
3) For I ^ 2 the following trace formulas for triple products of ^-tensors hold: 

T R { 7 F T V H L } = 3 W ( / / 1 1 ; 2 / ) X X , ( A 7 ) 

and tr{T% TÜ TjJz} = - 10 ^ r ( / / 2 2 ; 2 /") Z l ^ y 4 a , / * ' 4 « . / a ' , (A8) 

where J F ( / / 1 1 ; 2 / ) and W(jj22;2j') are Racah coefficients. Formula (A8) together with the explicit 
expression for W { j j 2 2; 2 / + 2) has been used for deriving Eq. (4 .19b) . 
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The spectrum of the depolarized Rayleigh light scattered by a gas of linear molecules is cal-
culated by a kinetic theory approach based on the Waldman-Snider equation. Collisional and dif-
fusional broadening are studied. The line width is related to relaxation coeff icients which are col-
lision brackets obtained from the linearized Waldmann-Snider collision term involving the binary 
molecular scattering amplitude and its adjoint. It is shown under which conditions the relaxation 
coefficients characterizing the line width can be compared with data obtained from Sentfleben-
Beenakker effect and nuclear magnetic relaxation measurements. 

The "depolarized Rayleigh" component1 of the 
light scattered by a gas of linear molecules is asso-
ciated with fluctuations of the (2nd rank) tensor 
polarization of the rotational angular momentum 
of the molecules and, in particular, its spectrum is 
determined by the spectral function of the tensor 
polarization2 '3 . The spectrum of the depolarized 
Rayleigh light has resently been measured4 for 
some gases of linear molecules ( H 2 , N2 , C0 2 ) in 
the pressure region where the width of the line is 
primarily caused by collisional broadening (pres-
sure broadening). In this paper, the spectrum of 
the depolarized Rayleigh ligth is calculated by a 
kinetic theory approach based on the Waldmann-
Snider equation5. Both collisional and diffusional 
broadening are studied. 

Collisional broadening of the depolarized Ray-
leigh scattering has been treated theoretically by 
G O R D O N 6 who developed a classical theory which 
is akin to Anderson's impact theory 7 for the pres-
sure broadening of absorption and emission spectra. 

1 "Depolar ized" refers to the component of the scattered light 
whose electric field vector is perpendicular to the electric 
field of the linearly polarized incident light. " R a y l e i g h " 
refers to the line of the spectrum of the scattered light 
which is centered at the frequency of the incident (mono-
chromatic) light. Some of the results derived in this paper 
have been reported earlier, cf . S. HESS, Z. Naturforsch. 
24 a, 1852 [ 1 9 6 9 ] . 

2 S. HESS, Phys. Letters 29 A , 108 [1969] . 

By the kinetic equation approach used in this 
paper the calculation of the spectrum of the light 
scattered by a gas is based on the same generalized 
Boltzmann equation (Waldmann-Snider equation) 
as the calculation of transport properties of poly-
atomic gases. The line width is expressed in terms 
of collision brackets obtained from the linearized 
Waldmann-Snider collision term which involves the 
binary scattering amplitude operator and its ad-
joint. Thus a rigorous connection between the line 
width and the molecular (binary) collision proces-
ses is established. Furthermore it is possible to 
obtain relations between line widths and transport 
properties since transport coefficients can also be 
expressed in terms of collision brackets. 

This paper proceeds as follows: Firstly, after 
some preliminary remarks on the one-particle dis-
tribution function operator for a gas of linear mole-
cules and the definition of the second rank tensor 
polarization, the connection between the spectrum 
of the depolarized Rayleigh light and the spectral 

3 S. HESS, Z . Naturforsch. 2 4 a, 1675 [1969 ] . 
4 V. G. COOPER, A. D. MAY, E. H. HARA, and H. F. P. KNAPP. 

Phys. Letters 27 A , 52 [ 1 9 6 8 ] . 
5 L. WALDMANN, Z. Naturforsch. 12 a, 660 [ 1 9 5 7 ] ; 13 a. 

609 [1958 ] ; R . F. SNIDER, J. Chem. Phys. 32, 1051 [ I960] , 
see also S. HESS, Z. Naturforsch. 22 a, 1871 [1967] . 

6 R . G. GORDON, J. Chem. Phys. 44. 3083 [1966] . 
7 P. W. ANDERSON, Phys. Rev. 76, 647 [1949 ] . 
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function of the spatial Fourier transform of the 
tensor polarization is stated ( § 1 ) . Then, by using 
the moment method, transport-relaxation equations 
for the (time- and space-dependent) tensor polari-
zation and "tensor polarization flow" are derived 
from the linearized Waldmann-Snider equation. The 
relaxation coefficients involved are collision brackets 
which are proportional to the number density of the 
gas ( § 2 ) . Next, the spectral function of the spatial 
Fourier transform of the tensor polarization is cal-
culated from the transport-relaxation equations (§ 3.) 
For high pressures where the mean free path Z of a 
molecule is very short compared with the wave 
length 1 of the light (/ ^ X) the resulting spectrum 
of the depolarized Rayleigh light has a Lorentzian 
line shape with a half-width determined by the re-
laxation coefficient for the tensor polarization. At 
lower pressures where I £ / the line shape is no 
longer Lorentzian. Diffusional broadening charac-
terized by a diffusion coefficient which is different 
from the self-diffusion coefficient contributes to the 
half-width. Furthermore it is indicated that pro-
pagating tensor polarizaton waves may exist (under 
suitable conditions) which cause a splitting of the line 
into two components or lead to an effective broad-
ening when the splitting cannot be resolved. Then 
the relaxation coefficients are studied in more detail 
(§ 4 ) . The relaxation coefficient for the tensor po-
larization is expressed by a collision bracket where 
only the nonspherical part of the scattering ampli-
tude gives a nonvanishing contribution. Finally the 
interrelation between the half-width of the depola-
rized Rayleigh line and certain other transport and 
relaxation phenomena is considered (§ 5 ) . It is dis-
cussed under which conditions the relaxation coeffi-
cient for the tensor polarization can also be ex-
tracted from measurements of the (magnetic) Senft-
leben-Beenakker effect8 '9 on the viscosity and of 
nuclear spin relaxation times and when the diffu-
sion coefficient for the "tensor polarization" can be 
compared with data obtained from the Senftleben-
Beenaker effect on the heat conductivity. 

§ 1. General Remarks 

In this section the relation between the spectrum 
of the depolarized Rayleigh light and the spectral 
function of the tensor polarization is stated. Firstly, 
however, a number of preliminary remarks are ne-
cessary. 

For a gas at room temperature the translational 
motion of the molecules can be treated classically, 
i. e. position and linear momentum of a molecule 
are specified by the classical variables X and p. The 
rotational motion of a molecule, treated quantum 
mechanically, is characterized by the rotational an-
gular momentum operator J (in units of h ) . The 
Cartesian components of J obey the commutation 
relations 10 

J H JV ~ j v j H = i £ nvl j X (1-1) 
where eßVx is the 3rd rank isotropic tensor with 
£123 = 1. It is convenient to define the projection 
operator 

Pj= I\jm)(jm\, ( 1 . 2 ) 
m 

where j rn) is a normalized internal wave function 
for a linear molecule in the y'-th rotational state and 
m is the magnetic quantum number with respect to 
an arbitrary axis of quantization. Then the magni-
tude of the rotational angular momentum (in units 
of h) is given by 

PjP = PPj = j(j + l)Pi, j = 0 , 1 , 2 , . . . . (1.3) 

Obviously J is treated as an operator with respect 
to both magnetic and rotational quantum numbers; 
it is diagonal with respect to the latter. 

Now a brief discussion of the one-particle dis-
tribution function operator of a gas of linear mole-
cules can be given. The part of the distribution func-
tion which is diagonal with respect to the rotational 
quantum numbers is written as 

f(t,x,p,J). ( 1 . 4 ) 

The local instantaneous mean value of an operator 
# = @(p,J) is given by 

( ) = Tr f d3p 0 / , (1.5) 

where " T r " denotes the trace over magnetic and 
rotational quantum numbers and 

n(t,X)=Trfd*pf(t,X,p,J) ( 1 . 6 ) 

8 H. SENFTLEBEN, Phys. Z. 31, 822, 961 [1930 ] . - J. J. M. 
BEENAKKER, G. SCOLES, H. F. P. KNAPP, and R. M. JONK-
MAN, Phys. Letters 2, 5 [1962] . 

9 J. J. M. BEENAKKER, The Influence of Electric and Magne-
tic Fields on the Transport Properties of Polyatomic Di-
lute Gases, in ed. O. MADELUNG, Festkörperprobleme VIII , 
Vieweg, Braunschweig 1968. — J. J. M. BEENAKKER and 
F. R. MCCOURT, Ann. Rev. Phys. Chem. 1970. 

10 Cartesian components of vectors and tensors are denoted 
be Greek subscripts. The summation convention is used. 



is the local number density. Averages over an equi-
librium distribution /0 specified by the equilibrium 
density n0 and temperature T0 will also be needed 
and are denoted by ( . . . ) 0 . 

The 2nd rank tensor polarization (which in the 
following will always be referred to as the "tensor 
polarization") is defined by 

afn.(t,x) ={<PliV), (1.7) 

where 
15 

= |/^-[J2u2-I)]-17'/,,/,. (1.8) 

The sign • • • denotes the irreducible (symmetric 
traceless) part of a tensor, e. g. 

\r-d,v. ( i . 9 ) 

For convenience the constant occurring in (1.8) has 
been chosen such that 

<p (p , j ^/iv ^ ß v / 0 ( ? (1.10) 

where 

^ uv. u v = i ( < W dvv' + dßV> dv/x') - ^ dßV dß'r' ( 1 . 1 1 ) 

is an isotropic 4th rank tensor. 
The spatial Fourier transform afiv(t, fc) of the 

tensor polarization a/lv(t, X) is given by 

aflv(t, fc) = / e x p { -ik-x] a/tv(t,X) d3x . (1.12) 

The spectral function of the tensor polarization is 3 

S(co I fe) = 1 Re ? eiMt A{t\ fc) dt (1.13) 
71 o 

where the function A (t fc) characterizes the time 
dependence of the spatial Fourier transform (1.12), 
i. e., 

äßV(t, fc) = A(t\k) änviO, fc); (1.14) 

No external fields are considered here; otherwise 
A(t ' k) in Eq. (1.14) should be replaced by a 4th 
rank tensor 3. 

The spectrum of the depolarized Rayleigh light 
is given by the spectral function (1.13) if OJ and fc 
are put equal to the differences between the frequen-
cies OJX — OJ0 and wave vectors k1 — k0, respectively, 
of the incident and the detected scattered light. 
Hence in order to calculate the spectrum of the de-
polarized Rayleigh line one has to know the relation 
(1.14) for the fluctuating tensor polarization. By 
using Onsager's assumption that the regression of 
spontaneous fluctuations is the same as that of small 

macroscopic deviations from the equilibrium state 
of the gas the function A(t\k) can be obtained 
from "transport-relaxation" equations which are 
derived in the next section. 

§ 2. Transport-Relaxation Equations 

In this section the transport-relaxation equations 
which are relevant for the calculation of the spec-
tral function (1.13) are derived from the linearized 
Waldmann-Snider equation by application of the 
moment method 1 1 , 1 2 . 

Firstly, the nonequilibrium distribution / is writ-
ten as 

f(t, X, p, J) = /0 (p, J) [ 1 + 0 (t, X, p, J) ] , (2.1) 

where 

f0(p,J) = n0(2 7tmkB T0)-s<>Q0-i 

• M - U h r S W r l ) I ( 2 ' 2 > 

is an equilibrium distribution and & (t,X,p,J) 
measures the deviation of / from /0 . In Eq. (2.2) 
n0 and T0 are the equilibrium number density and 
temperature, respectively; is Boltzmann's con-
stant, 

h2 J2 
- J . , (2.3, 

is the rotational energy of a linear molecule with the 
moment of inertia 0, and 

Q0 = Tr exp 
E(J2) 

(2.4) 
&B To 

is the internal partition function. 
The quantity 0 defined by (2.1) obeys the line-

arized Waldmann-Snider equation: 

„ 
-3T + V ' d x + a W = 0 (2.5) 

if the deviation from the equilibrium state is small. 
This condition is certainly fulfilled if the deviation 
is produced by spontaneous fluctuations. In Eq. (2.5) 
V =m~1 p is the particle velocity and a>(. . . ) is the 
linearized Waldmann-Snider collision term involving 
the binary scattering amplitude operator and its ad-
joint. The explicit definition of OJ(0) is stated in 
§ 4. In this section only some general properties of 
co(0) and their implications for the collision brackets 
are needed. 



For two operators W = W(p,J) and &= & (p, J) 
the collision bracket pertaining to the linearized 
collision term a>(. . . ) is defined by 

( Y o > ( 0 ) ) o . (2.6) 

If XF and are dimensionless quantities the colli-
sion bracket (2.6) has the dimension of an inverse 
time (effective "collision time"). It is of importance 
to notice that the collision term OJ(. . . ) and conse-
quently the collision brackets are proportional to the 
equilibrium number density n0 . Furthermore o>(. . .) 
is positive semi-definite, i. e. 

(Wco(W)) o ^ O . ( 2 . 7 ) 

In (2.7) the equality sign occurs only if W is a 
"conserved quantity". The "isotropy" of the colli-
sion operator implies that the collision bracket van-
ishes for two irreducible tensors of different rank. 
For further (symmetry) properties of the Waldmann-
Snider collision brackets which, however, are not 
needed in this paper, see Ref. n ' 1 2 . 

By expanding the quantity 0 occurring in Eq. 
(2.5) with respect to a (complete) set of orthogonal 
"expansion tensors" depending on p and J and 
taking moments of the Waldmann-Snider equation 
(2.5) the (infinite) set of transport-relaxation equa-
tions for the time- and space-dependent "expansion 
coefficients" can be d e r i v e d 1 2 . To obtain the 
transport-relaxation equations that are required for 
the calculation of the spectral function of the tensor 
polarization at "high and medium" pressures the 
following ansatz is made for 0 : 

& = + (2.8) 

with 0 (2.9) 1 m 

The 3rd rank tensor 

ax, nv = ( p v ) (2.10) 

is the "tensor polarization flux". The normalization 
occurring in (2.9) has been chosen such that 

( „ V „ V ) 0 = öxx' 4 , , „V . (2.11) 

Due to the isotropy of the collision operator c o ( . . . ) 
the collision bracket pertaining to the expansion ten-
sor 0 f l v can be written as 

(& t lv a> ( 0 f l V ) ) o = a>r 4 , , . „V , (2.12) 
11 L . WALDMANN, Z . Natur forsch . 15 a , 19 [ 1 9 6 0 ] ; 1 8 a, 1 0 3 3 

[ 1 9 6 3 ] , 
1 2 S. HESS and L . WALDMANN, Z . Natur forsch . 2 1 a , 1 5 2 9 

[ 1 9 6 6 ] , 

where the relaxation coefficient (inverse relaxation 
time) (Of for the tensor polarization is given by 

(°T = £ (&HV M ( ̂ HV) )o • (2.13) 

Assuming that the relaxation coefficients for the 
3 irreducible parts of the tensor ax, ̂  are approxi-
mately equal to each other ("spherical approxima-
tion" 13) one has 

)0 = a>TFd lx'AMV,Mv (2.14) 

where 

tt>TF= J5 (2.15) 

is the relaxation coefficient of the tensor polariza-
tion flux. 

Using the ansatz (2.8) , the Eqs. (1 .7) , (1 .10) , 
(2.10) to (2 .15) , and 

1 / — ( 2 . 1 6 ) 
\ m 

the following transport-relaxation equations are ob-
tained from the Waldmann-Snider equation (2.5) : 

+ j / ^ F " = ( 2 ' 1 8 ) 

The spectrum of the depolarized Rayleigh line will 
be calculated from Eqs. (2.17) and (2.18) in the 
next section. 

§ 3. Spectrum, Line Width 

To calculate the spectrum of the depolarized Ray-
leigh light it is firstly assumed that the time deriva-
tive in Eq. (2.18) can be neglected compared with 
the relaxation term. This approximation leads to a 
Lorentzian line shape and is refered to as the "Lo-
rentzian approximation" (part a). Secondly, in part b 
of this section, the spectral function is calculated 
from the full Eqs. (2.17) and (2 .18) . Then (parte) 
the posible existence of tensor polarization waves 
leading to a splitting of the depolarized Rayleigh 
line into two components is discussed. 

13 A . C. LEVI and F. R . MCCOURT, Physica 38, 4 1 5 [ 1 9 6 8 ] , -
F . R . MCCOURT, H. F . P. KNAAP, and H. MORAAL, Phy-
sica 43, 4 8 5 [ 1 9 6 9 ] . 



a) Lorentzian Approximation 

Firstly, Eq. (2.18) is approximated by 

kß Tri _ i 3a„r /o i \ ax, ßV = - / - & Wtf ^ - , (3.1) 
\ m öxx 

so that, using (3.1) , Eqs. (2.17) reduces to the 
following closed equation for the tensor polarization: 

3a 

- Z)T AaMV + coT a,v = 0. (3.2) 

Here the "tensor polarization diffusion coefficient" 

where 
/ = VkB Tjm cotf1 (3.10) 

DT = h To 

m COyp 
(3.3) 

has been introduced and A = d2/dxQ dx0 is the 
Laplacian. A spatial Fourier transformation of Eq. 
(3.2) leads to [cf. Eq. (1 .12) ] 

dt 

and hence 

with 

a„v(f, k) + (k2 Dt + OJT) a„v{t, k) = 0, (3.4) 

äßV{t, k) = A (t\k) < v ( 0 , k) 

A (t j k) = exp{ - (o>r + k2 DT) tj (3.5) 
for t ^ 0 . 

From this result, the following Lorentzian line 
is obtained for the spectrum of the depolarized 
Rayleigh line [cf. Eq. (1 .13) ] 

o / 11_\ 1 0jr + k2DT Sl(OJ k) = = — . 3 . 6 ) 
1 ti co2 + (o>p + A; Z ) t ) 

The half of the width at half height is 

(AOJ) i/j = oj-p -+- k2 Dj . (3.7) 

Clearly the line width is determined by two additive 
contributions: "collisional" or "pressure" broaden-
ing characterized by the relaxation coefficient 
OJt oc n0 for the tensor polarization and diffusional 
broadening determined by k2 D^ oc The latter 
contribution depends on the scattering angle 7 be-
tween the wave vectors k0, kt of the incident and 
the scattered light, for k^^k^ 2 one has 

k 2 ^ k 0 2 2 (1 - c o s * ) . (3.8) 

The relative importance of diffusional and collisio-
nal broadening is characterized by the ratio 

f = w T 1 k 2 D T = E ' 1 k 2 l 2 (3.9) 

is the mean free path of the tensor polarization flux 
and 

£ = co T/C>TF (3.11) 

is the ratio of the relaxation coefficients for the ten-
sor polarization and the tensor polarization flux. For 
most gases of linear molecules — except for the 
hydrogen isotopes where fi^lO-1 — £ is of the 
order of 1. Since the wave number k is of the order 
of for scattering under 90° , collisional broaden-
ing dominates if 

(l/l)2<e, (3.12) 
i. e., if the pressure is high enough that the mean 
free path of a molecule is very short compared with 
the wave length A of the light. 

A Lorentzian line shape of the form (3.6) where 
the diffusional broadening is characterized by the 
self-diffusion coefficient has first been discussed by 
DICKE 14 for emision spectra and more recently by 
COOPER 15 for the spectra of the rotational Raman 
lines. It seems appropriate to discuss some of the 
approximations involved in the use of the ansatz 
(2.8) and of the transport-relaxation Eqs. (2.17) 
and (2.18). Firstly, the collisional coupling between 
the tensor polarization and other 2nd rank tensors, 
e. g., the friction pressure tensor which is of impor-
tance for the Senftleben-Beenakker effect on the vis-
cosity, has been disregarded. The relative error of 
the line width in the pressure broadening region 
caused by this approximation is of the order of the 
maximal relative change of the viscosity in a magne-
tic field, i. e. of the order of 1%. Secondly, higher 
rank tensors, e. g. terms of the type a>ix,ßy(vivx 

have been neglected in (2.8) . Inclusion of (3.12) 
leads to a set of three coupled transport-relaxation 
equations instead of (2.17), (2.18), and these yield 
a line width of the form 

(Aco)1/l = a>Tp[e+(lß)2 + ...(llW] 

[cf. (3 .9 ) ] instead of (3.7) . Thus Eq. (3.7) is only 
valid for small values of ( l / l ) 2 such that terms of 
order (//A)4 can be disregarded. Furthermore, the 
fact that Eq. (3.7) yields an infinite line width for 
n 0 -^-0 (i. e. IjX 00) whereas the line width for 
small pressures is finite and determined by the 

14 R. N. DICKE. Phys. Rev. 89. 472 [1953] . 15 V. G. COOPER, Thesis, Toronto 1968. - V. G. COOPER, 
A. D. MAY, E. H. HARA, and H. F. P. KNAAP. Can. J. Phys. 
46. 2019 [1968] . 



Doppler broadening clearly indicates that Eq. (3.7) 
is not valid if the mean free path I is larger than 
the wave length A of the light. So far, the spectrum 
of the depolarized Rayleigh light has been investi-
gated experimentally only in the pressure broaden-
ing region4 (l/X ^ 1 ) . The validity of the approxi-
mation (3.1) is discussed in the followig two parts 
of this section. 

b) Non-Lorentzian Line Shape 

Now the spectral function 5(to I fc) is calculated 
from Eqs. (2 .17) , (2.18) without the approximation 
(3.1). Elimination of ax, ̂  from Eqs. (2 .17 ) , (2.18) 
yields the 2nd order differential equation 

«TF "V, (*> *) + (l+e) dßV(t,X) 
-D^ AaßV{t,X) + o*ra/xv(t,x) = 0 , (3 .13) 

where the dot denotes differentiation with respect to 
time. As far as the calculation of the spectral func-
tion is concerned, the initial conditions imposed on 
the tensor polarization and the tensor polarization 
flux are 

d(x), a ^ „ ( 0 , X ) = 0 . (3.14) 

Thus Eq. (2.17) implies 
= - a > r a „ v ( 0 , X ) . (3.15) 

By taking the spatial Fourier transform of Eq. (3.13) 
and using the definition (1.14) for the function 
A(t\k) the following differential equations for A 
is obtained: 

cofp1 Ä + (1 + — ) A + (k2 D t + o>r) A = 0. (3.16) 
\ 0)rv J 

The initial conditions for A(t\k) are 

^ (0 i fc) = 1 ; A(0\k) = -CDJ. (3.17) 

With the abbreviations 

&>DoP = k2-kB Tjm , (3.18) 

(o = \ ( l + £ ) COTF, ( 3 . 1 9 ) 

o / ' = i o > T F [ ( l - £ ) 2 _ 4 o / i ) 0 p / C o | F ] 1 / i , (3.20) 

the solution of Eq. (3.16) subject to the initial con-
ditions (3.17) is given by 

A(t k) 
„ oj -o>r . , ,, 

cosh co t + 77— sinh co t 
a> 

(3.21) 

where 
4 C O | O P < ( 1 _ £ ) 2 

COJF 
one has 

a ) " « \ (1 — £) 0>rF 

and (3 .21) reduces to the exponential function 
e~cort „juck a s (3.5) does for high pressures. 

Next the spectral function S(co \ k) is obtained 
from (3 .21) according to (1 .13) . Using the di-
mensionless frequency variable 

Q = co/coDOp (3.22) 

and introducing the spectral function S(£?|fc) by 

S(Q\k) di2 = S(eo|fc) dco, (3.23) 
one finds 

7iS(Q\k) = (3.24) 
£ y + y_1 + £ y_1 Q'2 

Q2[(l+e2T^2y-2 + Q2^'2] + ^ y + y ' 1 ) 2 

where 
y ==(joTF/a)j)= (kl)"1 oc / / / ( 3 . 2 4 a ) 

is a dimensionless collision frequency which is pro-
portional to the number density of the gas. The 
theory presented here can be considered to be ap-
plicable for only. 

The Lorentzian function (3.6) is equivalent to 

7iSL{& fc) = 
£ y + y 

Q - 2 + ( £ y + y - i ) 2 • (3.25) 

TI S 
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Clearly the function A(t\k) as given by (3.21) is 
different from (3 .5) . For £ =+= 1 and high pressures 

Fig. 1. The spectrum of the depolarized Rayleigh light for 
£=&>T/COTF = 0.1. Curves 1 and 2 are the graphical repre-
sentation of the functions n S{Q) as given by Eq. (3.24) for 
y = 2 and ?/ = 10. For the definition of Q and y see Eqs. 
(3.22) and (3.24a) . The dashed curve is the Lorentzian ap-
proximation ti SL ( ß ) [as given by Eq. (3.25] to curve 1. 
The Lorentzian curve for ?/ = 10 cannot be distinguished from 

curve 2 on the scale of the figure. 



In Fig. 1, 7 i S { ü ) and n 5 L ( ß ) are plotted for 
e = 0.1, y = 2 and £ = 0.1, y = 10. In the latter case 
both spectral functions cannot be distinguished on 
the scale of the figure. For y = 2, the spectral func-
tion (3 .24) is broader than the Lorentzian function 
(3.25) for small Q and falls off faster for large 
values of Q . 

For practical purposes, the quantity 

Ö=[S(Q)-SL(Q])/S( 0 ) (3 .26) 

rather than [ S ( ß ) -SL(Q)]/S{Q) should be used 
for a comparison of (3.24) with (3 .25 ) . A numeri-
cal analysis for £ = 0.1, 0.5, 1.0, 1.5 showes that 
(3 ^ 14%, <; 6% and d <L2% for y = 2, 3 and 
y ^ 5, respectively. Hence the deviation of (3 .24) 
from (3.25) can be disregarded for V ^ 5. 

The width at half height (AÜ), / ! of the spectral 
function (3.24) is larger than the Lorentzian width 
e y + y ~ S i n c e the collisional broadening that do-
minates for y ^ 1 is the same in both cases, the 
difference of the waif widths is associated with dif-
fusional broadening. Hence if the width of the spec-
tral function (3.24) is analyzed according to the 
formula for the Lorentzian half width, one finds an 
effective diffusion coefficient Deff that is larger than 
Df by the factor y[ {AQ)yt — ey] which, for y 1, 
approaches the value 1 + e / ( l + £ 2 ) . In Table 1, the 
ratio D e f f / D j is given for several values of £ and y. 

\ y 
e \ 

2.0 3.0 4.0 5.0 10.0 oo 

0.1 1.36 1.24 1.18 1.15 1.11 1.10 
0.5 1.46 1.45 1.43 1.42 1.41 1.40 
1.0 1.42 1.47 1.49 1.50 1.50 1.50 

Table 1. D e f f /Öx for several values of s and y. 

Considerations similar to those given here for the 
depolarized Rayleigh scattering should also hold for 
the rotational Raman scattering 15. 

c) Tensor Polarization Waves 

The frequency co" as given by (3.20) is imagi-
nary if 

4<o|>0PMF = ( 2 / Y ) 2 > ( l - £ ) 2 (3 .27) 

and this has the consequence that A(t k) becomes 
a periodic function. The occurrence of propagating 
modes is associated with damped "tensor polariza-
tion waves" which are analogous to the spin (vector 
polarization waves. 

For £ =)= 1 these tensor polarization waves do not 
show up unless the pressure of the gas is sufficiently 
low such that the inequality (3.27) is fulfilled. For 
e = l , i. e., ft>R = COTF , however, (3 .27) always holds 
and (3.21) takes the simple form 

A(t ' f c ) coso j D O p* , ( £ = 1 ) . (3.28) 

The propagating modes will cause a splitting of the 
depolarized Rayleigh line into two components shift-
ed by i cosj, where ojsh is determined by 

«sh = w 5 o P - I (1 - e ) 2 «TF , (3.29) 

or by 
flL = i - i d (3.30) 

For £ = 1 this splitting occurs for all pressures and 
Eq. (3.24) can be written as the sum of the spectral 
functions for two Lorentzian lines shifted by ± 1 : 

71 S{Q fc) =: 
( ß - i ) 2 + r 

+ y 

(£ = 1 ) . (3.31) 

In Fig. 2 these shifted Lorentzian lines and their 
sum (3.31) are plotted together with the Lorentzian 
function (3 .25) for y = 2. For pressures where 
cosfi < o / or equivalently 

?/2 > 2 ( 1 + £ 2 ) " 1 (3.32) 

Fig. 2. The spectrum of the depolarized Rayleigh light for 
£ = 1 . 0 and y = 2. Curve 1 represents the non-Lorentzian spec-
tral function n S(Q) which is the sum of the two dashed 
Lorentzian curves shifted by ß s h = ± l [cf. Eq. (3 .31) ] . 

Curve 2 is the Lorentzian spectral function ti S l ( ß ) 
[cf. Eq. (3 .25) ] . 



the splitting caused by the tensor polarization waves 
cannot be resolved and consequently it will lead to 
an effective broadening of the depolarized Rayleigh 
line. 

A splitting of the depolarized Rayleigh line into 
two peaks has been observed for liquids of non-
spherical molecules16. In the liquid, however, the 
splitting is caused by shear waves17 (transverse 

sound waves) rather than by tensor polarization wa-
ves. For ligth scattering by gases these shear waves 
can be expected to play a minor role since the cou-
pling between the anisotropic electric permeability 
tensor, i. e. the tensor polarization and the friction 
pressure tensor is rather small (as is known from 
the Senftleben-Beenakker effect on the shear visco-
sity) . 

§ 4. Relaxation Coefficients 

In this section the linearized Waldmann-Snider collision term and the pertaining collision brackets are 
stated explicitly. Then the relaxation coefficients co-r and O>TF a r e studied in more detail. 

For a "dilute" gas the collision term of the kinetic equation is related to binary scattering events. The 
two colliding particles are labelled by 1 and 2. Decomposing their momenta p / , p2 and pt, p 2 before 
and after a collision, respectively, into a center of mass momentum P and the relative momenta p 12 ', Pi 2 

by 
Pi = i P + P12; p 2 = i P - P i 2 , 
Pi = 2 P + P12? P2 = iP-Pi2, (4.1) 

denoting the reduced mass by m12 , and using the abbreviations 

0i = 0(PiJi)i <£>{= &(Pi, Ji); z = 1, 2 , (4.2) 

the Waldmann-Snider collision term can be written as 

> , ( < £ ) = - T R J D 3 P 2 / O 2 \\--PjT-ä(plt,plt')(Q1' + $t') a t (p 1 2 ' , p 1 2 ) 

- -. k (P12' P12) (^1 + ^2) - (&1 + &2) ^ ( P i a . P ^ ) ] ! -1 m12 } 

(4.3) 

In Eq. (4.3) an operator notation with respect to magnetic and rotational quantum numbers is used. The 
binary scattering amplitude operator is denoted by a(Pi2>Pi2')» 'due to Galilean invariance it does not 
depend on the center of mass momentum P. The operator ä is in essence the scattering amplitude a multi-
plied by a (3-function with respect to energy: 

Ä ( P 1 2 ' P 1 2 ' ) / (4.4) 

= 2 1 , l l + £ ( V ) + «W))}-CP».P»-)• « « P { - ^ ( ä ^ - +*( ' • •> +*<'.*>))• 
The explicit form of the collision bracket for two operators can now be obtained from (4.3) with the help 
of the definition (2.6). Notice that both coT and coTF are "diagonal" collision brackets of the form 
(0 <x>(0))o . Application of the optical theorem 

~T~ (PL2 ' P12) ~~ AT (PL2 J P12) ] = m\2 f ä (P12 ' P12) ßT (Pl2i P12) (A NV 1 l^.Oj 
= /nf21 / d3p12 ' a* {Pi2, P12) ä(p12,p12) 

leads to the following expression for a diagonal collision brächet: 

&oj(<P))0=nö1Tv1 Tr2 JJJ d3 P i /01 /02 *iä(plt, p 1 2 ' ) (4.6) 

X t « f (P12, P 1 2 ) ( + $2) - ( + $ 2 ' ) ( P I T ' , P 1 2 ) 1 • 

ml2 

16 V . S. STARUNOV, E. V. TIGANOV, and I . L . FABELINSKII, G. I. A . STEGEMAN and B. P . STOICHEFF, Phys . Rev . Lett. 
J E T P Letters 4 , 176 [ 1 9 6 6 ] . - A . SZÖKE, E. COURTENS, 21 , 202 [ 1 9 6 8 ] . 
and A . BEN REUVEN, Chem. Phys . Letters 1 , 87 [ 1 9 6 7 ] . - 17 V . VOLTERRA, Phys . Rev . 180, 156 [ 1 9 6 9 ] . 



In Eq. (4.6) the identity 
d 3 P l d3p, = d3P d3p12 (4.7) 

can be used and the integration over the center of mass momentum P can be performed for any given <P 
since a and a1" do not depend on P. 

For convenience, Eq. (4.6) is rewritten in a slightly different way. Firstly the dimensionless momentum 
variables V, y <?, y e' defined by 

P = 2 V'm kB T0 V , (4.8) 

p 1 2 = VmkBT0ye, pl2 = l/m kB T0 y e', (4.9) 

where (? and c ' are unit vectors are used. Then one has 

no 1 / o i /o2d 3 P l d 3 p 2 = n0 JI~s e~yl d3V e~yl y2 dy d2e Qö2 exp{ - [E(Jt) + E(J2)/kBT0} (4.10) 

and mf22 d3pi2 = 2 ]/n c0 A:ß r o / d / 2 d V (4.11) 

where c0 = VkBTj2ji m12 . (4.12) 

Secondly the single channel scattering operator 

ahit'U'h' ( P u . P u ) « ( P 1 2 . P « ) (4-13) 

is introduced; for the definition of the projection operator Pj see Eq. (1.2) . Using 

®/I /* .7I ' /V ( P 1 2 » Pi-/) = ahit, Wit (Pit» Pis') <5 0'2 + + - / 2 - f;V - (*I5 ^o) ( 4 - 1 4 ) 

where = k B T 0 , (4.15) 

one can immediately perform the integration over dy'2 in Eq. (4.6) . 
Thus (4.6) is rewritten as 

(<£«(<£) )0 = n 0 c 0 v r j d *V e'V {$ia(«H&i + ~ (®i + flt)} » (4-16) 

where 

{ . . . } = f d y e - r y3 1 JJ d2e d V 2 ( 2 h + ^ ? h + ^ exp{ - - [ [ . . . ] , (4.17) 
0 4 71 i ii* ( V 

Wit 

and [ [<*\a (aH$ t + 0 t ) - + $ t W ) ] ] I A , h > h > (4.18) 

= " v" 79 ; M ! ^ 11 ^ ^ + - + Jrit.hit) • 7 {2 )i + 1) (2 ; 2 + 1) 

In Eq. (4.18), y which also occurs in a and af is no longer an independent variable but given 
by 

7 2 = 72 + ^ + eh — eji' (4.19) 

In (4.17) the scattering amplitude has to be put equal to zero for those y which, according to (4.19), 
would lead to a negative value for y'2. The trace over the magnetic quantum numbers is denoted by "tr". 

For a which is diagonal with respect to the magnetic quantum numbers (4.18) reduces to 

(0 X + <I>2 - <2V - <Z>2') o(e',e I ti ti, h j2) (4.20) 
/ 

where o ( c ' , e | jx j2) = { 7 n " 7 ? 7 ~ 7 i T ahh,h'iAPv2-Pti) a)-h-,UU (p 1 2 ' , p 1 2 ) (4.21) 
7 /i + i i (z )'2 + f ) 

is a cross section averaged over the magnetic substates. 



Now it is relevant to discuss the relaxation coefficients cor and &>rF [cf. (2 .13) , ( 2 .15 ) ] . Integration 
over d3F leads to 

o>r = n0 c 0 | {$i»ra[a\($1„v + $ 2 u v ) ] } , (4.22) 

where the bracket [ . . , . . ] denotes the commutator. For the definition of see (1 .8) . Clearly, o>x van-
ishes if (& U v +<P 2 / a ) commutes with a f . Hence O>T is particularly sensitive to the nonspherical part of 
the scattering amplitude, i. e. if the scattering amplitude operator a is split into a spherical part a?Ph which 
is diagonal with respect to magnetic quantum numbers and into a nonspherical part ansph, then a and af 

occurring in Eq. (4.22) can be replaced by ansph and Onsph-
According to (2 .9) , (2 .15) , (4 .1) , (4 .9 ) , (4.10) the relaxation coefficient for the tensor polarization 

flux is given by 
g 

o>rF = n0c0 15j/Jd3Ve~V* i®Ur(Vx + yex) a 

•W(0lftAVX + yex) +&2„v(Vx-yex)) -($Uv(Vx + y' ex') + &2fiV(Vx - / e/)) a*]} . 

Integration over d3V leads to 

o j t f = |coT4-n0c0TS5 y2 - (<PlfiV - $2fiV) a* y y e c ' ] } . (4.24) 

Using a f = + W , and &ßV &tlv = 5 , 

one can rewrite Eq. (4.24) as CO-TF = I ^ T + 0 J D + <*>TF ? (4.25) 

with w D = n 0 c 0 t {(y2-yy' e e ) aa + } , (4.26) 

and COTF = - n0 c0 & {®hlv a[af &2fiy y2 - &2fiV a* yy'e- e'] + a[a\ <£ yy'e-e'}, (4.27) 

if the number of molecules in the rotational state ; = 0 is very small compared with the number of mole-
cules in the states j ^ 1 . 

The relaxation coefficient coD is related to the 
self-diffusion coefficient Dse]f by 

Dseu = ^B T j m coD . (4.28) 

Notice that o>pF cop unless the nonspherical part of 
the scattering amplitude is small compared with 
spherical part. Hence, in general, DT differs from 
the diffusion coefficient (4 .28) . 

Effective cross sections ot and a-pF pertaining to 
a>r and corF can be defined by 

« T - nO vQ O T , O>RF = n0 v0 o T F (4.29) 

with ^0 = 1 / 8 / ^ Tjn m12 = 4 c 0 . (4.30) 

Hence, according to (4 .22) , the "reorientation 
cross section" o^ is given by 

0T= I • (4.31) 
The analogous relation for OjF can be obtained from 
Eq. (4 .24) . 

To proceed further in the calculation of the re-
laxation coefficient or of the effective cross sections 
a knowledge of the scattering amplitude is required. 
For a discussion of the nonspherical scattering am-
plitude operator see Ref. 18. 

§ 5. On the Comparison of the Line Width with 
Senftleben-Beenakker Effect and NMR Data 

In 8 3, it has been shown how the width of the 
depolarized Rayleigh line is related to the relaxation 
coefficients o>t and o>rF. It has been conjectured 
earlier4 ' 9, that (Or characterizing the width of the 
depolarized Rayleigh line in the pressure broadening 
region can be compared with data obtained from 
measurements of the Senftleben-Beenakker effect on 
the viscosity and of the nuclear spin relaxation time 
(if the relaxation of the nuclear magnetization is 
mainly associated with intramolecular quadrupole 
coupling). It is the purpose of this section to point 
out under which conditions this comparison actually 
can be made and furthermore to indicate that it 
should be possible to compare the relaxation coeffi-
cient o>TF with data obtained from the Senftleben-
Beenakker effect on heat conductivity. 

1 8 S. HESS and W . E. KÖHLER, Z . Natur forsch . 2 3 a, 1 9 0 3 
[ 1 9 6 8 ] . — W . E. KÖHLER, S. HESS, and L . WALDMANN, 

Z . Natur forsch . 2 5 a, 3 3 6 [ 1 9 7 0 ] , 



a) Comparison with Senftleben-Beenakker Effect 
Measurements 

Transport process in polyatomic gases lead to a 
correlation between the linear and rotational angular 
momenta of the molecules; i. e., to a partial align-
ment of the angular momenta. The alignment, in 
turn, influences the values of the transport coeffi-
cients. Hence if the alignment is (partially) destroy-
ed by the precessional motion of the rotational an-
gular momentum about an applied magnetic field 
the transport coefficients are altered (Senftleben-
Beenakker effect). The differences between the trans-
port coefficients measured with and without an ap-
plied magnetic field of strength H depend on the 
ratio coH/o)coii where co^ = yH (7 is the rotational 
gyromagnetic ratio) is the precession frequency of 
the rotational angular momentum and coC0li is a 
specific) "collision" frequency. Since cocon is pro-
portional to the number density n0, the magnetic-
field-induced change of a transport coefficient is a 
function of H/p0 where p0 = n0 k%T0 is the (equi-
librium) pressure of the gas. 

Assuming that the dominant types of alignment 
that are responsible for the influence of a magnetic 
field on the viscosity and the heat conductivity are 
given by 

äfn,= (R$/lv) (5.1) 

and \ ßv 1 5 (5.2) 

respectively, where R and Q are (scalar) functions 
depending on V2 and J2 [ for ßV see ( 1 . 8 ) ] one 
obtains theoretical curves for Ar] = r\ (H) — rj (0) 
and Al = l(H) — A(0) which are in good agreement 
with the H/p-dependence of these quantities measur-
ed for gases of linear molecules. The collision fre-
quencies involved are the relaxation frequencies 

c o T = (R <PßVco(R 4 V ) )J(R2 <PIIV <ZV„}0 (5.3) 

and 

O>TF= (Q VI V, < Z V ) }J(Q2 V2 <ZV 0ßV)o 

(5.4) 

pertaining to the quantities (5.1) and (5 .2 ) . They 
can be obtained experimentally, either from the val-
ues (Hjp) i/j for which Ar, or Al attain half their 
saturation values (obtained for H/p—^oo) or from 

the values (# /p ) m ax for which the transverse effects 
reach their maximal values. 

In particular OJT can be obtained from shear vis-
cosity measurements as 

a>v = P o y ( H / p ) t y (5.5) 

where (H/p) is the position of the "half-value" 
for Ar]3 . The notation of DE G R O O T and M A Z U R 1 9 

is used for the viscosity coefficients, i. e., " 3 " refers 
to the case where the magnetic field lies in the plane 
determined by the direction of the velocity and its 
gradient. Likewise, COTF can be obtained from heat 
conductivity measurements (in spherical approxi-
mation) 

O+YF = Poy(H/p)% ( 5 . 6 ) 

where (H/p) is the position of the half-value for 
A|| (magnetic field parallel to the temperature gra-
dient) . 

Notice that it is not possible to infer from the 
Senftleben-Beenakker measurements alone which 
function R and Q should be chosen for (5.1) and 
(5 .2 ) . In fact, in the investigations published so 
far 20 

R = Q = 
J2(J2- I) 

; / 2 ( / 2 - 1 ) >0 

Vi 
(5.7) 

has been used: Classically speaking, ßV oc J~2 ]ß]v 

is proportional to the 2nd rank tensor constructed 
from the unit vector parallel to the rotational angu-
lar momentum vector J, R G*^ oc Jß Jv , on the other 
hand, is proportional to the 2nd rank tensor con-
structed from J itself. 

Now, if (5.7) would be the appropriate expres-
sion for R, d>r as obtained from the Senftleben-
Beenakker effect on the viscosity would be different 
from o>p as obtained from the width of the de-
polarized Rayleigh line in the pressure broadening 
region (unless the magnitude of J would not be 
affected by collisions). The close agreement between 
the relaxation coefficients or effective (reorienta-
tion) cross sections obtained from Senftleben-Been-
akker effect and from line width measurements for 
No, as found in Ref. 4, however, suggests that R = 1 
in (5.1) would be a better "choice" for a "single 
term description" of the Senftleben-Beenakker effect 
on the viscosity. 

19 S. R . DE GROOT and P. MAZUR, Non-Equil ibrium Thermo-
dynamics, North-Holland Publ. Co., Amsterdam 1962. 

20 F. R. MCCOURT and R. F. SNIDER, J. Chem. Phys. 46, 
2387 [ 1 9 6 7 ] ; J. Chem. Phys. 47, 4117 [1967 ] . - A. C. 

LEVI and F. R. MCCOURT, Physica 38. 415 [ 1 9 6 8 ] . -
A . C. LEVI, F. R. MCCOURT, and A. TIP, Physica 39, 165 
[1968] . - S. HESS and F. R. MCCOURT, Physica 44, 19 
[1969 ] , 



In analogy, one may expect that one may use 
( > = 1 instead of (5.7) in (5.2) for the theory of 
the Senftleben-Beenakker effect on heat conductivity. 
Unfortunately, however, no measurements of the 
width of the depolarized Rayleigh line are presently 
available in the "diffusional broadening region" and 
consequently no values of co-pp have been determined 
from light scattering experiments; thus the com-
parison with the Senftleben-Beenakker effect cannot 
yet be made. 

b) Comparison with NMR Data 

The relaxation of the nuclear magnetization of 
polyatomic gases is predominantly connected with 
the coupling of the nucear spin with the rotational 
motion of the molecule (intramolecular coupling). 
For a comparison of data obtained from nuclear 
spin relaxation times with the relaxation coefficient 
o>T two cases may be distinguised, (i) the relaxation 
of a nuclear spin ^ 1 (e. g. deuterium in HD, 14N 
in NO or N 2 ) , and (ii) of two spins 1/2 (eq. ortho-
Ho). In both cases the Hamiltonian JA associated 
with the coupling of the spin with the rotational 
motion can be written in the form 21, 22 

1 
Tl = C1 Iß Jß + Co lß lv u/t Uv 

where M is a unit vector parallel to the molecular 
axis and cx is the scalar spin-rotation coupling con-
stant. For case (i) I is the nuclear spin vector ope-
rator and c2 is the quadrupolar coupling constant; 
for case (ii) I is the sum of the two spin vectors in 
the triplet state and 2 c2 is the dipolar coupling con-
stant. In a dilute gas a molecule undergoes many 
rotations between two successive collisions. This 
implies that only the part of the tensor U U that is 
diagonal with respect to the rotational quantum 
numbers has to be considered for spin-relaxation. 
This part is proportional to ßV [cf. ( 1 . 8 ) ] . It is 
due to this fact that collision brackets similar to cor 
occur for NMR. 

Recently, C H E N and SNIDER 23 treated nuclear 
spin relaxation in dilute gases of linear molecules 
by a kinetic theory approach based on the Wald-
mann-Snider equation. Compared with the traditio-

nal correlation function treatment24 this approach 
has the advantage that a precise connection between 
the Bloch-relaxation times and certain collision 
brackets obtained from the linearized Waldmann-
Snider collision term can be established. 

In particular, in the "extreme narrowing limit" 
(collision frequency precession frequencies of the 
nuclear spin and the rotational angular momentum 
about the applied magnetic field) both Bloch-relaxa-
tion times become equal and one has 

7 7 1 =T, ! (P)o o V (5.9) 

+ ~ [ / ( / + D - I ] . 
15 o>r 

In Eq. (5 .9) , coy' and o>T' are relaxation coeffi-
cients. The latter is of particular interest for the 
comparison with the width of the depolarized Ray-
leigh line. Before discussing the explicit meaning of 
o / , it seems worthwhile to make a few remarks on 
the possibilities of obtaiing values of this relaxation 
coefficient from NMR experiments. 

If the relaxation time T of a nuclear spin ^ 1 
is measured the relaxation coefficient co«/ can be 
obtained from (5.9) since in this case cx ^ c2 . For 
molecules with nuclear spins 1/2 (eq. ortho-H2) the 
coupling constants c t and c2 are of equal order of 
magnitude. Hence in that case it is not possible to 
determine coT' from a measurement of the nuclear 
relaxation time in the extreme narrowing region 
alone. However, as has been demonstrated by 
H A R D Y 25, it is posible to determine ft>/ (and cov') 
from measurements at lower values of H/p where 
the Bloch-relaxation times depend on the strength 
of the applied magnetic field. 

Next, the relaxation coefficient is discussed in 
more detail. Upon the assumption that the nuclear 
spins are not affected by collisions cocan be re-
duced to 
coT' = n 0 c 0 § {®\ßVa[a\ 0 1 m v ] } = n0 4 c0 0T\ (5.10) 

In Eq. (5.10) the notations of § 4 have been used. 
A comparison of (5.10) with (4.22) shows that in 
general a>/ 4= o>r (or o-x =t= o T ) . 

However, one has o>r = &>t for collisions where 
only one of the colliding particles changes its inter-

21 A . ABRAGAM, The Principles of Nuclear Magnetism, Ox-
ford University Press, Oxford 1961. 

22 P. KUSCH and V. W . HUGHES, in Handbuch der Physik, 
Vol. 37/1, 1 (ed. S. FLÜGGE, Springer, Berlin 1959) . 

23 F. M. CHEN and R. F. SNIDER, J. Chem. Phys. 48, 3185 
[1968 ] . 

24 M . BLOOM and I. OPPENHEIM, Adv. Chem. Phys. 12, 459 
[1967] . 

25 W . N. HARDY, Can. J. Phys. 44, 265 [1966] . 



nal state. This may be approximately true for H2 — H2 

collisions. It is certainly the case for collisions of 
linear molecules with monatomics. Hence, for the 
infinite dilution limit of linear molecules in mixtures 
with monatomic gases, the £% obtained from the 
light scattering experiment is equal to the coT' ob-
tained from NMR data. 

Recently, S P E I G H T and A R M S T R O N G 26 compared 
the effective cross section Oy obtained from their 
NMR measurements in gaseous N2 with reorienta-
tion cross sections extracted from the Senftleben-
Beenakker effect on the viscosity and the width of 
the depolarized Rayleigh line. 

Final Remarks 

The main results of this paper are the spectrum 
of the depolarized Rayleigh line as given by (3.24) 
and Eqs. (4 .22) , (4.24) which establish a rigorous 
connection between the relaxation coefficients coT 

and o>TF characterizing the width of the depolarized 
Rayleigh line and the scattering amplitude operator 
characterizing the (binary) molecular collision pro-
cess. Furthermore, the possible comparison of these 
relaxation coefficients with experimental data ob-
tained from measurements of the Senftleben-Been-
akker effect and NMR has been discussed. 

So far, experimental results have been published 
on collisional broadening of the depolarized Ray-
leigh line of the light scattered from gases of H 2 , 
N2 and C0 2 at room temperature4. It would be 
desirable to extend further experiments in a number 
of directions. 

(i) Measurements of the spectrum at lower pres-
sures, i. e. in the "diffusional broadening regime" 
would be of interest, firstly in order to find devia-
tions from the Lorentzian line shape and possibly 
evidence for the existence of tensor polarization 
waves, and secondly, in order to obtain experimen-
tal values of the relaxation coefficient o>TF or the 
diffusion coefficient Dy . 

(ii) In view of the fact that the relaxation coeffi-
cient coT is particularly sensitive to the nonspherical 

26 P . A . SPEIGHT and R . L . ARMSTRONG, Can. J. Phys . 47 , 
1475 [ 1 9 6 9 ] . 

part of the scattering amplitude operator a systema-
tic study of the collisional broadening of the de-
polarized Rayleigh line of a great number of gases 
of linear molecules (also for different temperatures) 
would be desirable. Of particular interest are the 
hydrogen isotopes since their nonspherical inter-
action potential is relatively well-known and only 
a few rotational levels are excited at room tempera-
ture. A comparison of gases like C0 2 , OCS, and CS2 

or H 2 , HCl, and Cl2 would yield information on the 
influence of the electric dipole-dipole interaction 
(present for OCS and HCl) on the relaxation of the 
tensor polarization. 

(iii) Measurements of the collisional broadening 
of the depolarized Rayleigh lines (as well as of the 
Senftleben-Beenakker effect on viscosity and of 
NMR) for gas mixtures of linear molecules with 
monatomics are desirable in order to obtain the 
effective reorientation cross sections for collisions of 
molecules with noble gas atoms which could be com-
pared with NMR-data. 

Further theoretical studies of the spectrum of the 
depolarized Rayleigh light should be concerned 
with the removal of the spherical approximation 
(2.14) employed in Eq. (2.18), with the "transition 
regime" between the pressure regions for which 
collisional and diffusional broadening on the one 
side and Doppler broadening on the other side de-
termine the spectral width. Also, an extension of the 
theory developed here for linear molecules to the 
case of symmetric top molecules would be desirable. 
It seems feasible to treat rotational Raman scattering 
by a similar "kinetic equation approach" where, 
however, a kinetic equation for a distribution ope-
rator which is nondiagonal with respect to the rota-
tional quantum numbers has to be used. 
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