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PREFACE

This Memorandum is a part of RAND's study of the various physical
Processes that attend the transmission of laser beams through air. It
establishes a theoretical estimate of the Rayleigh and forward Raman
scattering cross sections in NZ’ useful to the understanding of the
propagation of laser radiation through the atmosphere.

The study should be of general interest to those concerned with
molecular structure and of specific interest in the area of laser

light propagation through the atmosphere.
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SUMMARY

The static polarizability and the cross sections for Rayleigh
and rotaticnal Raman scattering in molecular nitrogen are calculated
by a direct perturbation technique. This approach is based on an
effective intermediate state energy that is approximated closely through
knowiedge of potential energy curves for the nitrogen eiectronic
states. Results obtained for the static polarizability agree with
experimental values within about 20 per cent and represent considerable
improvement cver earlier calculations. The cross section for Rayleigh
scattering is given for various polarizations and scattering angles,
and is found to agree with experiment within about 30 per cent. The
rotational Raman forward scattering cross section is obtained as a
function of rotational level, and Stokes scattering from the J = 6
level is shown to be most easily stimulated in Raman lasers at room

temperature, for illumination by ruby laser light.
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. INTRODCCTION

The ability to calculate theoretically fundamental molecular proper-
ties such as the polarizability is a good test of theoretical knowledge
of molecular structuce. The variational method has been applied in
several such calculations, but accurate results have been obtained

. (1) )
only for the case of the hydrogen molecule. The nitrogen molecule
is of interest as representative of molecules with more complex
electronic structure and because it 1is a major atmospheric constituent;

(2,3

however, calculstions for nitrogen have given less accurate results,

especially calculations of the anisotropy, for which the theoretical

4)

and experimental results differ by a factor of about 3. This is
significant because, for example, the rotational Raman cross section
depends on the square of the anisotropy (which at optical frequencies
differs little from the static value for nitrogen), as does the Ray-
leigh depolarization.

The closely related polarizability components for second-order
scattering processes in nitrogen are relevant to the propagation of
light in the atmosphere. These processes, like the static polarization,
involve an array of intermediate states that, for most meclecules,
cannot be specified well enosugh to permit a direct perturbation
calculation of the polarizability components. For nitrogen., however,
a large energy separation exists between the ground electronic state
and the lowest excited state for which a first-order radiative

transition is allowed, and the important intermediate states converge

on ionized states at only slightly greater ecnergy. On the basis of t

{(5)

-1

£oovn poteatill energy curves for che nitrogen electronic states,




a narrow range of energies can be specified for the important inter-

mediate states, and this permits a direct perturbation treatment of
the second-order processes in reasonably good approximation.

Results obtained for the static polarizability, Rayleigh scatter-
ing, and rotational Raman effect in nitrogen are preserted here. The
static polarizability, which in this approach is obtained in the zerc
frequency limit of the frequency-dependent pclarizability, is compared
with experiment as a check on the method of calculation, and found
to agree more closely than the earlier variational calculations,

especially with respect to the anisotropy.




I1. THEORETICAL BASIS

METHOD OF APPROACH

Consider a gas of nitrogen mclecules illuminated by a light beam

of photon density n, and photon energy o, (natural units, h = ¢c = 1

b

are used here). The scattering process transforms the incident photon
energy to @ and the energy of the scattering molecule to e = @ - o -

For Rayleigh scattering o, = o and o, = o, which is taken as zero

f

for the initial state. For rotational Raman scattering o is the

change in rotational energy, 4B(J + 3/2), where B is the rotational

constant {2.001 cm-l for Nz(o)

or visible iight Y .
£ visib gh ‘”f<<“‘b ass

) and J is the rotational quantum number;

The differential transitiorn rate per unit volume, r‘s, for molecular

(7

scattering is given by

r = ‘ 2
r, = 2nld [ 4]
where the matrix elerment, M_, for he seccnd-order process involving

intermediate states, £, can be written in dipcle approximation as

]MS\Z _ Nel; (2:b )(211(:84»1)) i z (E Bl:d?:l’gl:;)ﬁ

m S

2
(2 ; ) (2 i;l)
k il,.
k_/£a\3 /e
- @, + Eg, + bﬁ cos ¢ (2)

in terms of the nolecular number density, N; the electronic charge,

e, and mass, m; the intermediate state energies. E,; the angle, ¢,

4

L;

between tne direciions of polarization of the incident and scattered

TGRS JATW 1 e, "‘i‘ ‘
. -
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photons; and the sums over all electrons of the momentum matrix

elements between the initial and intermediate states, (T 5
k
, where p and p'

, and
k)zi

between the intermediate and final states (T Ek)fz
k

denote ccmponents of the momentum in the direction of polarization of
the incident and scattered photons, respectively. The density of
states, p, is given by

p o= g (3)

(2m)

where d is an element of solid angle. The equations apply to Rayleigh
scattering for f = i, and to Raman scattering for £ # i.

In terms of the matrix elements of the components of the polarizability

tensor, with the u component of ;k denoted as puk’ etc.

f

& ). = —2 ) (k ukJe\s Pd/er i PRel\d B e
Yo'fi T 2 {7 E, o @ +E
n @ m Z £ - s £
. - mb,., cos ¢t (4)
fi
Equation (1) can be expressed as
T = 20N oo n (o +1)(@ )2 d0 (5)
s Ops Tptlg WOg§

This is convenient in that the polarizability includes all of the
dependence on intermediate state properties, which is the core of the
problem because the intermediate states in general are not well known.

For the case of N,, however, the next section describes close limits

2’

that can be placed on the important E, . for each electron, so that

4]
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effective Enj can be specified. Then for each elect? >n a factor can
be removed from the sum over intermediate states, and matrix multipli-

cation can be performed, yielding

-
Yo
ZEF P, (2 P, )p ]
e? [(\k ‘*k) V3] £i [k vk/ ui) ¢y
@ =2 Z = i x| T mbp cos ) (6)
i B " % @s + Egj

where the j refers to the different electrons. Actual evaluation of
the matrix elements is facilitated by substitution in the matrix

elements of Sa =TT and application of the oscillator sum rule,

b
2m 2¢nabr:b= 1, to Eq. (4), leading to simplified expressions for
b
computation(s)
' =
Er_)r] [(2r )r ]
) 2 © [\k wk) Vi) gg g Uk i £1 |
UV fj A E . - o +E
) 2~ ®b s 2]
7L
o

INTERMEDIATE STATES

That the use of effective intermediate state energies is

appropriate can be seen from a consideration of the N2 electronic

states. The intermediate states involved in the scattering process
are described in terms of the N, stationary states, which have

2
recently been reviewed by Gilmore.(s)

An examination of the bound
states discloses that radiative transitions between the ground state
and the excited states below blﬂu are forbidden by one or more

- 4 . (6)
of the following selection rules:

AS = 0

Al\; = O, .'L'l
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The next higher energy electronic states include the bIIIu and b'liz
states with minima between 12 and 13 ev, and with Franck-Condon
transition energies from the ground state of between 12 anrd 14 ev.
Not only are these transitions allowed, but also they are charge
transfer transitionrs and shculd be among the strongest transitions
fraw the ground state, in agreement with experimental observations.(g)
A number of scrong Rydbarg trausitiens involving excitation of outer
orbital electrons, ZGU, 358, and lﬂu. t- higher energy orbitals are
known, converging on the N; states: X 22; at 15.6 ev, A 2IIu at

i

16.7 ev, and B ﬁzu at 18.7 ev. The energies of these transitions
differ from those to the b 1Huand b'li: states by an amount that

i3 small compared with the state energies. and setting them all equal
to a single effective intermediate state enevgy is a gond approximation.
Transitions involving inner orbital electrons, lc_, lou, and ch,
necessarily correspond to much higher energy states, and as will be
seen, the contributions of these electrons to the momentum ma:rix
elements are sufficiently small that the use of a large lower bound
on the corresponding intermediate state energies leads to negligible
error. Finally, transitions to dissociated and ionized states of Sz
are ignored because the oscillatory nature of the disseciated and

ionized wave functions leads to very small matrix zlements, as confirmed

ky approximate calculations based on simplified wave functions.
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For the outer electrons an effective intermediate state
* - -
energy, Eg’ as large as 17 ev would be unrcasonable cn the basis of

the potential curves of N,, since only the 2cu electrons can give

2,
3 * . -
states so energetic. The value of 14 av for Eﬁ is chosen to lend
i 1+ (9

. . [ . .
weight to the > Hu and b LLU states, which are known to be important,

+
and to the fact that the 358 excitation states are bounded by N; X 228
at 15.6 ev and the lﬂu excitation states are bounded by N; A 2 ﬂu at

¥
16.7 ev. The degree cf uncertainty in E, is then approximately 15

£

per cent, and it is likely that the error is less.

WAVE FUNCTIONS

For the evaluation of the static polarizabiility and the Rayleigh
scattering probability, explicit expressions for only the ground state
electronic wave functions are required, while for the evaluation of
the rotational Raman transition probability, the rotational parc of
the wave functions can be tre.ted separately. The present calculations
are based on the self-consistent field wave functions for the N

2
. : (10)
ground state as derived by Richardson

through a variational method,
taking electron-electron interactions into account. They are constructed
from linear combinations of an expanded {double - {) basis set or Slatec-
type atomic orbitals, and lead to reasonably accurate ccmputed energies.
The total wave function, éo, is an antisymmetrized product of wolecular
spin orbitals, ®.. which, however, are not all orthogcnal. Therefore,

-

the integrals

%
f @o(rj i rk) @o a7

w (>

when expressed in terms of individual electrcns, take the form

PRI YoRs

¢ byt -a.-l!f'ﬁ'

LAW‘E“ 2
|
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N
2 * 2 * 2 * % 3
S r, o, dT - e.r.o0d7 ~ + | po.dr | p.rio dT .l
v e E U 5" 5% [ oer [ oyie ])

1 k¥ j

e

where N i¢ the number of orbitals. The last two terms result rrom
electron exchange, and the last term is non-zero because of the non-
crthogonality of the wj of like spin. The integrals welc evaluated
for both the longitudinal and transverse components using an IEM 7044
computer and a Newton-Cotes type integrating prccedure.

It can be noted that the wave functiors for the equilibrium
internuclear separation are used here. Actuzlly, they should be
expressed as functions of the internuclear separaticr and included in
the integration over vibrational wave functions. An error ensues that
depends on the anharmericity of vibration and on the nonlinearity of
the dependency of the polarizapility on internuclear separatioan. The
magnitudle of the error can be estimated by comparison with more

1S9

detailed caiculations H for which the error amounts to several

23

per cent. The error is expected to be smaller for N, because, although

2
no information iz curreantly available cn the nonlinearity of the

poiarizadility, the anharmonicity of N_ is known to be about five

times less than that of Hz. 4 better kncwledge of the nonlinearity

rh

eifert i:n expected from further calculations now being performed on
the variation of the poiarizability with internuclear separation
to Jetermine the vibrational Haman s:attering cross section;

creliminary calculations indicate that the vibrational cross section

is considarzbly smaller thas the rotational cross section.




1 RESULTS AND DISGCUSSION

b4
=t

STATIC POLARIZABILITY

In the limit of zero frequency, Eq. (7} reduces toc the static

. . o
polarizability, o
ub

5 ..
a = 2e"y ” (3)
Ly /, o
J

The z-axig is taken along the moleculiar axis, so that the longitudinal
. o o o
component is o__, and the transverse components, AN and ny’ are

equal for nitrogen by molecular symmetry.

oo = 2e2§1 (9)
zz £, E
3 L3
®x. %
0 2 ( J xk)ii
o = Ze y —_— (10
xX /, -
. L3
3 ]
Other quantities of interest are the rotational average
o L, o0 o o
avg 3 (azz K axx + uyy) (1)
and the anisotropy, which for nitrogen is simply
o o o
A = azz hd Qxx (12)

Both experimental and other theoretical values for these quaatities

are available for comparison as a test of the method of calculation.

3k
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The contributicns of the various doubly occupied molecular
orbitals to the static polarizability are shown in Table 1, where
. . . o
the longitudinal component is denoted as 0 and the transverse

= ce ok o o
component as Jxx, the contributions to ayv are the same as to o ,
X

> -

s . . . 2 2 . .
except that the contributions of (lnu) and (lﬂu) , are interchanged.
x -
A compariscn of these results with experimental values and with

_ . . 2 .
the results of other theoretical calculatlons( »3) is

presented in
Table 2. 1t shows that the present calculations represent considerable
improvement over earlier attempts by variational methods, and con-
firms the validiry of the approach used here. The discrepancies in
the calculations for o__ (ané hence o). and . - o ) are largely
zz avg zz xx

removed, although the value for aix is somewhat less accurate than
the earlier results. It should be noted that this comparison ex-

. (2) .
cludes results obtained by Abbott and Belton through arbitrary
variation of the pi orbital separation; such variation brings the
resvlts into excellent agreement with experiment, but it depends
on prior knowledge of the polarizability and is not consistent with
the use of realistic wave functioms.

The comparison suggests that probably two factors are primarily
responsible for the inaccuracy of tne variational calculations.(z’S)
The wave functions used for the unper:urbed state are themselves
derived by a variational method, and the resulting energy for the
unperturbed state is thus larger than the true value. Wwhen the total
energy is again minimized using the perturbed wave functions (correspending
to maximization of the polarizability), the additional parameters permit
a closer approach to the true tctal energy, so tha® part of the error

in the unperturbed wave functions is compensated, but at the same time

an excessive value is obtained for the polarizability. The second




i1

Table

1

MOLECULAR ORBITAL CONTRIBUTIONS TO STATIC POLARIZABILITY "

orbital Yo % %ave (og, - o)
Lo, .0051 .0001 .0018 .0056
o, .0057 .0002 .0020 .0055
20, .06235 .0223 .0244 .0062
20, 4538 .1151 .2297 .3437
3o, .4976 .6847 . 2223 .4129
(1= . 5428 .6315 .6013 -.03887
() 542 .2213 . 3235 .3215
Total 2.081 1.075 1.410 1.006
3in units of 10 *em’

R R N m,uu‘r
M "
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Table 2

COMPARISON OF STATIC POLARIZABILITY RESULTSa
o o o) [s} o _ QO
vource Y22 yx Yavg Y2z “xx
Experimentalb 2.33 1.45 1.76 0.93
This work 2.081 1.075 1.410 1.006
(% deviation) (13) (26) (20) (8)
Kolker and Karplus® | 4.67 1.27 2.40 3.46
(% deviation) (96) (12) (36) (266)
Abbott and Bolton® | 4.77 1.35 2.49 3.42
(% deviation) (1006) (7 (627 (268)
in units of 10-24 3

<m

Reference 4.
c
Reference 3.

dReference 2.

However, agreement was obtained wifhin several per cent
upon arbitrary adjustment of pi orbital separation.
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factor is related to the excessive variational result for the anisotropy,
which can be attributad to the inaccuracy of the wave functions used,
which represent inadequately the contributions from atomic 2p and higher
orbitals,; so that there is a deficiency in electron density in the outer
regions. This deficiency leads to a diminshed azz and a diminished

a:x, but because 0f the geometry of the 2p orbitals, sz is diminished
much more than azz, so that, in effect, an excessive anisotropy results.
It would be interesting to compare the results of the calculations
reported here with those of a variational treatment using the same

wave functions.

{10)

Richardson's® wave functions, used in the calculations reported
here, also omit contributions from atomic orbitals higher than 2p.
However, this is largely compensated by the use of amn expanded basis

set of atomic orbitals, which includes two different effective nuclear
charges for each of the 2s and 2p orbitals. This ecffectively shifts
electron density from the highest density region toward both inner and
outer regions. The shift toward the outer regions, resulting from the
use of a relatively small effective nuclear charge, appears to be
responsible for the relative accuracy of the present calculation,
compared with those based on simpler wave functions. Nevertheless,

the present results for Gzz and q:x are both lower than the experimental
values, which suggests that some improvement could be obtained through

the inclusion of contributions from higher crbitals.

RAYLEIGH SCATIFRING

In the case of f = i, the polarizability matrix elements for

Rayleigh scattering are obtained from Eq. (7) as

Jmﬁ'% it P b
' )




B T
< T
PR
o =22V k i1 (13)
uv L, Bl L g2
3 %

Consider a fixed coordinate system such that the incident beam
propagates along the positive X-axis, and the electric vector of the
incident beam is in the Z-direction. The scattering angle is denoted by
8; the argle between the Z-axis and the propagation vector of the
scattered beam is denoted by %; and the angle between the X-axis and
the projectionr of the propagation vector of the scattered beam in the
X-Y-plane is denoted by ¥. The Rayleigh scattering differential cross

section is given in terms of the poiarizability as

d
a

518
l

BL\

R
EX)

(14)

»
'
e
s

The polarization of the scattered beam can be specified in terms of

two upit vectors mutually perpendicular and perpendicular to the

scattered light preopagation vecter. It is convenient to define these

such that cne {Case 1) points toward {or parallels) the Z-axis. The two
combinations of polarizations of the incident and scattered light can then
b specified in terms of unit vectors ii the directions of polarization

of the incident beam (eb) and scattered beam (es).

: = = in § - ¢ s ¥ - € ¥ si
Case 1 €y €Z’ es €2 sin X coS cos @ ‘Y cos ¥ sin o,
dc1 L 2
_— = s % - ¥
so that ) u)(azz sin ¥ - oL, cos ¥ cos © @y, cos ¥ sin @)
: = € = € - € 51
Case 2 € ez, s Y cos @ < sin
c 4 2
so that 3 u;(axz sin a&z cos 9)




ot
[F))

These expressions must be averaged over all orieantations of

the melecules with respect to the fixed coordinate system; that is,

averages of the form uikajm are required, where thke bar denotes an average

over all orientations. 8ince the pelarizability tenscor is symmetric

; = & -+ 1
dikojm A éik'jm 4 B(°ij6km + Giméjk) (1s)
where A and B are scalars. This is the most general tensor of rank

four that is symmetric in i and k, and in j and m. By contraction of

Eq. (15), first with respect to i, k and j, m; and seccnd with respect

to i, j and k, m; A and B are determined as

2 2
454 - 2A
- avg
A G (162)
2
B = & (16b)
15
where Uivg is the average value of the polarizibility
o = }' (v, + o, + @) (17)
avg 3 1 2 3
and 4 is the anisotropy
2 _ 1 82 Y- 12 \
8% = 5 Doy o)+ (ay ) ™+ (o-0) "] (18

Here vy Oy and a, are the principal values of the polarizability

tensor. After averaging, from Eqs. (15) and (16), the differential

cross sections are determined as
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dor [/ 4se®  + AZ\) 2
e e/ S PP (19)
£ 45 / 15 :
do 2
2 4,0
o = G35 (20)

The sum of these describes the Rayleigh differential scattering cross

section for an incident beam linearly polarized in the <Z-direction

2 z
ds{(Z- polanzatmn) 4 (f}SO’ Vg + A sin @ + Az] (212)
a0 R ANE 15
-
/. similar equation results for a Y-polarized incident beam, except
that ¥ is replaced by T, the angle between the scattered light
propagation vector and the Y¥Y-axis.
{
; ST AT
o(¥-polarization) _ a)4 s*nT‘|+-—- (21b)
ac /
The Rayleigh differential scattering cross section for unpolarized
incident light is given by half the sum of Egqs. (2la) and (21b),
2
substituting (1 + cosze) = gin"¥ + sinzﬂ.
do(unpolarized) _ o —{45&2 + 2\, 2q\H Y (723
dQ 90 1\ avg = T cos ‘/ 23 e
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These equations reduce to the appropriate expressions for the isotropic
case.

The energy of visible light is sufficientiy small compared with
possible values of Ez that the numerical values oi the above matrix
elements of the polarizability differ from the static polarizability
by a negligible amount. Using values calculated here for qavg and 5,
the total Rayleigh scattering cross section at the wavalength of

ruby laser light is found to be

= 3 . "27 2
CRay]_eigh Lo 18 R 10 cm

The corresponding value derived from experimer .l measurements(a)

of the refractive index and the depolarization iz 1.82 x 10-27 cmz,
so that the disagreement is about 35 per cent. The calculated

cross section corresponds to a photon gcattaring probability per urnit
path l2ngth of 2.9 x 10.8 c:m“1 for nitrcgen gas at 300° X and one
atmosphere of pressure.

The depolarization factor for limearly polarized incident light

scattered normal to the incident beam is calculated as

and that for unpolarized incident light as

2
o = 265 > = 9.063 (25)
Y454+ 7B
avg




yood
co

4) o
The experimental value for unpolarized light is( © 0.C36, and the deviation

of our calculation from that value, 75 per cent, is sensitive L~ the combi-

nation of an excessive 4 and a deficient Y v brcause the deviation arises
(&)

approximately from the product of the squares of the ratios,

calc. , exp. . exp., calc.
a P P o .

A and Even so0, the deviation found here for p
avg ' avg U

is almost an order of magnitude smaller thzn that found from previous

calculztioas.

ROTATICRAL PAMAN SCATTERINC

The evaluation of matrix elements for rotaticnal Raman s5:attering
rejuires essantially that the polarizability components be :razusfcimed
frcm the rotating-molecuie courdinate system to the fixed lahoratory
system before taking rcotational matrix elezments. For convenienze in
illustrating the direction and polarization of scattered light, the
tacident light is taxen as polarized in the Z directiorn and propagating
in the X direction (the capital denotes fixed laboratory coordinates).
The compononts of pelarizability are then expressed in terms of

spherical harmonics, which are coavenient for taking the matrix

elements,‘ll) as
~
; Z; 161 \
- : | [ . [Tem ‘
C(ZZ O‘x}‘ /Z:;T YG’O * (Q’ZZ Y "v S YO ,0 M Y 4% YZ‘O,/
7 &
= - Y LU 3 - Y .
GX:: ( 2z O’xx, |15 ‘(Y2’~3,- YZ,].} (25)
= - 3 .'._T.T v
‘722 (ezz %x’ _[15 ("-,~1 + Yz,l)
o

ek S——y %Te A — e
_
———— P——————

-
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The Y0 0 terms correspond to scattering without change in frequency,
]

and only the terms in Y2 0 and Y2 1] contribute to rotatiomal transiticns,
and yield non-vanishing matrix elements only for AJ = £2. The contribu-

tions of these terms are obtained, after averaging over the initial values

of the angular momentum components and summing cver the final values, as

z 2+ g+ 1) P 2 .
(a =z ) pyesp 1523+ 323+ 1) Tzz ) (26}
2 _ 2 - (J+ 2{J + 1) 2
(qYZ ) AJ=x2 “(QXZ ) hjexp 10923 + (23 + 1) (2, 2 2"

where J refers to the lower state. (For a more general treatmezat seae
X {12) e € .
Placzek and Teller. ) The derpolarizatior. factor for light

scatterad at right angles to the incident beam i=

3 =3
=T = -4 (28)

where I, refers to iigkt pelarfzed perpendicular to the incident
iight and Iii refers to light polarized parallel to the incident lighc.
This is expected because only the anicotropic part of the polarizability
gives rise to rotational Raman scatteriag.

The differential cross section for fors;sard rotational Kaman

sca:cering, without change in polarization, n(0)° which is

S
Ran:a

pertinent to stimulated Raman scattering, is given by

o




i Ly

. 0) = EGRaman 1 dr
“Raman

- 3 ¢
" d(cos g) ’g=0 Na, <n +1} d&(cos 8) 8=0— Zﬂmb@s Y, 2 5 {

An illustration of the magnitude cf the cross section is obtained by

. . , anas
considering the case of aitrogen gas at 300 K.

The crosec sections for

Stokes and anti-Stokes scattering of ruby laser light are listed in

Table 3 as a function of J. The altarnation of intensity between even

and odd J arises from the nuclear-spin statistical factor. The

relative accuracy of the entries of Table 3 is

very good, becausc it

depends essentially on the population factor (2J+1) expl-BJ(3+1)/kT}

and invoives only well-known quantities. The absolute accuracy is

determined by the square of (gzz

- th), which is discrissed further in

the next paragraph. According to the table, Stokes scattering ifrom

J = 6 is moct fasily stimulated iricially, as deterrined primarily

by the ipitizl level population. If the incident beam is suvfficiently

internse that the J = 8 level population is sufficiently increased at

the expeuse 3f the J = o level populaticn, stimulation of Szokes

scattering froin J = 8 then assumes grezter imnortance. The tetal

Raman scattering cross section for ruby laser light, including both

Stokes and anti-Stokes scattering is

“Raman- 1.08 x 10

for nitrogen gas at 3UO° K. At one atmosphere
corresponds tv a photorn scattering probability
2.6 x 10 " am .

It is difficult to assess the accuracy of
of (azz-axx), on the square of which the value

(4)

depends. The experimental value

from values derived frcam later measurements. Bridge and Buckingham

-28
cm

2

of pressure, this

per unit Jength of

o
the calculated value, 1.02 A

of the Raman cross section

o3

compared earlier, 0.93 A7, differs

(12)

3
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Table 3

ROTATIONAL RAMAN FORWARD SCATTERING CROSS SECTION’

J Stokes anti-Stokes
0 4.5 -
1 4.2 ---
2 1i.5 4.5
3 7.1 2.3
4 16.1 1C.1
5 8.7 6.0
6 17.9 13.0
7 3.9 6.8
3 17.1 13.5
9 8.0 6.5
16 4.5 12.0
il 6.4 5.4
12 11.0 9.4
13 4.6 4.0
i4 7.8 6.6
15 3.1 2.7
16 4.8 4.3
17 1.9 1.7
13 z.8 2.5
i 1.0 0.9
20 1.5 1.3
Total 165.3 116.7

a, . ~
in units of 10

31

cm

2
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. V3 °
report the vaiue of 0.706 &4 , and the value of 1.025 A can be derived

. (14)

from the measurements of Dintzis and Stein; the difference between
these values corresponds to a factor of two uncertainty in the rotational
Raman cross section. (A coliection of earlier determinations is listed
by Cabannes.(ls)) The value calculated here, 1.02 23 at the ruby

laser frequency, falls within the spread of experimental values, which
are obtained through measurements of the depolarization of pclarized
incident light. The measurements are difficult because the relatively
iow intensity of the scattered light requires the use of a very intense
incident beam, and a decrease in the uncertainty of the experimental

values can probably be expected through the utilization of more power ful

lasers to provide a sufficiently intense incident be2m.




10,

11.

12.

13.

14.

15.
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