ w™ in the
wings of the line, independently of the relation between
vg and Awp. The latter result is indeed implicit in
the general theorems of Fourier analysis. Actually,
for steady-state random processes, the correlation
function is a function of | 7].* On the other hand, the
expansion of (2.21) as a power series in | 7| has the
following form when 7— 0:

Aw} g2 |13

D(r)=1——5" 2—!—vd73!—+...] )

(2.35)
We see from (2.35) that the third derivative of the func-
tion ®(7) is discontinuous at the point 7= 0. Accord-
ing to a well-known theorem on the rate of decline of
the coefficients of a Fourier series, [12] the Fourier
components of the function &(7), i.e., I{w), must
decline no faster than w™*. Thus, the variation of the
intensity at high frequencies depends on the behavior
(as T—0) of the derivatives of the correlation func-
tion, rather than the correlation function itself. This
same result can also easily be derived directly from
(1.2). If the collisions are instantaneous, and the ve-
locity changes discontinuously, then the first deriva-
tive of the emission field E(t) shows a discontinuity.
Hence, the Fourier components of E, decline no
faster than w™%, and I(w) ~ EZ, declines no faster
than w™,

The arguments given here show that the power law
of decline of the intensity in the wings of the line is not
connected with the concrete model used in deriving
Eg. (2.21), but is valid in all cases when the collisions
are considered instantaneous. The question naturally
arises of how valid the instantaneous-collision hypoth-
esis is in analyzing the intensity distribution in the
wings of the line. Actually the collisions are charac-
terized by a finite time 87. This time is equal in or-
der of magnitude to the ratio of the effective radius of
interaction to the velocity. As we can easily show, the
finite nature of 67 is manifested in the intensity dis-
tribution at frequencies w > 1/67. Thus, all that we
have said above about the intensity distribution in the
wings of the line holds for frequencies w < 1/67. The
intensity distribution in the region w > 1/87 is deter-

*In calculating I(w), this fact has been reflected in the limits of

integration over t in Eq. (2,7).
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mined by the concrete mechanism of the collisions. As
arule, 67 ¢ 1071 sec, while 1/67 > vg, Awp. Hence
the formulas (2.28) and (2.30) for the wings, which are
applicable when w > vy, Awp, cover a very broad
range of frequencies.

The broadening of emission lines is the topic of dis-
cussion in this paper. It is interesting to note that col-
lisions also give rise to wings having a gradual inten-
sity decline in the Doppler contour of Rayleigh scatter-
ing lines in a gas. This was demonstrated in L], How-
ever, in this case I(w) ~ w™® at high frequencies. The
different exponent in the power law involves the speci-
fic nature of Rayleigh scattering. Since the total mo-
mentum of the colliding particles is conserved, and
both particles take part in the scattering, there is a
discontinuity in the second derivative, rather than the
first, of the scattering field E(t) of these particles.

3. DOPPLER BROADENING. THE STRONG-
COLLISION MODEL

It is assumed in the Brownian-movement model dis-
cussed above that a substantial change in velocity is the
result of a large number of collisions. 3] 1t is not evi-
dent a priori how applicable this approximation is to
the case of strong collisions. Hence, let us return to
the general equation (2.8). We shall write the first
term of the collision integral in (2.8) in the form - i,
where v is the effective collision frequency:

v (V)= S A (v, v)dv'.

From (2.8), we can derive the following Fredholm in-
tegral equation of the second kind for the space-time
Fourier components F(k,v,w) of the distribution
function (see (2.10)):

1 .
v+ikv—o) S

W(v)

V+L (k\r —(D)

Fk,v, )= AWV, V)F(k, Vv, 0)dv’

3.1)

The second term on the right-hand side of Eq. (3.1)
takes into account the initial conditions of (2.9).

In order to solve (3.1), we must know the concrete
form of the kernel A(v’,v). We shall use a relatively
simple strong-collision model that permits us to find
the spectrum in closed form. The model is based on
assuming that A(v’,v) is independent of v’. That is,
A(v’/,v) = A(v). In other words, we assume that the
velocity v of the particle after collision is independent
of its velocity v’ before collision. In distinction from
the Brownian-movement model of (2.14), this model
reflects the fundamental qualitative characteristics of
scattering of light particles by heavy ones. (9,13,14]

The concrete form of the function A(v) is unam-
biguously determined by the condition S = 0 at statis-
tical equilibrium. In particular, we can easily show
that A(v) must be determined by the formula

e v/ (3.2)

AWy =vWy (v), Wy (v)= _‘/ﬁ e ,
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where v is independent of the velocity. This form of
the collision integral implies that the probability of
various values of the velocity of an atom is determined
by the equilibrium distribution even after the first col-
lision, and that an arbitrary initial distribution W(v)
transforms into an equilibrium distribution in a time
of the order of 1/v. Consequently, the quantity v has
the same physical meaning as vy which enters in
Sec. 2: the quantities 1/v and 1/vq determine the
time that it takes for an atom to forget completely its
initial velocity.

With this type of kernel A(v), the equations for the
distribution function f(r,v,t) and its Fourier compo-
nents F(k,v, w) acquire the form:

W {7

i Fk, v, o)dv -

Ty VW= —v [ Wi 3 via'], (.3)
vWar (v)

z W (v)
v-t-i (kv—w)

Vi (kv—a)

(3.1)
By integrating the right and left-hand sides of Eq. (3.17)
over v and using (2.11) and (2.22), we derive

F(k, v, o)--

i ( _Wdv

a ) vitkv—w)

1—v oy W ) (3.4)
|_ V?z?kv— J

We can interpret Eq. (3.4) as follows. The numera-
tor in (3.4) involves the fact that the emission from the
oscillator is broken up into a sequence of incoherent
trains of duration 1/v, and within each train a fre-
quency is emitted that is displaced by the amount of
the Doppler shift kv. However, the actual trains that
the emission is separated into by the velocity change
of the atom upon collision cannot be considered inco-
herent. As we have said above (see Sec. 1), coherence
is lost in a time Ty, which corresponds to motion of
the atom over a distance A/27. Hence, all emission
within the time 7 can interfere, regardless of how
many trains it is divided into. The role of this inter-
ference is reflected in the denominator of (3.4). Inter-
ference between successive trains can be neglected
only when the train length I > A/27. However, this
means that v < Awp. Under this condition, the sec-
ond term in the denominator is much smaller than
unity, while the numerator goes over into the ordi-
nary Doppler intensity distribution corresponding to
the initial velocity distribution of the atoms. However,
if v is not small but comparable with Awp, the in-
terference of different trains is substantial,

We shall assume that W(v) is an equilibrium dis-
tribution function. Then (3.4) implies that

w< © v
Awp’ AmD

I (0)= —> B[ . :I (3.5)
Vasop 1—Va —— Au)D A(DD A(:JD>

where the function

i S P a
4 I—*—Ly——t

U)(x, y): V K e—z¥+i (xt+iy) z (3 6)
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can be expressed in terms of the probability integral
of a complex argument*
i(xi—iy)

wiz ) et 1o S [ eeal. @)
0

11

We can easily see from (3.6) and (3.5) that we get
the Gaussian intensity distribution (2.25) in the limit-
ing case where v— 0. When v # 0, but v < Awp, we
can easily derive an expansion of I(w) in powers of
v/Awp and w/Awp. At the center of the line, w = 0,
and from (3.6) and (3.5) we have

1 n—-2 v

1O ey U5 st
This expression differs from (2.26) only in the numeri-
cal coefficient of the v/ Awyy term, which is about twice
as large in Eq. (3.8). Therefore, when v = vy, strong
collisions are about twice as effective in narrowing the
line than weak collisions. One can show that the inten-
sity at the point w = 0 increases monotonically with
increasing v/Awp (curve 2 in Fig. 1).

We can elucidate the behavior of the intensity in the
wings of the line by using the asymptotic expansion of
the probability integral for large values of the modulus
of the argument:

(3.8

1 1 vAwb
I (0) >~ —= =
Vrhop 2Vn w? [02 4+ V2]+A2 Aod

(w4 V2 > Awd).

(3,9
When w > v, we can drop the term w in the denom-
inator of (3.9). Upon taking into account the conditions
for applicability of Eq. (3.9), we can also drop the term
1/4 Awi‘). Thereupon, (3.9) coincides with (2.28). Hence,
the strong-collision model gives the same intensity dis-
tribution in the wings of the line as the Brownian-move-~
ment model does.

In the limiting case where v » Awp, Eq. (3.9) is
valid for all values of w. In the region w > v the line
contour has a dispersion form with a width 2yqg
= Aw%)/ v. As is implied in what we have said above,
when w > v, the dispersion is replaced by a wing hav-
ing (w) ~w™.

Thus, both models discussed here and in Sec. 2 lead
to the same line shape in all frequency ranges at high
collision frequencies (v, vq > Awp). When the values
of v or vy are not too high, the wings of the lines are
also the same. However, the central part of the line
proves to differ somewhat for identical values of the
parameters v and vg. One can see this by comparing
Egs. (2.26) and (3.8), as has been discussed above. One
can see the general character of the distinction in
Fig. 2, where curves 2 and 4 are calculated for v = vy
= 0.7 Awp.

In order to reveal what is involved in the similarity
of the results in the strong- and weak-collision models,

2,2

*There is a detailed analysis of the properties and a table of
this function in[*®].
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we shall compare the firts and second moments of the
displacement r and the velocity v. We see from (2.19)
that in the Brownian-movement model r and v are
normally -distributed random variables (see, e.g.[ 1],
Sec. 58) with second moments equal to
(r2)=30——22[vdt — 14V,
vd

-—Vdi

1

~2
v
(rv)=3—2vd [1—e

(3.10)

As for the first moments, we have assumed that (r)
= ro - 0, a.nd

-2
(vy=3%5;

(3,.10%)

—v,t
(Vy=vge 9.

In the strong-collision model, the quantities r and v
are generally not distributed normally. However, as
we can easily show, the first and second moments in
this case are also given by Eqgs. (3,10) and (3.10%),
with vy replaced therein by v. Thus, the two models
under discussion correspond to different distributions
for r and v, but give identical mean values, variances
and correlational moments for these quantities. Since
with a large number of collisions any distribution ap-
proaches a normal one, it is quite understandable that
when v » Awp = kv, i.e., I < A/27, both models lead
to identical results. Conversely, we should expect the
greatest difference when v « Awy, i.e., when colli-
sions are relatively infrequent, as is the case,

The relation between the strong- and weak-collision
models can be taken up in further detail by specifying
a kernel A(v,v’) that will contain both these models
as limiting cases. Following [?], we shall set

(3.11)

A(v, V)=a (v —yv).
The vanishing of the collision integral for the equilib-
rium distribution provides an explicit expression for
a(vi—yw):

ey B V=)
a(v \'v)_[n(i—W)iﬁ]“/’ exp [ (1—y2)2 (3.12)

The physical meaning of the parameter can be
easily established by calculating the mean value of the
velocity {v’} after collision

1?
Ne=_ ’ f—yV)dV =yv.
{v'} pLSva(v yv) Y

Hence, v is the ratio of the mean velocity after colli-
sion to the velocity of the particle before collision.
Thus, the fundamental assumption of the model of
(3.12) is that this ratio is independent of v. The size
of the constant Yy must be chosen in accord with the
specific nature of the collisions. If a light particle

is being scattered by a heavy one, then y = 0, corre-
sponding to the model discussed in this section. For
collisions of a heavy particle with light ones, v is
close to unity. As is shown in [®1, when 1-y « 1,
the collision integral corresponds to the Brownian-
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movement model to an accuracy of terms of the order
of (1 —y)z.

It is easy to calculate the second moments of r and
v for the model of (3.12). They prove to be

(r2y=3 NL [‘tgileiw.]
T nil—y) w(l—vy) ’
v

: R
wii—y [ ]

(V= 2% (3.13)

({rv)==

BN

Hence, in this more general model as well, the vari-
ances and the correlational moment have the same
form as before (cf. (3.10)). The difference consists
only in the fact that the quantity u(1—v) acts as the
effective collision frequency 1/7, in (3.13). It is spe-
cifically this quantity that is equivalent to the param-
eters v and vg in the strong-collision model (y=0)
and the Brownian-movement (i.e,, weak-collision)
model (1-y < 1).

We shall now discuss the case in which both strong
and weak collisions occur simultaneously. Since we
are restricting our treatment only to pair collisions,
the collision integral S can be written in the form

— .

S =, [div‘.(vf) + oy A | —v 1= ) Vi nay].
(3.14)

We can find the solution of the kinetic equation with the

collision integral of (3.14) by using the same methods

as above. The final result for the function I(w) has

the form

1 v-byg—io | yg
__1_ V+'Yd_imcp[1li+ Vd ’ ;E‘]
1

g @ | 10 TV N
V< Yd—1i® . Vd Vd

T (0)=

(3.15)

This general expression contains as special limiting
cases (2.23) and (3.4), which may be derived from
(3.15) with v — 0 and vg— 0, respectively.*

When v, vq < Awp, the first non-vanishing correc-
tion term to the intensity in the center of the line

(w = 0) has the form
a2 v v

1(0)= T Yx Sop 3 ya Ben) -

Vi 11 (3.16)
We see by comparing (3.16) with Egs. (2.26) and (3.8)
that the strong and weak collisions made additive con-
tributions with the same coefficients as when they

are treated separately. In the outer wings, the inten-
sity is determined by the sum v + vg:

*Eq. (3,15) implies the following asymptotic representation of
the hypergeometric function in terms of the probability integral:

1 N 3 y—1—z
=1 P z)fl/'z‘zw ¢ Ve )
if y, z > e, with (y = 1 ~ 2)//2z remaining finite. The function w
is defined by Eq. (3,6) or (3,7).
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1 1 (vvg) Aed

Vrrop 2V=n ot :
The same thing happens when »* + w? > Aw}), or vy
> Awpy. In the first case, for example, I(w) is given
by the formula

I (o) (3.17)

— t 1 (v4vq) Ao
VraAop 2VR 02 [02 4 (v4-vg)2] -+ Awb/4

I (0) v (3.18)
which is analogous to Eq. (3.9). As we should have
expected from general considerations of the statistics
of the variables r and v, the essential thing in these
limiting cases is the total effective collision frequency.

Thus, both models of strong and weak collisions, as
well as the joint treatment of strong and weak colli-
sions, lead to very similar results. The decideing
factor in correctly describing the narrowing of the
Doppler contour is the choice of the characteristic
quantity 7y. The fact of what determines the quantity
Ty, weak or strong collisions or both together, plays
a secondary role. For strong collisions, 7 is the
time of flight between two successive collisions. For
weak collisions, the atom undergoes a large number
of collisions in the time 7y, the velocity varying
slightly each time (by the amount (1 -—vy)v, where
(1-v) < 1). However, the essential factor in both
cases is the time required for an appreciable change
in velocity.

4. BROADENING DUE TO INTERACTION

Before going on to generalizing the results derived
above to the case of broadening due to interaction and
the Doppler effect, it seems expedient to formulate a
theory of impact broadening in terms of the kinetic
equation.

We shall assume that the emitting atom is at rest.
Then, in accord with (1.14) we must calculate the cor-
relation function

D (1) = (e~ 190V), =1 —if. (4.1)

Here (1) is the phase shift of the atomic oscillator
resulting from collisions within the time 7. A calcu-

lation of (4,1) in the impact-theory approximation
gives the following results: [1:16]

D (1) = e~ T+in)T, 4.2)
1 T
7 (0) = = (_(JJB:A)ZTITZ . (43)

Here I' and A are the width and displacement of the
line, as determined by the formula
P +id=\ P(g) |1 — e dg, (4.4)

where g denotes the set of collision parameters,
P(g)dg is the number of collisions of type g per unit
time, and ¢(g) is the phase shift in a collision having
the parameters g.

We shall now show how we can derive Egs. (4.2)—
(4.4) by using the kinetic-equation method, For sim-



710

plicity, we shall begin with a model of a one-dimen-
sional harmonic oscillator having the characteristic
frequency w;. We shall denote by g and p the gener-
alized coordinates and momentum of the oscillator.
The correlation function of (4.1) can be written in the
form

(e=i5m) - { e=t0 1 (g, p, 1) dg dp, (4.5)

where f(q,p, 7) is a distribution function satisfying the
kinetic equation

of {6H of _oH "’_/} =5. (4.6)

ot dq dp
The quantity f(q,p, 7)dqdp determines the relative
number of oscillators having coordinates and momenta
at the instant t within the ranges from q to g+dq and
from p to p+dp; H(qg,p) is the Hamiltonian of the os-
cillator; S is the collision integral.

Such an approach was used in (133 in the theory of
impact broadening. Here they used the Cartesian coor-
dinate and the corresponding momentum as the vari-
ables q and p. However, a difficulty arises with this
choice of generalized coordinates. It involves the fact
that in the general case both q and p vary in the colli-
sion process. In the translational-motion case dis-~
cussed in the previous sections, the atomic coordinate
changes by an amount considerably less than the wave-
length (1078 ¢m ) during the time of the collision 6T
(67 ~ 10713 sec). Hence it was possible in the colli-
sion integral to neglect all but the change in the ve-
locity of translational motion. The situation differs
when treating the motion of an atomic oscillator. The
optical region of the spectrum corresponds to periods
of vibration of the atomic electrons (1071 sec) consid-
erably shorter than the duration 67 of the collisions.
Hence one must take into account both the change in the
velocity and in the coordinate of the oscillator. This
fact greatly complicates the calculations.

In the study L1383 cited above, the problem was sim-
plified, since the variation of the coordinate during the
collision was neglected. Thus the results obtained in
3] can be used only in the far infrared and radio re-
gions, where the vibration period of the oscillator be-
comes longer than the duration of the collision.

The mentioned difficulties in using the kinetic-
equation method involve the faulty choice of variables
in [33], In this problem it is natural to choose as the
variables the action J and its canonical conjugate, the
angle w. The phase shift ¢y = 7 —i8 is most easily ex-
pressed in terms of these variables. Namely, 71 is
simply the change in the variable w over the time of
the collision, Aw = w —w,, and B is determined by the
change in the variable J: J = Joe‘B. If we write Eq.
(4.6) in terms of the variables J and w, and then
transform here, as well as in 4.5), to the variables
1 and B, we can obtain

D (1) == (e—iw(r)y — S e~ f (¢, 1) dep, 4.7)

S. G. RAUTIAN and I. I.

SOBEL’MAN

Here the distribution function f(¢, 7), which gives the
relative number of oscillators having the given phase
¢, satisfies the kinetic equation

G==\P@U @ 0—Fe—v(g), Ndg.  @.8)

As one always does in the theory of impact broadening,
we assume in (4.8) that every collision of type g cor-

responds to a change ¥(g) in the phase of the oscilla-
tor that is independent of the value ¢ of the phase be-
fore the collision. Hence,

P(g)dg =4 (p—q¢')dy', T+ih={ A(H) [1—e—5%] dy, (4.9)

where A(¢ —¢’) is the probability per unit time of a
change of the phase ¢’ (the phase before collision) to
¢ (the phase after collision). After this, Eq. (4.8) can
also be written in the form

e AW =) f (0 D=4 (=) (¢, D1 dY". (4,10)
The function f(¢,t) must satisfy the initial condition

(9, 0)=8(¢) 4,11)
(cf. (2.9)). .

Multiplying (4.8) by e™'?®, integrating over ¢, and
using (4.4), we obtain the following equation for the cor-
relation function:

o

P=—0 S P(g) [l —e- @) dg=— — (T +iA)D. (4.12)

By integrating (4,12), we obtain the formula 4.2) for
the correlation function.

Thus, the kinetic-equation method permits one to
derive very easily the general expressions of the im-
pact theory of broadening of spectral lines. Here the
hypothesis on the collision mechanism used in [13],
which limits the region of applicability of the results
of this study, proves to be superfluous.

5. JOINT TREATMENT OF INTERACTION AND THE
DOPPLER EFFECT

We shall introduce the distribution function
f(r,v,¢,t) of the oscillators with respect to veloci-
ties, coordinates, and phases. This function satisfies
the kinetic equation

%—(—-va:S (5.1)
and the initial conditions
F(r, v, ¢, 0) =W (v} 8 (r) 8 (g). 5.2)

Using the distribution f(r,v,¢,t), we can write the
general expression for the correlation function (1.14)
in the form

D (1) = (e=tir=ie) — { e=the=to f (1, v, g, 1) dr dv dg. (5.3)
Let us introduce the symbol

T, vog={ e, v, ¢ 1ydg 5.4)
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and express the correlation function &(7) in terms
of f;

D (1) = S e=%rF (r, v, 1) drdv. (5.5)
This expression has exactly the same form as (2.6).
The only difference is that f(r,v, ) from (5.4) occurs
in place of the distribution function f(r,v, 7).

We shall begin with discussing the simplest model,
which, however, permits us to elucidate all the qualita-
tive features of the phenomenon. We shall characterize
the collision by a single parameter, the impact distance
p. Let the phase of the oscillator change by the same
amount 3, whenever a perturbing particle passes by at
an impact distance p = p,. Also let its velocity change
in such a way that the velocity distribution after colli-
sion is an equilibrium distribution, regardless of the
velocity before collision, We shall also assume that
when p > p,, neither the phase nor the velocity of the
oscillator changes.

The collision integral in (5.1) has the form

~

S ~—5 Pp)ydplf (v, vy @, )—[(x, v=AV (D}, ¢~ \g (), ], (5,6)

where Av(p) and Ag(p) are the changes in velocity
and phase resulting from collision at an impact dis-
tance of p. This expression is a natural generaliza-
tion of (2.4’) and (4.8) to the case in which both the
velocity and phase of the oscillator are changed si-
multaneously upon collision. Within the framework of
the adopted model, Av(p) =0 and Ag¢(p) =0 when
p > py, and the expression within the square brackets
in (5.6) vanishes. Hence the integration in (5.6) is
performed between the limits 0 and p,. The first
term in (5.6) can be written in the form - vf, where

o

v= Q P(p) dp

]
is the number of collisions having impact distances
p = pg. The second term in Eq. (5.6) can be repre-
sented in the form

a3 100 Vs @ v,

This is because we have assumed in this model that
every collision leads to a phase change of i, and to
the establishment of a Maxwellian velocity distribution
Wpr(v) of the atoms, regardless of the values of the
velocity and the impact distance. Thus, the collision
integral of (5.6) proves to be

K []’(r, v, @, ) =T (v) Sj(r, VG —1g 1) /\"jj . (5.7)

If we multiply (5.1), (5.2), and (5.7) by e™1¢ and in-
tegrate over ¢, we can derive the following equation
for the function f:

(5.8)
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Equation (5.8) differs from the kinetic equation (3.3) in
the strong-collision model only in the factor e™1% in
the second term of the collision integral. The quantity
e-1%0 determines what the broadening due to the phase
change of the oscillator upon collision would be if the
collisions were not accompanied by a velocity change.
Actually, in the adopted model the width I' and the
shift A in (4.4) are related to e~1¥0 by the relation

(5.9)

Dot iNe=y (B —em Ty,

Hence, it is convenient to write the right-hand side of
(5.8) in a somewhat different form by adding and sub-
tracting the term vfe-ido:

T;% Wy f == AT 1Ay T —vem W0 l F— Wi {v) S T (e, v 1) v ] )
(5.10)

If different collisions were responsible for the phase
change and the velocity change, then the function T
would satisfy the equation

im0t T T (7o v on0 ]| .11)
where the collision integral S is the sum of two inde-
pendent terms of the same form as that entering into
Egs. (3.3) and (4.12).

We see by comparing Egs. (5.10) and (5.11) that the
introduction of a phase discontinuity that occurs simul-
taneously with the velocity change has the result, from
the formal standpoint, that the frequency v of the elas-
tic collisions in (5.10) is replaced by the complex quan~
tity ve~1%, where |ve-i%o| = ve~B < v. It follows from
(5.9) that

v v A

Thus, in distinction from (5.11), the right-hand side of
(5.10) cannot be expressed as two independent terms,
each describing different broadening effects; this is a
direct reflection of the statistical dependence of the
changes in the velocity and phase. As we shall see
below, this fact can lead not only to quantitative
changes, but also to certain qualitative changes in the
spectrum. In particular, the line contour can prove to
be asymmetric (see Sec. 7).

The characteristics of the collision integral involv-
ing the statistical dependence of the phase and velocity
changes can also be revealed without recourse to the
simplifications used above. In the general case, the
collision integral taking into account both the phase
increment and the velocity change can be written in
the form

S=— S [A (v, v/, (P'—-(P)f(r’ v, ¢, 1)

=AY, v e—¢) (e, VLog, DAV dy. (5.12)

If the change in the phase (¢ — ¢’) and in the ve-
locity (v —v’) occur during different collisions, then
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A, v ¢ — @)= A (v, v) (¢’ —q)

+ Ao (v, 9 —@) 8 (v — V). (5.13)
Here one can easily derive the following equation for
the function f:

L vy f= —(r+i)f

—{ v, VT4 T v o1y, (5.14)

I+iA= S Ay (v, P)ye—iY g (5.15)

The right-hand side of Eq. (5.14) contains terms anal-
ogous to those existing in the description of pure
Doppler broadening and of broadening due to inter-
action (cf. (3.3) and (4.12), and also (5.11)).

If the phase and velocity changes are produced in
the same collisions, then one can also distinguish in
the collision integral S a term - (T + iA)E in analogy
to the way in which this has been gone in (5.10). How-
ever, here the remaining part of S proves to depend
not only on the velocity change, but also on the phase
change. In particular, we can easily derive the follow-
ing equation for the function T

T V= = )]
_S (A(v. v)F(r, v, )—A ', Wi v, )14V, (5.16)

where

Ay, V)= S A(v. ¥, ) e it dp,

T+ iA .:.S AWV, ) [ — e 0] dyp dy. (5.17)

Equations (5.16) and (5.14) have the same structure,
but the kernel of the integral term in (5.16) is the com-
plex function Z(v,v'), whose form generally depends
on the distribution of discontinuities in the phase .

Equation (5.14) contains the real probability of the
velocity change v — v/, which doesn’t involve the na-
ture of the phase change in any way. As we see from
the definition of the function A(v,v’), this distinction
is analogous to the appearance of the factor e 10 in
(5.10). The difference consists only in the fact that the
phase shift y, was assumed to be constant for all col-
lisions in the simpler model for which Eg. (56.10) was
written while arbitrary phase increments are assumed
in (5.16). Consequently, the collision integral contains
a certain averaged characteristic, namely, the Fourier
transform of A(v,v’, ) averaged over .

Above we have discussed two types of collisions. In
collisions of the first type, both the phase and velocity
change simultaneously. In collisions of the second
type, either the phase alone, or the velocity alone
changes. Whenever both types of collisions occur, the
collision integral S will be a linear combination of the
right-hand sides of Eqs. (5.14) and (5.16).
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The corresponding generalization of the kinetic
equation is so obvious that we shall not write it out.

6. BROADENING DUE TO INTERACTION AND THE
DOPPLER EFFECT (STATISTICAL INDEPEN-
DENCE)

First we shall discuss the strong-collision model
(i.e., we shall take (3.2) to express the function
Ay(v,v’) in Eq. (5.14)). Then Eq. (5.14) takes on the
form

%?‘"FVV}F: — (' + iA)T——v {7— W (V) 87(1‘, v, 1) dv’} .
6.1)

We can easily find the intensity distribution I(w) in
the spectral line from (6.1) by the same method as in
Sec. 3:

S W (v) dv
v4-I'—i(o—A—kv) 1

War(vydv

I(@)=-=R {(

®)—=-- Re
14

S V=i (0—A—kv) J

ti—v

This expression differs from Eq. (3.4) (pure Doppler
broadening ) in the terms I' + iA in the resonance de-
nominators. When I" and A do not depend.-on the
velocity of the emitting atom, we can represent (6.2)
as the convolution of a dispersion curve and the func-
tion (3.4), which defines the line contour when I' = A

6.2)

(W
v—i(@ —kv)
v i - W’ (v)dv }
s v—i(w —kv) ’
(6.3)
Actually, the integrand of the integral over w’ has a
single pole in the upper half-plane of the complex fre-
quency: w’ = w—A +iI'. We can convince ourselves
that (6.3) and (6.2) are identical by using the subtrac-
tion theorem.
We emphasize that the arguments given here essen-
tially make use of the independence of I' and A of v.
In the opposite case, the line contour is not expressible
as a convolution. Thus, broadenings due to interaction
and the Doppler effect are statistically independent
(even in the case of (6.13)) only when I' and A are
independent of the velocity of the emitting atom. This
is easy to understand from simple physical considera-
tions. If I' =T'(v) and A= A(v), then the phase change
on collision will depend on what velocity the atom ac-
quired from the previous elastic collision. It is evi-
dent from symmetry considerations that I'(v) and
A(v) can be only even functions of v. Hence, as we
can easily show, the line contour (6.2) will generally
be asymmetric.
Let us discuss expression (6.2) for constant I" and
A in greater detail. In this case, the line contour will
be symmetric with respect to the point w = A. That is
to say, the size of A determines the shift of the line
peak. We shall assume hereinafter that the frequency
is referred to this point, i.e., we shall assume that

<

—_
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A= 0. We see from Eq. (6.2) that the phase changes
during the collisions diminish the line-narrowing ef-
fect due to elastic collisions (see Secs. 2. 3). For-
mally, this is due to the fact that, for a given value of
the sum v + I', the integral term in the denominator
of (6.2) is diminished by a factor of 1+I'/v as com-
pared with (3.4). In the limiting case where I" > v,
we can drop it completely, and Eq. (6.2) goes over into
the ordinary convolution of a Gaussian with a disper-
sion distribution:

_u2/52

dr (6.4:)

Tor=Z55 ) o mp

T Iy e
s )
In order to analyze the case where I" > v, let us

examine the expressions for I{w) when w= 0 and
v,I' < Awp, and when W+ (D +v) > Aw%):

1

1
J(O)IWMD {HV?:AmD [(n——2)v—2F]} (v, T € Awp),

(6.5)
i Aeh(v+T)
Torrarett
1 Aop (v4 1) |, 2
7w2+(\'+F)5TF] Fo?

Io)~ L

(@2 + (v T > Aok).

(6.6)

We can easily see the following from Egs. (6.5) and
(6.6): at low collision frequencies, v,I' < Awp, and
the line center maintains an approximately Gaussian
form, but is somewhat narrowed if ' < [(w -2)/2] v,
or is broadened in the opposite case. When w — =,
the intensity decreases as « 2, independently of the
values of v, I', or Awp. However, the boundary of
the region in which I{w) ~ w™ is determined by the
relation between these parameters. Specifically,

r 1
T w2’

1 ()=~ 6.7)

if
02 (v4-T)2 wl{‘—l“ Aw}. (6.8)

If v £ I' < Awp, then the wing of the line for which
I(w) ~ w2 will begin at w > Awp. However, if v » T,
then this region will be shifted to higher frequencies,
while in the frequency range v « w « Vv /T Awp the
intensity distribution will obey the law

1 vAu)fJ (6.9)

TV 5 Sen 2Vaar
just as when there are no phase discontinuities
(cf. (2.28)).

At higher collision frequencies when v + " > Awp,
the central part of the line will have a dispersion shape
analogous to (2.31), but with a different width:

L aoh

(6.10)
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When v + T > Aw%) /T, the line width is determined
only by the phase change in the collisions. This is quite
understandable physically, since the stated condition
implies that the atom travels a distance considerably
shorter than A/27 in the time 1/T corresponding to a
substantial phase change:

v v+T 1 A

T € hep T S 6.11)

Naturally, the Doppler effect exerts no influence here
on the line contour.

If v and T are proportional to each other, then the
term Aw2D /(v+T) will decrease with increasing I'.
The minimum value of the width in (6.10) is 2I", which
is attained when I'(T +v) = Awhy/2.

Figures 3 and 4 show the results of numerical cal-
culations of the line contour, peak intensity, and line
width for intermediate values of the parameters. We
see from these plots that when v > Awp, the peak in-
tensity of the line rapidly declines with increasing T,
even when I' amounts to a small fraction of v (of the
order of several tenths). Thus, broadening due to in-
teractions highly effectively masks the effect of nar-
rowing of the Doppler contour. Nevertheless, when
v ~I', the narrowing effect is still quite noticeable
(see curves 1 and 3 in Fig. 3).

Very similar results are obtained also in the weak-
collision model. Here Eq. (5,14) for the function T has
the form _

a - o ~ —~
o wWT=— (i) T +vadiv, 6 +ed . (6.12)
VEAwyIw)
w9t
2

-z 7 7 2 e,

FIG. 3. The contour of lines broadened by interaction and the
Doppler effect (case of statistical independence). Curve 1:
v=Awp, [’ =0.4Awp; curve 2: v = Awp, I" = 0; curve 3: v =0,
y= 0.4AwD; curve 4: p =1" = 0.
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FIG. 4. Relation of the peak intensity (curves 1-3) and the
width §(4—6) of the line to I'/Awp when the broadenings due to
interaction and the Doppler effect are statistically independent.
Curvesland4: v=0;2and 5 v=Awp; 3and 6: y=w.

By solving this equation and using (5.5), we find the
correlation function (for constant T', A, vg, and q):

A 2
@ (t) =exp {—(I‘—}—iA)T ~2—(;)2:_[Wd_1+e—vdr]} ~ (6.13)

Thus, ®(7) is the product of the correlation functions
figuring in the analysis of broadening due to interac-
tions and the Doppler effect separately (cf. Eqs. 4.2)
and (2.21)). Since the pure Doppler broadenings are
very similar tin the strong- and weak-collision mod-
els, the resulting contours will also be similar. Con-
sequently, we shall not analyze Eq. (6.13) in detail.

7. BROADENING DUE TO INTERACTION AND THE
DOPPLER EFFECT (STATISTICAL DEPENDENCE)

We shall analyze Eq. (5.16) and the corresponding
line contour with the following form for the kernel
A(v,v',9):

Av, v, §)=A(v, V) B (). (7.1)

This expression means that the velocity and phase

changes are produced in the same collision, but the
values of these changes are in no way interrelated.
Without loss of generality, we can assume that

{ B pyayp=1. (7.2)

v

Here the function A(v,v’) has the meaning of the
probability per unit time of a velocity change v — v/,
regardless of the phase change. We shall make the
same assumptions about this function as we did in
Secs. 2 and 3. Then, Eq. (5.16) for f in the strong-
collision model will become

%—l—vvf= — (T +iA) f—vEB [f—WM (v) S F(r, v, 8 dv'] ,

(7.3)
Here, in accordance with (5.17), (7.1), and (7.2),
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vﬁzvSB(w)e—iwdwzv—F—m, (7.4)

while in the weak-collision model,
af ~ — ~r ~ P~
oY= — (U i8) [ vaB | divy O +5-0F |,
vdézvd[i—”;m]. (7.5)

Thus, in both models, the effect of the phase shifts in
the collisions amounts to replacing the effective colli-
sion freque~11cies v and vg by the complex quantities
vB and vgB. In this regard, (7.3) and (7.5) are analo-
gous to Eq. (5.10),

We shall first take up the strong-collision model.
Repeating the calculation of Sec. 3, we find

S W (v) dv ]

1 v—i(w—kv)

1 ((o):—n- Re . 71 Wi iv) dv l (7.6)
-V S v—i(o—kv)

In distinction from Eq. (6.2), the resonance denominator
in (7.6) contains only v, but not v+I' or A, This is
quite understandable, since the real part of the reso-
nance coefficients is determined, roughly speaking, by
the mean length of the wave trains into which the emis-
sion from the oscillator is broken by collisions (see
the discussion of Eq. (3.4)). In the case of Sec. 6, the
individual trains result both from phase changes and
velocity changes. However, in the given case, the
phase and velocity changes arise in the same collision,
so that the mean number of trains per unit time is v,
just as when phase discontinuities are absent. Hence,
the resonance coefficients in (7.6) are the same as in
(3.4). The effect of the phase changes in the collisions
was manifested in the coefficient B in (7.6). We re-
call that the denominator of (7.6) reflects the role of
interference of trains, which narrows the contour of
the Doppler-broadened line. On the other hand, we

can easily see from (7,2) and (7.4) that |B| < 1. Hence,
the appearance of B in Egq. (7.6) can be interpreted as
the decrease in coherence between different trains.

We assume that B is a real quantity. For example,
this is true in resonance broadening. Then a simple
redefinition of the parameters of Eg. (7.6) leads to
(6.2). In fact, according to (7.4), when A =0, Eq. (7.6)
coincides with (6.2) to an accuracy defined by the re-
placement in (6.2): v — v -I'. Thus, when A
=—pImB= 0, the line contour proves to be qualita-
tively the same, regardless of whether the phase and
velocity changes occur in the same or different colli-
sions.

A considerably more interesting situation arises
when A # 0. Then the line contour proves to be not
simply shifted (as was the case when the phase and
velocity changes took place at different times; cf.

Eq. (6.2)), but is asymmetric. This is quite visible

in Fig. 5, where the intensity distributions are given
for different values of the parameters v/Awp, A/v,
and I'/v.
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FIG. 5. The contour of lines when the broadenings due to in-
teraction and to the Doppler effect are statistically dependent.
Curve 1: vy =I' = 0; curve 2: y =% Awp, I' =0, A = 4 Awp;
curve 3: v =%Awp, I' =-A = +% Awp; curve 4: y =T" = % Awp,
A= —%AQ)D; curve 5: v = —-A = %A(,_)D, I'= 0.

We know from the general theory of the spectral
intensity of random steady-state processes that the
center of gravity of the intensity distribution I{w)
involves the derivative of the correlation function
(see, e.g., [16]).

dhb
)

{0y = S ol (0)do=1i (W‘/rzo . (7.7)

Using the general expression (1.14) for (1), we get

Since
d .
= =0, ()=, (7.9)
Equation (7.8) gives
(@) =A. (7.10)

Hence, the shift in the center of gravity of the line de-
pends in no way on the elastic-scattering model, and
is determined exclusively by the processes that give
rise to broadening by interaction. On the other hand,
we can easily show for the case v < Awpy that the
shift in the maximum of the contour, as defined by
(7.6), is

(7.11)

Thus, the asymmetry of the line is caused by the fact
that the peak is shifted farther than the center of grav-
ity of the contour,

We shall show that asymmetry of the line contour
involves the fact that the random quantities r and ¢

Omax = 2A.
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are not normally distributed. Let us assume the op-
posite. Then, according to the definition of normally-
distributed random quantities, we have (11]

@ (1) = (exp [ —i{g+kn)]

oxp{ i) = Wkep b2 o) fign ) L (.12)
Evidently, in our problem (k.r¢) = 0, since shifts r
of the atom in opposite directions will correspond to
identical phase shifts. Thus, the assumption that r
and ¢ are normally distributed automatically implies
that broadenings due to interaction and to the Doppler
effect are statistically independent. Hence, the line
contour would be symmetrical with respect to the fre-
guency w = A. What we have said implies that line
asymmetry can arise only because r and ¢ deviate
from normal statistics.

The statement given here can be illustrated well in
the weak-collision model. We showed above (see Eq.
(2.19) and the discussion of (3.10)) that in this model
the displacement r is a normally-distributed quantity.
This remains valid even when we take into account
phase shifts. However, the two-dimensional probabil -
ity distribution for r and ¢ will no longer be normal.
We can see this from the expression for the correla-
tion function, which we can find from Eq. (7.5) and
(5.5):

A

@ (1) = exp{ (T iA) T

®2 ~

D —

= vt}
Vd

(7.13)

Vo= val = vy [1_I‘+iA] .

v
We see from the definition (1.3) of the function I(w)
that the only reason why I(w) will be a symmetric
function of w — A when the correlation function is
complex is the factor exp (—iAT). This is not true
for (7.13) when A = 0, since ’jd is a complex quan-
tity. Hence, the line contour will be asymmetric, and
this implies that the distribution for r and ¢ differs
from normal.

The statistics for r and ¢ must approach a normal
distribution when the number of collisions is large.
Hence, the line contour must become symmetric as
v— o, If we assume that v > Awp, and restrict our
treatment to the region of not too great frequencies
(v > w) where most of the energy is concentrated, we
get the following expression for I(w):

HOEE= (7.14)

a [ Awl %
. —4\41“] S (o—A)R

Thus, the line is actually symmetric in this case.

8. EXPERIMENTAL VERIFICATION OF THE THEORY

In closing, we shall take up the problem of experi-
mentally testing the theory developed above. As con-
cerns the effect of narrowing of lines by elastic colli-
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sions, we shall have to consider, of course, not demon-
strating the effect per se (it has been observed in many
studies ), but elucidating its role under various condi-
tions characteristic of the optical region of the spec-
trum, where it has never been taken into account. As
was shown above, the narrowing effect can be mani-
fested even when v ~ I', and in a number of cases

this situation must occur.

However, the most interesting consequence of the
theory seems to us to be that the line contour becomes
asymmetric when we take into account the statistical
dependence of broadening due to interaction and that
due to the Doppler effect. In certain experiments, line
asymmetry has been observed at pressures at which
there was not yet any reason to expect a high intensity
of the statistical wing. We have in mind the study (173,
which showed asymmetry in the neon line at A=3.3913 u
(5s'[%)9 —4p’[%)],) at pressures of theorder of 1 mm
Hg. Possibly, the asymmetry of the lines found in [17]
is due to the effect discussed above, although we can-
not state this quite definitely without more studies.

In addition, according to the reports [18’19], an
asymmetric frequency-dependence of the intensity has
been found in gas lasers. This effect is closely con-
nected with the problem of the symmetry of the contour
of spectral lines. However, a detailed discussion of it
would require analysis of the non-linear phenomena in
lasers, and hence, cannot be carried out within the
limits of this article, which is devoted to the linear
theory of broadening of spectral lines.

Still, it is & propos to mention the following. As in
the cases treated above, the treatment of non-linear
phenomena can be divided into two problems: deriving
the expression to be averaged over the collisions, and
the averaging process itself. Of course, in the non-
linear theory one must average an expression differing
from the correlation function of (1.14). However, the
entire procedure of averaging over the collisions pre-
sented in this article can be extended to a broad class
of non-linear problems without any changes in princi-
ple. On this basis, calculations were made in (20] of
the intensity of laser action P(w) of gas lasers, and
the following was shown: if one assumes that the Dopp-
ler and impact broadenings are statistically indepen-
dent, then P(w) is an even function of w—A, regard-
less of the elastic-scattering model. However, if one
takes into account the statistical dependence of these
mechanisms of broadening, then P(w) proves to be
an asymmetric function of the frequency in either the
strong- or weak-collision model. Thus, the results
of [1813] ¢an be considered to be an experimental con-
firmation of the conception developed above in the
theory of broadening of spectral lines.
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